RIGAS TEHNISKA UNIVERSITATE

Biivniecibas inzenierzinatnu fakultate
Materialu un konstrukciju institiits

RIGA TECHNICAL UNIVERSITY

Faculty of Civil Engineering
Institute of Materials and Structures

Laura Dembovska

Doktora studiju programmas “Buvnieciba” doktorante
Doctoral Student of the Study Programme “Civil Engineering”

SARMU AKTIVIZETI KARSTUMTURIGIE
ALUMOSILIKATU KOMPOZITMATERIALI
INDUSTRIALAM PIELIETOJUMAM

Promocijas darba kopsavilkums

ALKALI-ACTIVATED ALUMINOSILICATE COMPOSITES
WITH HEAT-RESISTANT AGGREGATES FOR INDUSTRIAL

APPLICATIONS
Summary of the Doctoral Thesis

RTU Izdevnieciba / RTU Press
Riga 2019 / Riga 2019

Zinatniskas vaditajas
profesore Dr. sc. ing.
DIANA BAJARE
profesore Dr. sc. ing.
INA PUNDIENE

Scientific supervisors
Professor Dr. sc. ing.
DIANA BAJARE
Professor Dr. sc. ing.
INA PUNDIENE



Dembovska, L. Sarmu aktivizéti karstumturigie
alumosilikatu ~ kompozitmateriali  industrialam
pielietojumam. Promocijas darba kopsavilkums.
Riga: RTU Izdevnieciba, 2019. 88 Ipp.

Dembovska, L. Alkali-Activated Aluminosilicate
Composites With Heat-Resistant Aggregates for
Industrial Applications. Summary of the Doctoral
Thesis.Riga: RTU Press, 2019. 88 p.

Iespiests saskana ar promocijas padomes “RTU P-
06” sédes 2018. gada 14. decembra Iémumu,
protokols Nr. 10-2018.

Published in accordance with the decision of the
Promotion Council “RTU P-06" of 14 December
2018, Minutes No. 10-2018.

Promocijas darbs izstradats, pateicoties Rigas Tehniskas universitates doktorantu

grantiem:

e 2016./2017. studiju gada (34-24000-DOK.BIF/16, RTU ID 2519);
e 2017./2018. studiju gada (34-24000-DOK.BIF/17, RTU ID 3393).

The Doctoral Thesis has been written with the support from RTU Doctoral Research Support

grant programme:

e in 2016/2017: grant 34-24000-DOK.BIF/16, RTU ID 2519;
e in 2017/2018: grant 34-24000-DOK.BIF/17, RTU ID 3393.

ISBN 978-9934-22-232-0 (print)

978-9934-22-233-7 (pdf)



PROMOCIJAS DARBS IZVIRZITS INZENIERZINATNU
DOKTORA GRADA IEGUSANAI RIGAS TEHNISKAJA
UNIVERSITATE

Promocijas darbs inzenierzinatnu doktora grada iegiiSanai tiek publiski aizstavets
2019. gada 12. aprili Rigas Tehniskas universitates Biivniecibas inzenierzinatnu fakultate,
Kipsalas iela 6A, 340. auditorija.

OFICIALIE RECENZENTI

Vadosais pétnieks Dr. sc. ing. Sandris Rucevskis,
Rigas Tehniskas universitates Materialu un konstrukciju institiits

Dr. Viktor Gribniak,
Laboratory of Innovative Building Structures, Vilnius Gediminas Technical University,
Lietuva

Profesore Dr. Danute Vaiciukyniene,
Department of Building Materials, Kaunas University of Technology, Lietuva

APSTIPRINAJUMS

Apstiprinu, ka esmu izstradajusi So promocijas darbu, kas iesniegts izskatiSanai Rigas

grada iegtiSanai nav iesniegts neviena cita universitate.

Laura Dembovska ..............ccccoeviiiiinnn... (paraksts)
Datums: ...

Promocijas darba ir 149 lappuses, 81 attéls, 36 tabulas un literatiras sarakstS ar
266 literatiras avotiem. Promocijas darbs rakstits latviesu valoda.



DOCTORAL THESIS PROPOSED TO RIGA TECHNICAL
UNIVERSITY FOR THE PROMOTION TO THE SCIENTIFIC
DEGREE OF DOCTOR OF ENGINEERING SCIENCES

To be granted the scientific degree of Doctor of Engineering Sciences, the present
Doctoral Thesis has been submitted for the defence at the open meeting of RTU Promotion
Council on April 12, 2019 at the Faculty of Civil Engineering of Riga Technical University,
6A Kipsalas Street, Room 340.

OFFICIAL REVIEWERS

Lead Researcher Dr. sc. ing. Sandris Rucevskis
Riga Technical University

Dr. Viktor Gribniak
Vilnius Gediminas Technical University, Lithuania

Professor Dr. Danute Vaiciukyniene
Kaunas University of Technology, Lithuania

DECLARATION OF ACADEMIC INTEGRITY

| hereby declare that the Doctoral Thesis submitted for the review to Riga Technical
University for the promotion to the scientific degree of Doctor of Engineering Sciences is my
own. | confirm that Doctoral Thesis had not been submitted to any other university for the
promotion to a scientific degree.

Laura Dembovska .............ccooiiiiiiiinin. . (signature)

The Doctoral Thesis has been written in Latvian. It consists of an introduction; 5 main
chapters (subdivided into sections); Conclusions; 81 figure; 36 tables; the total number of
pages is 149. The Bibliography contains 266 titles.



Saturs/Content

DARBA VISPAREJS RAKSTUROJUMS......c.oouiieieieteiese st iessessessesse s ssesse s sassans 7
Temas aktualitate un probl€mas NOSLAANE...........ceveveveiciiieiiiii e 7
Promocijas darba MEIKIS ..o 8
Promocijas darba UZOBVUMI ..o 8
Petijuma zinatniSKa NOVILALE. ..o 9
Promocijas darba praktiskaiS pamatOoJUMS ...........cceuerriieieieinirneeiess s 9
AIZStAVESANAT IZVITZIEAS TEZES ...vuvvenirerieieerisieieresi sttt ettt sttt nneas 10
Promocijas darba Sastavs UN aPJOIMS ........ceeverereieriiiiiiiiiiiiee s 10
Darba iegiito rezultatu aprobacija starptautiskas KOnferences ..........ocoererererererrerenerrerinennnns 11
PUDBIKACITU SATAKSES. ....c.cuteieiiiisisisisisi st 11
1. Literaturas apskats / petijuma teoretiskais un eksperimentalais pamatojums................. 13
2. Izejmaterialu un sarmu aktivizetu alumosilikatu kompozitmaterialu izp&tes metodes.. 16

2.1. Petfjumos izmantoto izejmaterialu apraksts..........ccoovrveriirerieninieseesesennes 16

2.2. Paraugu 1ZZAtaAVOSANA ........ceveiueeriieiiiiesie ettt 18
3. Promocijas darba izp&tes reZUIA ..........cvuruiiiiiininirisirssss e 19

3.1. Poraini sarmu aktivizeti materiali, kas iegiiti uz metakaolina bazes: piedevu
ietekme uz struktiiras veidoSanas ProCesiCm ...........ccvvverervereerenireseeseseeseeen 19
3.2. Poraini sarmu aktiviz€ti materiali un alumosilikatu kompozitmateriali, kas
iegiiti uz metakaolina bazes: stikla piedevas un kvarca pildvielas ietekme uz

karstumturibas TPASTDAM ........coveriieiiiiieiie e 24

3.3. Poraini alumosilikatu kompozitmateriali, kas iegtti uz Samota bazes: pildvielu
ietekme uz karstumturibas TpaSTbam.........cccovirrieiirriieseeeee e 30

3.4. Poraini alumosilikatu kompozitmateriali, kas izgatavoti uz Samota bazes — K26
pildvielas ietekme uz karstumizturibas IpaStbam ............cccoceviviiiiiienieennenne 35

3.5. ASC ar K26 pildvielu tiesas karstumturibas parbaudes...........cccocevviveiininennnn, 41
3.6. Rezultatu aprobaCIja........cocvviireeriieiieiieeiee e 43

4. Promocijas darba SECINAJUIMI .......c.vereuerirrrreirerrereenesee s reseenena 45
GENERAL PRESENTATION OF THE THESIS .......ccooiiirrreree e 47
Importance of the topic and problem Statement............ccovierinncce e 47
The aim Of the DOCLOral TRESIS.......c.ciiieiririrrieeeeie e 48
The tasks Of the DOCLOral THESIS. ..o 48
Scientific novelty OF the rESEAICN.........ccov i 49
Practical significance of the Doctoral THESIS..........cccerrriniieeersees s 49
The arguments put forward for defense of the TheSIS.......cccvvrrrrrrrrrrrre e 50
Composition Of the DOCLOral TRESIS ..o 51
Approbation of the research results at international CONTErences...........coocevvrrirecerinennn. 51
LiSt OF PUDHICALIONS ..ot 51

1. Review of the literature / theoretical and experimental justification of the research52
2. Research methods for raw materials and alkali-activated aluminosilicate composites.. 55
2.1. Description of raw materials used in reSearch ...........c.cccvvvevvincieininesees 56



2.2. SPECIMEN PrEPAIAtiON .....cviiveeireie e sieeieeee e ste e e ste e e s e sreeseeereesreesreeneenreas 58
3. Results Of the reSEarch WOrK ...t 58
3.1. Metakaolin-based porous alkali activated materials: influence of additives on

structure fOrmation PrOCESSES .......ueivveveiieieeie e e este e seesre e sre e e sreeeeens 58

3.2. Porous alkali activated materials (AAM) and alkali-activated aluminosilicate
composite materials (ASC) based on metakaolin: impact of glass additive and

quartz aggregates on thermal properties of the material................ccccovervinennn. 63

3.3. Porous alkali-activated aluminosilicate composite materials (ASC) based on
chamotte: the effect of aggregates on the heat resistance of ASC................... 70

3.4. Porous alkali-activated aluminosilicate composite materials (ASC) based on
chamotte: the effect of K26 on the heat resistance of ASC........ccccocvvvvivrnennn. 74

3.5. Heat resistance teStS O ASC ... 81
3.6. ApProbation Of FESUILS........cceciiiiei e 83

4. Conclusions Of the DOCLOral TRESIS........covrriirrierirrieees s 84
5. LIteratlira/LItEIAtULC. ......cvciveeeiciese ettt sttt besbe s besresae s e e eneenennens 86



DARBA VISPAREJS RAKSTUROJUMS

Teémas aktualitate un problémas nostadne

Dabas resursu racionala izmantoSana ir viens no svarigakajiem vides jautadjumiem,
piemé&ram, ES sestaja Vides ricibas programma (6. VRP)1 par vienu no galvenajam cetram
prioritattm ir noteikta atkritumu parstrade un apsaimniekoSana. Direktivas “leguves
ripniecibas atkritumu direktiva 2006/21/EK” mérkis ir risinat vides un veselibas riska
problémas, kas saistitas ar riipniecibas darbibas rezultata jau uzkrato un planoto atkritumu
apjomu un vides piesérl,lojumu.2 Pastiprinati tiek realizetas aktivitates So mérku sasniegSanai,
dati liecina, ka Eiropas Savieniba (ES) gandriz puse (47,4 %) no atkritumiem, kas tika
apstradati ES 28 dalibvalstis 2014. gada, tika likvidéti, veicot darbibas, kas nav atkritumu
sadedzinasana vai apglabasana, 36,2 % atkritumu, kas tika apstradati ES 28 dalibvalstis
2014. gada, tika nosutiti atkartotai izmantoSanai, kas neietver energijas regeneraciju un
aizbérSanas darbibas. Nedaudz vairak par vienu desmito dalu (10,2 %) apstradato atkritumu
ES 28 dalibvalstis tika izmantoti aizbérSanai, savukart atlikuSie atkritumi tika nosttiti
sadedzinasanai ar energijas regeneraciju (4,7 %) vai bez tas (1,5 %).> Atbalstot ES un Latvijas
vidgja termina mérkus p€c iesp€jas taupit neatjaunojamos dabas resursus un mazinat atkaribu
no importétajam izejvielam, promocijas darba aprakstitais petijums ir saistits ar alternativu
materialu izstradi no atkritummaterialiem un industrialajiem blakusproduktiem, izmantojot
sarmu aktivizacijas tehnologiju, lai aizstatu tradicionali izmantotos un uz cementa bazes
izgatavotos augsttemperatiras iekartu izolacijas materialus.

Sarmu aktivizétu materialu (AAM) iegliSanas procesa izejmaterialus Kimiski aktivizeé
augsti sarmaina vide, ka rezultata notiek strauja izejkomponensu (galvenokart, dal&ji amorfu
vai amorfu fazu) parveidoSanas kompaktda, cement&josa viela. Saistvielas izgatavoSanas
procesa var tikt izmantoti dazadi industrialie atkritumi, pieméram, oglu elektrofiltru pelni®,
risu Caumalu pelni®, citu riipniecibu elektrofiltru pelni678, malti granuléti domnu sﬁmig, lignita
izdedzi'® un metalurgisko procesu atkritumi™ u. ¢. So atkritummaterialu aktivizacijas procesa
rodas salidzinosi neliels CO; emisijas apjoms, salidzinot ar tradicionalo saistvielu razo$anas
procesiem, piem&ram, cementa raZzoSanu.

Literatiiras avotu izpéte ir pieradijusi, ka pasaule tiek mekleti pane€mieni, ka uzlabot
karstumizturigos betonus un radit citus alternativus izolacijas materialus, Ko varétu izmantot
iekartas ar paaugStinatu darba temperatiiru. Tradicionali par izolacijas materialu augstas
temperattiras darba apstaklos ripnieciskajam iekartam tiek izmantots karstumizturigais betons
uz alumosilikatu cementa bazes (tiek lietots temperatiiras virs 1000 °C).17 Tomeér, attistoties
industrializacijai, pieaug pieprasijums ari p&c I&takiem izolacijas materialiem, kas ir stabili ne
tik loti augstas temperatiiras (sakot no 600 °C), bet taja pasa laika tiem piemit noteiktas
tehnologiskas ipasibas, pieméram, labas izolacijas ipaSibas, sp&ja pasargat tehnologiskas
iekartas no parak straujas sakarSanas/atdziSanas un personalu no nelaimes gadijumiem,
stradajot karsto virsmu tuyuma.*®



Promocijas darba tika izstradats porains, sarmu aktivizétais alumosilikatu
kompozitmaterials (ASC) ar teicamam izolacijas 1ipaSibam paaugstinatas temperatiras
apstaklos. Jaunais kompozitmaterials tiek izgatavots no atkritumproduktiem, kas atbilst
Latvijas un ES nostadném par racionalu dabas resursu izmantoSonu, atkritummaterialu
otrreiz€ju parstradi un CO, emisiju ierobezoSanu.

Promocijas darba meérkis

Petijjuma  merkis ir izstradat porainus,  karstumizturigus  alumosilikatu
kompozitmaterialus no riipnieciskajiem  atkritumproduktiem un  blakusproduktiem
industrialam lietojumam  (piem@ram, par izolacijas materialiem), izmantojot sarmu
aktivizacijas tehnologiju.

Pétijumu robezas

* Sarmu aktivizacijas procesa nodroSinasanai izmantots 6M NaOH S§kidums un NaOH
modificets natrija silikata Skidums ar Ms = 1,67.

= Jegiti un pétiti alumosilikatu kompozitmateriali ar blivumu no 350 kg/m® Iidz
850 kg/m®, porainibu no 65 tilp. % lidz 86 tilp. %, spiedes stipribu no 1,0 MPa lidz
3,0 MPa, siltumvaditsp&ju no 0,14 W/(m K) lidz 0,16 W/(m K).

» Izolacijas materiala darba temperatiira ir no 600 °C lidz 1000 °C.

Promocijas darba uzdevumi

Lai sasniegtu darba meérki, tika izvirziti sekojoSi uzdevumi

* Noteikt pétjjumos izmantoto riipniecisko atkritumproduktu un blakusproduktu
Kimisko un mineralogisko sastavu, ka arT fizikalas un kimiskas ipasibas.

» Izpétit alumosilikatu kompozitmaterialu struktiiras veidoSanas procesus augsti
sarmaina vide, ka ar1 identificét mineralus, kas veidojas aktivizacijas procesa laika, ka
arl to parmainas paaugstinatas temperatiras apstaklos (izmantojot dazadas
instrumentalas metodes: XRD, FTIR, DTA/TG, SEM, HTOM, Micro-XCT).

» Izpétit dazadu faktoru ietekmi (izejmaterialu kompozicijas, aktivizacijas Skiduma
koncentracijas u.c.) uz iegiito alumosilikatu kompozitmaterialu kimiskajam,
mehaniskajam, fizikalajam un siltumtehniskajam 1pasibam.

» Izstradat metodi porainu, karstumturigu, sarmu aktiviz€tu alumosilikatu
kompozitmaterialu iegtSanai ar darba temperatiru no 600 °C lidz 1000 °C,
tilpummasu no 350 kg/m? Iidz 850 kg/m°, spiedes stipribu no 1,0 MPa lidz 3,0 MPa,
siltumvaditsp&ju no 0,14 W/(m K) Iidz 0,16 W/(m K).

* Demonstrét sarmu aktiviz€to alumosilikatu  kompozitmaterialu  piemérotibu
karstumturigu izolacijas platnpu raZoSanai, kas izmantojamas industrialo krasnu
izolacijai.



Petijjuma zinatniska novitate

Pirmo reizi iegiiti un izpétiti poraini sarmu aktiviz€ti alumosilikatu kompozitmateriali
(ASC), to veidosanas process no dazada aluminija oksida daudzuma (Samota un metakaolina)
saturoSiem atkritumproduktiem un aluminija metalliznu parstrades atkritumiem ar
karstumturibu Iidz 1000 °C. Pieradits, ka izejmaterialu proporcijas un kompozicijas kimiskais
sastavs ietekmé& ASC ipasibas un nosaka materidla lietoSanu augsttemperatiiras apstak]os.
Augsttemperatiiras kars€Sanas laika izveidojusas kristaliskas strukttiras alumosilikati piedalas
ASC struktiiras karkasa veidoSana un nosaka paraugiem augstakas termiskas Tpasibas.
P&tijumos pirmo reizi izmantotas alumosilikatu saturoSas izejvielas, kas iegutas termiskas
apstrades procesa (K26 pildviela vai Samots), un pieradita to nozime struktiras karkasa
veidosana, ka ar1 pieradits, ka tas biitiski ietekmé (uzlabo) augstakas termiskas Ipasibas
paraugiem, salidzinot ar uz metakaolina bazes veidotajiem materialiem.

Pieradits, ka par poru veidojosam piedevam sarmu aktivizétiem materialiem uz Samota un
metakaolina bazes var tikt izmantoti aluminija metalliznu parstrades atkritumi (ASRW). Tam
ir butiska nozime kars€Sanas procesa, jo materiala ciet€Sanas procesa izveidojusas poras
nerada papildu defektus paraugu struktiira karsésanas laika.

Pieradits, ka aktivizacijas Skiduma kimiskais sastavs biitiski ietekme& ASC siltumtehniskas
pasibas un nosaka to maksimalo darba temperatiiru augsttemperatiiras iekartas.

Promocijas darba praktiskais pamatojums

Tradicionali ripniecisko augsttemperatiiras krasnu izolacijai izmanto ugunsdrosus
materialus, pieméram, alumosilikatus, kramainos, magnezialos, hrommagnezialos, silicija
karbida un oglekla materialus, t. sk. karstumturigos betonus. Katrs no Siem materialiem ir
piemérots noteiktai darba temperatiirai un apstakliem. Tomer visi Sie materiali ir paklauti
korozijai, kas saistita ar temperatiras izmaindm un sadegSanas produktu korozivo
iedarbibu.'*'®> Augsttemperatiiras iekartu izolacijas noturiba agresivos apstaklos kliist aizvien
aktualaka, jo aizvien vairak tiek izmantots “sekundarais” kurinamais, pieméram, sadzives un
ripniecibas atkritumi (riepas, plastmasas, medicinas atkritumi) un biomasas, kuram ir
augstaks sarmu un hloridu saturs, neka tradicionalajam kurinamajam, un tas veicina daudz
straujaku tradicionali lietoto krasnu izolacijas materialu degradaciju.’® E. Aneziris ir pétijis
sekundara kurinama (ripniecisko atkritumproduktu) sadegSanas procesa radito gazu kimisko
sastavu un to ietekmi uz augsttemperatiiras iekartu ekspluatacijas ilgumu.'” Secindjums ir
viennozimigs: paaugstinats sarmu komponentu daudzums kurtuvé paatrina krasnu izolacijas
materialu, t. sk. karstumizturiga betona korozijas procesus. P. Sodje ir pétijusi ugunsizturigo
materialu degradacijas procesus cementa klinkera apdedzinasanas krasnis, kas tiek kurinatas
ar sekundaro kurinamo (dazadiem atkri‘cumproduktiem).18 Izanaliz&jot korod€joSo krasnu
izolacijas paraugus, tika secinats, ka uz izolacijas materiala virsmam ir izveidojusies
sadegsanas produkti, kas liela koncentracija satur sarmu oksidus. Sie savienojumi ir stabili un
nekistosi augsta temperatiira, ka ari tie nesadalas sarmaina vidé. Jauno mineralu veidoSanas
materiala virsgja slani ir saistita ar kurinama sadegSanas procesa radito gazu iekltSanu



ugunsizturiga materiala struktaira, ka ari ar gazu un izolacijas materialu kimisko mijiedarbibu.
Rezultata tiek izmainitas izolacijas materiala fizikalas ipasibas un noturiba pret strauju
temperatiras gradienta mainu.

Misdienas ilgtsp€jigiem ugunsizturigiem un termiski stabiliem izolacijas materialiem tiek
izvirzitas jaunas prasibas, tiem jabit inertiem pret sarmu un s€ra saturo$u savienojumu
iedarbibu. Sarmu aktivizétie alumosilikatu kompozitmateriali (ASC), kuriem ir augsta kimiska
noturiba, iesp&jams, atbilst Siem izvirzitajiem priekSnoteikumiem.

Sarmu aktivizacijas tehnologija balstas uz to, ka sarmaina vidé alumosilikati parveidojas,
t. 1., paaugstinata hidroksiljonu koncentracija veicina izejmaterialu sastava esoSo silikatu un
aluminatu disociaciju un polimerizaciju. Par izejvielam poraino ASC ieguvé $aja pétijuma tiek
izmantoti dazadas temperatiiras kalcinéti mali (metakaolins un Samots), svina satuross stikls,
granuléti domnu sarni, aluminija metalliznu parstrades atkritumi, ka ari karstumizturigas
pildvielas. Sakotngjo pétjjumu rezultata tika konstatéts, ka, izmantojot S§is izejvielas, ir
iespgjams ieglt porainus materialus. Turpmakie petijumi tika orientéti uz izejvielu
kompozicijas un razoSanas tehnologijas pilnveidoSanu ta, lai iegiita izolacijas materiala
ipasibas un ta noturiba paaugstinatas temperatiiras apstaklos atbilstu Latvijas standartu
prasibam. Inovativajiem porainajiem materialiem noteiktas mehaniskas un fizikalas 1pasibas,
pétita mikrostruktiira, noteikts kimiskais un mineralogiskais sastavs, veikti ilgmuZzibas
petijumi, t. sk. noturiba paaugstinatas temperatiiras apstaklos (stabilos un mainigos).

Sarmu aktivizetie materiali (AAM) un sarmu aktivizétie alumosilikatu kompozitmateriali
(ASC) neatkarigi no to lietojuma tiek uzskatiti par zemas energijas patérina materialiem, kas
raZoti no neorganiskiem mineraliem vai atkritumproduktiem un rada minimalu ietekmi uz

apkartgjas vides ekologiju.'® 2% 2 22

Aizstavesanai izvirzitas tézes

= Sarmu aktivizétie alumosilikatu kompozitmateriali (ASC) ir pieméroti industrialo
iekartu izoleSanai, kuru darba temperatiira ir diapazona no 600 °C lidz 1000 °C.

= ASC ar blivumu no 350 kg/m® Iidz 850 kg/m?® var tikt iegiiti, aktiviz&jot metakaolinu
un Samotu ar Na saturoSiem aktivizacijas Skidumiem, par poru veidotaju izmantojot
aluminija metalliZnu parstrades atkritumus.

» Palielinats Al,O3 daudzums izejvielas nodrosSina paaugstinatu ASC termisko stabilitati.
Ja sistema SiO./Al,O3 attieciba ir <2, veidojas ugunsizturigas fazes, pieméram,
karnegits un nefelins. Palielinot SiO./Al,O3 attiecibu (> 2), sistema sak veidoties
savienojumi ar zemu kuSanas temperatiiru.

Promocijas darba sastavs un apjoms

Promocijas darba ir anotacija, ievads, piecas galvenas nodalas (kas sadalitas
apaksnodalas), secinajumi un literatliras saraksts. Pirmaja nodala ir literatiiras apskats, uz kura
pamata formuléts disertacijas mérkis un izvirziti uzdevumi ta sasniegSanai, otraja nodala
aprakstitas pétfjuma metodes, treSaja nodala — pétjjumos izmantotie materiali, ceturtaja
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nodala — uzdevumu izpildes un meérka sasniegSanas process. Piektaja nodala aprakstita
rezultatu aprobacija.

Darba ir 149 lappuses, 81 attéls, 36 tabulas un literatliras saraksts ar 266 literatiiras
avotiem. Promocijas darbs uzrakstits latviesu valoda.

Darba iegiito rezultatu aprobacija starptautiskas konferences
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1. Literaturas apskats / petijuma teoretiskais un eksperimentalais
pamatojums

Tradicionali par piemérotako izolacijas materialu augstas temperatiiras darba apstaklos
rupnieciskajam iekartam tiek izmantots karstumizturigais betons, kas izgatavots uz
aluminatcementa bazes. Attistoties industrializacijai, pieaug pieprasijums péc ilgsp€jigiem
karstumizturigajiem materialiem, kas ir stabili paaugstinatas temperaturas, lai pasargatu
tehnologiskas ickartas no sakarSanas/atdzi$anas, bet personalu — no karstajam virsmam.

Sarmu aktivizétie materiali (AAM), ipasi zema Kalcija satura sistémas, daudzos gadijumos
ir noturigaki augstas temperatiras neka portlandcementa bazes materiali, jo 450 °C
temperatira notiek portlandita sabruksana, bet jau 700 °C temperatiira sakas dekarbonizacijas
procesi, kuru laika ievérojami mainas materiala tilpums.23

Novertgjot jebkura materiala lietderibu un efektivitati paaugstinatas temperatiras
apstaklos, pirmkart, tiek novértétas ta dimensionalas izmainas (rukums vai izple$anas)
paaugstinatas temperatiiras apstaklos. Materiala cikliskas dimensionalas izmainas bitiski
ietekme ta ilgtsp&ju un funkcionalitati, kas liela mera ir saistitas ar materiala strukturalajam
izmaigﬁm.24’ 25,26

AAM termiska izpleSanas vai rukums parasti ir izotropisks, un tas ir saistits ar materiala
esosa amorfa gela struktiru. Tomer ir konstatéti atseviski gadijumi, kad materiala izpleSanas
vai rukums nav viendabigs. Tas ir saistits ar sastava neviendabigumu, kas izraisa plaisu un
nodrupumu veidoSanos ieks$€jo spriegumu iedarbibas rezultata. Termiska izpleSanas un
rukums noteiktos temperatiiras intervalos, kas raksturigas lielakajai dalai AAM materialu, ir
paradits 1.1. attela, tomér liela méra §is ipatnibas ir atkarigas no AAM kimiska un
mineralogiska sastava, savukart intervalu robezu precizitate var biit atkariga no izmantoto

iekartu un meérjjumu veikSanas metodologijas.27’ 28
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1.1. att. Termiskas deformacijas sarmu aktivizeétajiem materialiem.?®
Paaugstinot temperatiru Iidz 100 °C (I zona), AAM dimensijas palielinas (1.1. att.).

Vienlaikus $aja temperatiiras intervala sakas pakapeniska struktiira eso$a kimiski nesaistita
tdens iztvaikoS$ana un alumosilikata géla dehidratacija, kas izraisa dimensiju samazinasanos.
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Paaugstinoties temperattrai, dehidracijas atrums palielinas, un paraleli gela tilpuma
samazinasanas procesam notiek no Udens atbrivoto poru sarausanas. Abu So procesu
mijiedarbiba izraisa AAM dimensiju samazinasanos jeb rukumu, un tas 1.1. attéla tiek
apziméts ka II zona. II zonas rukuma amplitiida parasti ir atkariga no AAM struktiira eso$a
tdens daudzuma. Augstakas temperatiras var konstatét tadas strukturalas parmainas ka géla
parkristalizéSanos, sakepSanu vai kuSanu, kas ar1 var ietekmét AAM dimensionalas izmainas.
Izteikts termiskais rukums, kas parasti notieck temperatiras intervala starp 300 °C un 550 °C
(111 zona) tiek saistits ar gela tilpuma samazinasanos, jo notiek hidroksiljonu sadalisanas.?’
Rukums $aja temperatiiras apgabala tiek nedaudz kompenséts ar dimensiju palielinasanos, ko
izraisa sekundaro fazu (mullita, hematita, kvarca u. c. mineralu) parveidosanas (1.1. att.).
Bitisks rukums ir konstatéjams temperatiiras diapazona no 550 °C lidz 650 °C (IV zona), kas
saistits ar katjonu sablivésanos, jo notick g€la sakepSana un tas viskozas fazes ieplisana AAM
poras.’”# Zinatniskajos rakstos nav publicéts vienots viedoklis par to, vai V zona notiek
turpmaka AAM tilpuma paliclina$anas vai rukums. Rickard® un Rahier® savos p&tijumos ir
konstatgjusi tilpuma palielindgjumu, Duxson?’ un Dombrowski® ir konstatejusi rukumu,
savukart Barbosa un MacKenzie? secinajudi, ka parauga dimensijas ir nemainigas. Sis
atSkirigais viedoklis ir izskaidrojams ar to, ka pétito AAM kimiskais sastavs ir atSkirigs un to
sastava ir at$kirigs daudzums sekundaro fazu. Otrs biitisks iemesls, kas var veicinat parauga
dimensiju palielinasanos temperatiiras regiona V, ir mikroplaisu un paaugstinatas porainibas
veidosanas fenomens. Rickard® ir pieradijis, ka dimensiju palielina$anos $aja temperatiiras
diapazona butiski nosaka pétita parauga izméri. Ja pétiti lielaka izm&ra paraugi, paraugu
dimensiju palielinajums ir butiski lielaks un tas nav proporcionals izvéléto paraugu lielumam.
Izteikts rukums ir konstatéts paraugiem péc to izkarseéSanas temperatiira, kas lielaka par
800 °C (VI zona). Tas saistits ar paraugu destrukcijas procesiem, kas $aja temperatiira notiek
strauji. Savukart Duxson®! konstatgjis, ka rukums palielinas tikai pakapeniski. Sis process ir
saistits ar katjonu sablivéSanos, kas joprojam turpinas, sakot no IV temperatiras zonas, to
kristalisko fazu parveidoSanas, kas izveidojas temperatiiras zona V, un poru struktiiras
sabrukSanu, ka ar1 parauga kuSanas procesu saksanos.

Termiskas apstrades laika zema Ca satura AAM notiek ceolitiem lidzigo kristalisko
savienojumu parkristalizéSanas beziidens alumosilikatos. AAM fazu transformé&Sanos var
aprakstit $adi:

e lidz 400 °C temperatiirai notiek ceolitiem Iidzigas struktiiras veidoSanas (kristaliska

vai semikristaliska struktiira);

e atkariba no AAM sastava var notikt struktiiras amorfizeéSanas;

e no 600°C lidz 800 °C temperatira notiek stabilu beztudens alumosilikatu fazu
veidosanas (nefelins, valbits, kristobalits). Jauno fazu veidoSanas atkariga no
izejmaterialu kimiska sastava un AAM cietéSanas temperatiiras;

e Virs 800 °C var sakties sakepS$anas vai kusanas procesi, kas atkarigi no AAM kimiska
sastava.

AAM izgatavosanas laika ir janem véra dazi faktori, kas var bitiski ietekmét fazu

transforméSanos paaugstinatos temperatiiras apstaklos, un tie ir:

e AAM ciet€Sanas temperatiira un reaktiva silicija daudzums jeb SiO,/Al,O3 attieciba;
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e izmantota aktivizacijas Skiduma veids un koncentracija (Na,O/Al,Oj3 attieciba);

e Kkatjona veids izmantotaja aktivizacijas $kiduma (Na vai K, vai Ca).

Makrostruktara, kas ir izveidojusies AAM cietéSanas laika istabas vai nedaudz
paaugstinata (Iidz 100 °C) temperatura, var ictekmét AAM termisko noturibu paaugstinatas
temperatiiras apstak]os.

Neskatoties uz to, kada tipa katjona aktivizacijas Skidums un alumosilikati ir izmantoti
AAM izgatavosanai, ir konstatétas sadas fazu parejas AAM paraugu karsesSanas laika:

e no 600 °C Iidz 900 °C veidojas zema Si satura laukSpati (ja izmantots Na satuross

aktivizacijas skidums, veidojas nefelini, ja K satuross aktivizacijas Skidums — lectti);

e 10 900 °C Iidz 1200 °C temperatiira veidojas augsta Si satura lauksSpati.

Biitiska nozime karstumturigas AAM kompozicijas izveidei ir dazadu elementu attiecibai,
pieméram, ja kompozicija Si/Al attieciba ir <2, augstas temperatiras ietekmé veidojas
kristaliskas faz€s, kuram ir izcilas mehaniskas un termiskas Tpaéibas.gz’ %

AAM, kuru izgatavosanai izmantoti kaliju saturosi aktivizacijas $kidumi, it pasi tie, kas
satur augstu Al/Si attiecibu, pieméram, kalija polisiliats (K-PS), uzrada labu termisko
stabilitati (kuSanas temperatiira tika konstatéta 1400 °C temperatiras regiona). Daudzi
zinatnieki izmanto K saturoSu aktivizacijas Skidumu, lai sintez&tu lecitu (KAISi,Og), kura
kusSanas temperatiira ir 1693 °C. 34,35, 21

Kopuma pasaulé ir veikts ierobezots daudzums zinatnisko pétijjumu par AAM lietoSanu
paaugstinatas temperatiiras. Tomer kopg€jais secinajums ir, ka sarmu aktivizétu sistemu
ugunsturiba ir atkariga no izejvielu kimiska un mineralogiska sastava, ka ari no izvéléta
aktivizacijas Skiduma veida. Var secinat, ka K;O-Al,03-SiO; sistémam ir augstaka kuSanas
temperatiira neka N,O-Al,03-SiO, sistémam,®: 373839, 40

Lai izprastu AAM termisko noturibu paaugstinatas temperatiiras apstaklos, nepiecieSams
veikt papildu pétijumus par AAM fazu parejam un mikrostruktiiras izmainam. No komerciala
viedokla, lai $ada veida materialus saktu raZot industriali, nepiecieSami papildu p&tijumi par
liela izméra ugunsdrosiem izstradajumiem, ka arT jaizstrada un jaaprobg atbilstosi standarti un
parbauzu metodologija.
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2. Izejmaterialu un sarmu aktivizétu alumosilikatu
kompozitmaterialu izpétes metodes

Mineralogiskais sastavs izejmaterialiem, AAM un ASC noteikts ar rentgenstaru difrakcijas
metodi (XRD; PAN analytical X Pert PRO), bet funkcionalo grupu struktiiras analize veikta
ar infrasarkano Furje spektroskopijas aparatu (FTIR) (VARIAN 800 FT-IR) spektra intervala
no 400cm™ Iidz 4000 cm™. Materiala poru struktiiras raksturoSanai tika izmantots
rentgenstaru mikrodatortomografs Xradia uCT-400 (XRadia, Concord, Kalifornija, ASV).
Paraugu poru struktiras rekonstrué$anai tika izmantota trisdimensiju Avizo Fire 3D attélu
analizes programma. Lai noteiktu paraugu kop€jo porainibu un poru izméru sadalijumu, tika
izmantota poru segmentacijas un kvantitativa daudzuma noteikSanas metodika.*! Skengjosais
elektronu mikroskops (SEM) (Tescan Mira/LMU) tikai izmantots AAM un ASC
mikrostruktiiras petijumiem. Augsttemperatiiras mikroskopija (optiskais dilatometrs) (HTOM)
EM201, HT163 tika izmantota, lai konstatétu parauga dimensiju izmainas, to karsgjot.
Paraugu test€Sanai augstas temperatiras apstaklos izmantots augsttemperatiiras dilatometrs
NETZSCH DIL 402 PC. AAM un ASC termogravimetriska analize veikta ar augsttemperatiiras
ickartu DTA/DSC Baehr DTA 703. Materialu siltumvaditsp&ja tika noteikta, izmantojot
LaserComp siltumplismas méritaju FOX600. Termiskas cikléSanas parbaudes ASC tika
veiktas saskana ar GOST 20910-90. Ar nesagraujoSo ultraskanas test€Sanas metodi tika
noteikti materiala struktiiras bojajumi péc karstumcikléSanas (ultraskanas testéSanas iekarta
Pundit 7).

Lieces un spiedes stipriba noteikta saskana ar LVS EN 1015-11, izmantojot prizmas
formas paraugus ar izmériem 40 mm % 40 mm % 160 mm. Blivums noteikts saskana ar EN
1097-7, tidensuzsiice — saskana ar EN 1097-6. Atverta porainiba noteikta saskana ar LVS EN
1097-6, paraugus iemércot tident uz 72 h. Kopgja porainiba aprékinata péc ipatn€ja blivuma
noteik3anas, izmantojot Le Satelje trauku (ASTM C188).

2.1. Petijjumos izmantoto izejmaterialu apraksts

Promocijas darba pétitie sarmu aktivizétie materiali (AAM) un sarmu aktivizetie
alumosilikatu kompozitmateriali (ASC) tika iegiiti N0 vairakam izejvielam.

Metakaolins (MKw) ir razoSanas blakusprodukts no stikla granulu raZoSanas procesa
(SIA Stikloporas, Lietuva). Izgatavojot putu stikla granulas, kaolina mali tiek izmantoti ka
pretsalipSanas viela. Kaolina mali tiek apdedzinati no 800 °C Iidz 850 °C temperatiira 40-50
mindtes, kas atbilst stikla granulu razosanas tehnologijai. Vidgjais dalinu izmérs ir 10 pm.
MKw kimiskais sastavs dots 2.1. tabula.

Samots (Sh) ir komerciali pieejams materials no uznémuma Witgert. Sh tika malts 30 min
planetarajas lozu dzirnavas ar atrumu 300 apgr./min, lai nodro$inatu vienmérigu dalinu
izméru sadalfjumu. Samota Kkimiskais sastavs dots 2.1. tabula. Pec XRD difrakcijas ainas
Samots satur $adus mineralus: andaluzitu (Al;SiOs), silimanitu (Al,O3)(SiOy), kristobalitu
(SiO2), magnezitu (MgCOs) un kvarcu (Si0,)*.
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Stikla atkritumi (LSG) ieguti no fluarescento lampu demerkurizacijas parstrades
rapnicas SIA Lampu Demerkurizacijas Centrs (Latvija). Smalki samaltais stikls (malts 30 min
planetarajas lozu dzirnavas ar atrumu 300 apgr./min) izmantots ka piedeva materialu ipasibu
modific€Sanai atbilstosi iecerétajam izmantoSanas virzienam. Stikla (LSG) virsmas 1patngjais
laukums ir 1,126 m?%/g. Stikla dalinu vidgjais diametrs atbilsto§i SEM neparsniedz 26 pum,
dalinu izmera diapazons ir no 8§ um Iidz 30 pm.

Granulétie domnu sarni (GGBS) no SIA Liepajas metalurgs ir iegiti no izkausétu
dzelzs izdedZzu dzeseSanas tideni vai tvaika, ieglstot stiklainu, graudainu produktu, kurs tiek
7zaveéts un péc tam samalts 30 min 300 apgr./min bumbu planctarajas dzirnavas
Retsch PM 400. Kimiskais sastavs izmantotajam GGBS dots 2.1. tabula. Peéc SEM uznemtas
mikrofotografijas var konstatét, ka GGBS dalinu izméri ir no 0,1 pm lidz 10 pm. Saskana ar
XRD difrakcijas ainu GGBS sastava konstatéti $adi savienojumi: cinka oksids (ZnO), dzelzs
oksids (Fe;0O3), kalcits (CaCOs), silvits (KCI), dzelzs silicijs (FeSi), cinka sulfids (ZnS),
dzelzs cinka oksids (FeZnO) un kristobalits (SiO,).

2.1. tabula

Izejmaterialu kimiskais sastavs (masas %)

Kimiskais Izejmateriali
sastavs ASRW | GGBS [ MKw |LSG| Sh | Q |[K26| OL
Al O, 63,2 1,1 342 | 1,0 (18,8 1,4 | 58 | 0,8
SiO, 7,9 6,1 51,8 | 68,1 [76,7]196,8]39,1] 42,1
CaO 2,6 15,5 0,1 14 (03] - 01| —
SO, 0,4 3,3 - - - - - -
TiO, 0,5 0,1 0,6 - |21 - (101] —
MgO 4,4 3.8 0,1 - 105 — [02]493
Fe O, 4,5 35,4 0,5 02 (0,7]1031]0,7 | —
MnO — 2,7 — — — — — —
PbO - 1,5 - 20,0 | — - - -
Na,O 3,8 - 0,6 (80|10 — |08]0,07
K,O 3.8 3,9 — 1,2 {08] — 109 | —
ZnO - 20,7 - - - - - -
Citi 2,6 5.4 0,5 0,1 | — 105 - -
LOIL, 1000 °C | 6,21 — 0,2 — — — — —

Ugunsizturigo kiegelu krasns oderéjuma zagesanas atlikumi (K26) (Morgan Thermal
Ceramics) tika izmantoti ka karstumizturigas pildvielas. K26 tika malti 30 min planetarajas
lozu dzirnavas ar atrumu 300 apgr./min. K26 kimiskais sastavs dots 2.1. tabula. P&c tehniskas
specifikacijas darba temperatira K26 ir no 1260 °C lidz 1790 °C. Vidgjais dalinu lielums ir
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3,5 um. Péc XRD difrakcijas ainas K26 satur tadus mineralus ka: mullitu (AlgSi,O13) un
aluminija oksidu vai korundu (Al,O3).

Ka vienas no pildvielam veiktaja pétijjuma tika izmantotas komerciali pieejamas
SIA Saulkalne S kvarca smiltis (Q) ar frakciju no 0,3 mm Iidz 1,0 mm. Smiltis tika maltas
30 min planetarajas lozu dzirnavas ar atrumu 300 apgr./min, iegtistot vidéjo dalinu lielumu
126 pm. Kimiskais sastavs dots 2.1. tabula. Kvarca smiltis sastav no a-kvarca.

P&tijuma ka karstumturigas pildvielas tika izmantotas olivina smiltis (OL) ar frakciju no
0,3mm Iidz 2 mm. OL smiltis tika maltas 30 min planetarajas lozu dzirnavas ar atrumu
300 apgr./min. Rezultata vid&jais dalinu lielums dsp ir 192 um. Pé&c XRD difrakcijas ainas
identificéti tadi minerali ka fosterits (Mgy(SiO,4)), ringvudits ((Mg,Fe),SiO4). Kimiskais
sastavs dots 2.1. tabula.

Aluminija metallaZnu parstrades atkritumi (ASRW) ir gala atkritumprodukts, kas
rodas, parstradajot aluminija metalliznus. ASRW tika malti 30 min planetarajas lozu dzirnavas
ar atrumu 300 apgr./min. ASRW kimiskais sastavs dots 2.1. tabula. ICP-OES elementu analize
ASRW uzrada $adus elementus: aluminiju — 34,40 %, siliciju 4,40 %, magniju — 2,44 %,
kalciju — 1,32 %, Na — 1,69 %, K — 2,31 %, S — 0,07 %, Cl — 4,23 %, Fe — 3,60 %, Cu —
0,99 %, Pb — 0,14 %, Zn — 0,60 %. Saskana ar XRD difrakcijas ainu ASRW satur metalisko
aluminiju (Al), dzelzs sulfitu (FeSO3), aluminija nitridu (AIN), korundu (Al,O3), aluminija
dzelzs oksidu (FeAlOs), magnija dialuminiju (MgAl,0O,4), kvarcu (SiO;), aluminija hloridu
(AICl3), aluminija hidroksidu (AI(OH)3). AIN klatbiitne ASRW izskaidro ipatn&jo smaku, kas
jutama AAM un ASC saistiSanas laika, kad, veidojoties poru sist€émai, izdalas gaze. Dalinu
izméers ir robezas N0 1 pm lidz 50 pm.

Petijuma tika izmantoti divi aktivizacijas Skidumi: 1) sarmu aktivizacijas Skidums ar
M= 1,67, iegiits, modificgjot komerciali pieejamu natrija silikata $kidumu no SIA Vincents
Polyline ar silikata moduli Ms= 3,22, pievienojot tam komercialas natrija hidroksida parslas
Tianye Chemicals (Kina) ar 99 % tiribu; 2) 6M NaOH sarmu aktivacijas Skidums tika
izgatavots no komerciali pieejamam natrija hidroksida parslam no SIA Tianye Chemicals
(Kina). NaOH parslu tiribas pakape bija 99 %.

2.2. Paraugu izgatavoSana

Pirms iejauksSanas visas izejvielas tika atdzesétas lidz —21 °C, lai aizkavétu aktivizéSanas
reakcijas sakumu un pagarinatu laiku Iidz javas saistiSanas sakumam. Sarmu aktivizacijas
skidums tika pievienots sausam izejvielu maisijumam, un javas tika maisitas vienu minati.
Sagatavotas javas tika formétas veidnos ar izmériem 40 mm x 40 mm x 160 mm un vibrétas
uz vibrogalda piecas sekundes. Iepilditais svaigas javas apjoms aprékinats ta, lai péc
uzplSanas paraugs aizpemtu visu formu tilpumu, vienlaikus saglabajot maksimali zemu
tilpummasu. Veidni tika apklati ar plévém, un paraugi tika cietinati 24 stundas 80 °C
temperatiira. Tad paraugi tika izturéti istabas temperatiira, lidz tika veiktas paredzétas
parbaudes.
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3. Promocijas darba izpetes rezultati

3.1. Poraini sarmu aktivizéti materiali, kas iegiiti uz metakaolina bazes:
9
piedevu ietekme uz struktiiras veidoSanas procesiem

Saja promocijas darba dala veikti pétijumi par granuléto sarpu (GGBS) un stikla (LSG)
piedevu ietekmi uz metakaolina saturo$u Sarmu aktivizétu materialu (AAM) struktiiras
veidoSanas procesiem un 1pasSibam. P&tijuma noteikts AAM cietéSanas procesa izdalita siltuma
daudzums, identificéta jauno mineralu veidoSanas aktivizacijas procesa laika, pétita
saciet€jusa materiala poru struktiira, ka arT noteiktas mehaniskas un fizikalas ipasibas. AAM
sastavi doti 3.1. tabula.

Kimiskas reakcijas rezultata starp sarmu aktivizacijas Skidumu, ASRW un GGBS sastava
eso$o dzelzs sulfitu (FeSO3) rodas amonjaks un séra dioksids, kas veido viendabigaku AAM
poru struktiiru. So procesu raksturo eksotermiska reakcija.

GGBS piedeva aizkavé eksotermiskas reakcijas sakumu par 35 min (3.1. att.). MK-A-S
paraugu poru struktiira ir salidzino$i homogénaka neka MK-A un MK-A-G paraugiem, un tas
pozitivi ietekm& materidla mehaniskas 1ipasibas. Eksotermiskas reakcijas maksimala
temperattira (N0 ~89 °C Iidz 99 °C) visu paraugu izgatavoSanas sakuma stadija ir svarigs
priekSnoteikums poru struktiiras izveidei un mehaniskas stipribas iegiiSanai.

3.1. tabula

AAM sastavs, masas attiecibas (%)

Sastavi MKw | GGBS | ASRW | LsG | T\l silikata Skiduma pret

cietvielu sastavdalu attieciba
MK-A 1 - 1 - 0,75

MK-A-G 1 - 1 1 0,70

MK-A-S 1 1 1 — 0,63

100 -
9 1 "
80 1 |
70
. 81

== - - = MK-A
\ —— MK-A-G
N ---- MK-A-S

—— - -
4

(

-
S rccafea-

30—J ~———
- - =/

0 50 100 150 200 250 300 350 400
Laiks, min

3.1. att. Eksotermiskas reakcijas sarmu aktivizétu materialu (AAM) paraugiem.
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Visu pétito paraugu XRD difrakcijas ainas konstatétais pac€lums (starp 20° un 30° 26)
demonstré jaunu amorfu fazu rasanos, kas parasti tiek aprakstitas ka alumosilikata ggls, kas
veidojas izejvielu sastava eso$o amorfo savienojumu polimerizacijas procesa (3.2. att.).

Zn0O

ZnFe,0,; CaCO,

ZnFe,0,

ZnO

CaCo,

MK-A-S

Si0,

MK-A-G

MK-A

10 20 30 40 50 60
20°

3.2. att. XRD difrakcijas ainas 28 dienas veciem sarmu aktivizetiem materialiem (AAM).

Amorfai fazei raksturigais pacélums nedaudz nobidas uz 40° 26 pusi paraugiem, kuru
izgatavoSanai izmantota GGBS piedeva. Vieniga kristaliska faze, kas tika identificéta
paraugos MK-A un MK-A-G, ir kvarcs (SiO;). Savukart MK-A-S satur tadus kristaliskos
savienojumus ka ZnO, CaCOs, ZnFe;0,.

AAM paraugiem tika veikta FTIR analize, un ta salidzinata ar FTIR spektriem, kas iegiti
no izejmaterialiem (3.3. att.). Sarmu aktivizacijas procesa laika rodas jauni savienojumi, kurus
raksturo noteikta garuma vilpu vibracijas: vibraciju spektrs ar maksimumu pie 1082 cm™
(raksturigs MKw), pie vilnu garumiem 1003 cm™ (MK-A), 1013 cm ™! (MK-A-G) un 983 cm”
! (MK-A-S). Tas norada uz izejvielu parveidosanos sarmu aktivizacijas procesa. Absorbcijas
piki, kas konstatéti izejvielas diapazond no 433 cm™* lidz 475 cm ™, izzid vai klist mazak
izteikti péc sarmu aktivizacijas.
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3.3. att. FTIR spektri izmantotajiem materialiem un 28 dienas veciem sarmu aktivizétiem
materialiem (AAM).

Pievienotas GGBS un LSG piedevas biitiski ietekm& AAM poru struktiiras veidosanas
procesu un porainibu, ka ari t0 mehaniskas un fizikalas tpasibas. Atbilstosi veiktajiem poru
sist€mas petfjumiem var secinat, ka materiala stipribu var nedaudz paaugstinat, ja AAM satur
stiklveida fazi, kas veidojas, materiala izejvielu kompozicijai pievienojot stikla piedevu
(paraugi MK-A-G). GGBS piedeva bitiski paaugstina AAM mehaniskas ipasibas (lieces
pretestibu 4,5 reizes, spiedes pretestibu — 2 reizes), bet stikla piedeva — lieces pretestibu
paaugstina 1,5 reizes spiedes pretestibu — 1,2 reizes salidzinot ar paraugu bez piedevam MK-
A (3.2. tabula).

Paaugstinata atvérta porainiba ir saistita ar materiala poru struktiras veidoSanas
Ipatnibam: gazu un briva idens iztvaikoSanu javas saistiSanas laikd paaugstinatas
temperattiras apstaklos (eksotermiska reakcija). Tas ar1 izskaidro to, ka iegiito AAM
tdensuzsiice ir loti augsta. MK-A paraugiem ir lielaka tidensuzsiice (77 %) ar salidzinosi
viszemako atvérto porainibu (27 tilp. %). To var izskaidrot ar to, ka poru sieninas ir loti
porainas un sastav no daudz mazam mikroporam, lidz ar to fidens var iekltt arT lielako poru
porainajas sieninas. MK-A-G un MK-A-S atvérto poru Ipatsvars ir mazaks, kas, iespgjams,
izskaidrojams ar piedevu ietekmi uz poru struktiiras veidoSanas procesiem (3.2. tabula).
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3.2. tabula

Fizikalas un mehaniskas 1pasibas AAM

_ . . Poraint
_ Udens- Atvérta L . Spiedes Lieces Or%_nmba
Sastavs Bltvurts, uzsiice porainiba Kopgja poraintba stipriba stipriba (Micro-
kg/m® ’ " | (ASTM C188), % XCT
g/m W, % % (ASTMC188). % | ¢ ‘Mpa | ,, MPa f/)'
0
MK-A 380+ 12 77+5 27+2 86+2 1,1+02 | 0,2+0,1 53
MK-A-G | 420+ 15 68 £3 30+£3 84+2 1,4+0,2 | 0,3+0,1 53
MK-A-S | 470+13 63 +2 30+£2 83+2 20+0,2 | 0,9+0,1 41

Ar Avizo Fire 3D attéla analizes programmu tika veikta trisdimensionala poru struktiiras
rekonstrukcija paraugiem MK-A, MK-A-G un MK-A-S, ka ari tika noteikta kop&ja materiala
porainiba (3.2. tabula un 3.4. att.) un poru izméru sadalijums paraugos.

MK-A MK-A-G MK-A-S

Xy

yz

Xz

, MK-A-G un

MK-A-S.
Tika konstatéts, ka AAM poru struktiiras pétijumos iegiitie rezultati var bitiski atSkirties

atkariba no izvelétas pétiSanas metodes. Atskirigie kop€jas porainibas rezultati pétitajiem
paraugiem, kas noteikti pec ASTM C188 un rentgenstaru mikrodatortomografijas metodes, ir
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SEM MAG. 100 K
SEM HV- 15,00 kv

a)

izskaidrojami ar to, ka izmantotas rentgenstaru mikrodatortomografijas metodes izskirtspgja ir
lielaka par 48 um, bet materiala struktiira atbilsto§i SEM pétijumiem (3.5. att.) var konstatet
ievérojamu poru daudzumu, kuru izmeéri ir mazaki par 48 pm. Tade] iegiitos porainibas
rezultatus ar Avizo Fire 3D programmu var attiecinat uz makroporam (> 48 um), savukart
starpibu starp kop€jo porainibu, kas noteikta peéc ASTM C188, un porainibu, kas noteikta ar
Avizo Fire 3D, var uzskatit par porainibu, ko veido arT mikro un kapilaras poras.

Saja pétfjuma izmantotas metodes pierada to, ka, lai iegitu pilnvértigu viedokli par
materidlu fizikalajam, mehaniskajam un karstumturibas 1pasSibam, ir nepiecieSams izmantot
dazadas metodes, kas viena otru papildina un pamato.

SR OV T T O e SEM MAG 1.00 lex
W 9 5888 mm 100 pm MIRA\ TESCAN g ¥ SEMHV 1500k WD 10.5850 mm 00 pm MIREL TESCAN o)

Wae Hivae

SE)

b) c)
3.5. att. SEM mikrofotografijas sarmu aktivizétajiem materialiem (AAM): (a) MK-A; (b) MK-
A-G; (c) MK-A-S, palielinajums 1000 x.

Péc paraugu termiskas apstrades 800 °C temperatiira konstat€jamas S$adas izmainas
(3.3. tabula): visiem paraugiem palielinas atverta porainiba (lidz 36 %) un tGdensuzsiice (Iidz
84 %). Péc paraugu termiskas apstrades 800 °C temperatiira veidojas mikroplaisas, kas
negativi ietekmé materiala mehaniskas 1pasibas.

3.3. tabula

Fizikalas un mehaniskas ipasibas 800 °C grados termiski apstradatiem AAM

~ _ _ Atvérta L o Spiedes Lieces

Sastivs Bhvun;s, Udensuzsiice, porainba, Kopgja porainiba stipriba stipriba
kg/m Wi, % % (ASTM C188), % f. MPa f. MPa

MK-A 370+ 11 85+6 41+3 92+2 0,56 +0,1 0,1+0
MK-A-G 406 £ 10 74+4 33+2 89+3 0,72+0,1 0,1+0
MK-A-S 453 + 12 66 + 2 36+2 84+2 09+0,1 0,3+0,1
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3.2. Poraini sarmu aktivizéti materiali un alumosilikatu kompozitmateriali,
kas iegiiti uz metakaolina bazes: stikla piedevas un kvarca pildvielas
ietekme uz karstumturibas ipasibam

Atbilstosi iepriekS veiktajiem pétijumiem konstatets, ka GGBS piedeva butiski paaugstina
AAM mehaniskas pasibas (lieces pretestibu — 4,5 reizes, spiedes pretestibu — 2 reizes), bet
stikla piedeva — lieces pretestibu paaugstina 1,5 reizes spiedes pretestibu — 1,2 reizes. Tomér
GGBS turpmakiem pétijumiem netika izmantots, jo sarmu aktivizacijas procesa laika izdalijas
savienojumi, kas var nelabveligi ietekmét cilvéka veselibu.

Saja promocijas darba dala veikti péttjumi par stikla piedevas un kvarca pildvielas ietekmi
uz MKw saturoSu sarmu aktivizétu materialu (AAM) un sarmu aktivizétu alumosilikatu
kompozitmaterialu (ASC) karstumturibu. P&tijums iedalits divas dalas: pirma dala saistita ar
AAM karstumturibas pétijjumiem atkariba no LSG piedevas daudzuma kompozicijas sastava,
otraja dala noveérteta kvarca pildvielas daudzuma ietekme uz ASC karstumturibu.

Lai gan kvarca pildvielu Tsti nevar uzskatit par karstumturigu pildvielu, zinatniskaja
literatura ir aprakstiti petijumi, kas pierada to, ka kvarca pildviela var paaugstinat sarmu
aktivizeto materialu noturibu paaugstinatas temperattiras apstaklos.

Par pétijuma lietderibu liecina zinatnicka Kamesu pétniecibas darbs par kvarca pildvielu
pozitivo ietekmi uz sarmu aktivizétu materialu karstumturibu. Kamesu et al. izgatavoja AAM
uz metakaolina bazes, aktivizgjot tos ar KOH skidumu un ka pildvielu izmantojot smalkas
kvarca smiltis (no 100 um lidz 1 mm) vai a-aluminija oksidu (no 0,1 pm Iidz 100 um) un
izvértgja $o materialu karstumturibas Tpasibas.*?

P&tijuma izmantoto AAM un ASC sastavi doti 3.4. tabula.

3.4. tabula

AAM un ASC sastavi, masas attiecibas (%)

Sastivi MKw | ASRW | LSG | 0 Ciet[V.ie_lu svas_tﬁvdalu u'n n_e'ltrija
silikata Skiduma attieciba

Al10-A1-GO 1 1 0 0 0,7
Al10-Al1-G0.5 1 1 0,5 0 0,7
Al0-Al-G1 1 1 1 0 0,7
A10-A1-G0-Q3 1 1 0 3 0,7
A10-A1-G0-Q5 1 1 0 5 0,7
Al10-A1-G1-Q3 1 1 1 3 0,7
Al10-A1-G1-Q5 1 1 1 5 0,7

Paraugiem ar stikla piedevu (A10-A1-G1) un bez stikla piedevas (A10-A1-GO0) tika veikti
DTA un TG testi, lai konstatétu dimensiju izmainas kars€Sanas procesa laika (3.6., 3.7. att.).
Endotermisks efekts, kas tiek konstatéts karsésanas sakotngja posma ar maksimumu 110 °C
temperatira, tiek izskaidrots ar mehaniski saistita fidens iztvaikoSanu no materiala struktiiras
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un alumosilikata g€la (Si(OH);) dehidratizéSanos. Temperatiiras intervala no 90 °C Ilidz
130 °C no natrija hidroksida Skiduma intensivi izdalas tdens, kas tika izmantots ka
aktivizacijas Skidums AAM iegtiSanai. TG likne apstiprina 3.5. tabula atspogulotos rezultatus,
iegiitus ar HTOM, ka pétitajiem paraugiem masas samazinajums neatkarigi no maksimalas
kars€Sanas temperattiras neparsniedz 15 %.
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0 t T T T T T T T T T
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3.6. att. AAM paraugu A10-A1-GO DTA un TG termogrammas.
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3.7. att. AAM paraugu A10-A1-G1 DTA un TG termogrammas.

Saskana ar XRD difrakcijas ainu ASRW sastava ir konstatéts gan aluminija hidroksids, gan
aluminija nitrits, kas, reaggjot ar Gidens tvaikiem temperatiras intervala no 120 °C lidz
150 °C, var veidot Al(OH); un NH;. Endotermisks efekts, kas ir konstatéts temperatiiras
intervala 220 °C Iidz 280 °C tiek saistits ar AI(OH)3 sadalisanos (3.6., 3.7. att.). Endotermiska
efekta intensitate ir atkariga no ASRW proporcionala daudzuma katra no pétitajam
kompozicijam.
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Parauga A10-Al-GO proporcionali vairak ir MKw, tapéc art 3.6. att. ir konstat€jams
proporcionali izteiktaks eksotermisks efekts (temperatiiras intervala no 300 °C lidz 800 °C),
kas saistits ar alumosilikata g€la parstrukturizéSanos. Alumosilikata g€ls veidojas sarmu
aktivizacijas rezultata, reaggjot aktivizacijas Skidumam ar MKw sastava esoSajiem
amorfajiem savienojumiem.

Abi eksotermiskie efekti, kas ir konstatéjami temperatiras intervala no 800 °C lidz
900 °C, raksturo jaunu mineralu rasanos. Iesp&jams, ka 800 °C temperatiira dala no Al(OH)3
un metaliskais Al reagé ar NaOH un veido jaunus mineralus, pieméram, NaAlOH,, bet
900 °C temperatira — albitu (NayO-Al,03-6Si0,). Nelielais endotermiskais efekts 573 °C
temperatiira tiek saistits ar kvarca modifikacijas mainu no a- SiO; uz - SiOs.

3.5. tabula

AAM sastavi un to fizikalas pasSibas pirms un p&c termiskas apstrades

Masas - -
. ) ) Blivums Blivums
Karsesanas izmainas . _
_ _ _ pirms péc
Sastavs temperatura, pec . .
. karséSanas, | karseSanas,
°C karseSanas, 3 3
kg/m kg/m
%
800 -14,8 340 +11 33010
900 -14,4 340 +12 33010
A10-A1-GO

1000 -13,6 340 + 10 320+ 9

1100 -12,8 340 +11 340+ 12

800 -14,5 324 +£9 320+ 11

900 -14,3 324 £10 320+ 12

A10-A1-G0,5

1000 -15,3 323+11 304+9

1100 -14,9 323+10 311+10

800 -14,0 300+ 11 300+ 12

-14,2 10+ 11 10+ 11

Al10-Al1-G1 900 ’ 310 310

1000 -13,7 330+ 13 340 + 13

1100 -13,9 328 +12 300+ 10

Analizgjot HTOM rezultatus un salidzinot sastavus ar un bez stikla piedevas (AAM
sastavi), tika secinats, ka stikls veicina palielinatu materiala rukumu jau salidzinosi zemakas
temperatiiras, [idz ar to samazinot materiala “darba temperatiiru” lidz 600 °C gradiem (3.8.
att. un 3.6. tabula).
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3.8. att. Augsttemperatiiras mikroskopijas Iiknes: relativa laukuma izmainas AAM karsé$anas

laika.
3.6. tabula
Relativa laukuma izmainas AAM paraugiem dazadas temperatiiras (noteiktas ar HTOM
metodi)

Sasta Rukums | Rukums | Rukums | Rukums | Rukums

astavs 600°C | 700°C | 800°C | 900°C | 1000°C
Al10-Al1-GO 3,4 2,9 2,5 11,7 20,2

Al10-Al1-G0,5 0,7 +1,4* 2,5 11,7 13
Al10-Al-G1 0,7 0,1 5,8 4.7 +10,3*

* “+” novérojama parauga uzpusanas.

Lai mazinatu stikla piedevas negativo ietekmi paaugstinatas temperatiiras apstak]os,
sastaviem tika pievienotas kvarca pildvielas (Q) 3 un 5 dalu apméra (3.7. tabula). Tika iegiiti
ASC paraugi ar blivumu robezas no 540 kg/m® Iidz 560 kg/m®, kopgja porainiba robezas no
70 % lidz 78 %. Augstaka mehaniska stipriba ir konstatéta paraugiem ar stikla piedevu un
kvarca pildvielu: A10-A1-G1-Q3 spiedes stipriba — 1,8 MPa, lieces stipriba — 0,9 MPa, bet
A10-Al-G1-Q5 sastavam: spiedes stipriba — 1,7 MPa un lieces stipriba — 0,7 MPa.
Viszemakos mehaniskos raditajus uzradija paraugi A10-A1-G0-Q5 (bez stikla piedevas un ar
vislielako kvarca pildvielas daudzumu): spiedes stipriba — 1,4 MPa un lieces stipriba —
0,5 MPa.

27



Fizikalas un mehaniskas ipasibas ASC

3.7. tabula

_ _ _ Atverta Kopéja | Spiedes Lieces
_ Blivums, | Udensuzsiice, . . . .
Sastavs ka/m? W % porainiba, | porainiba, | stipriba stipriba
d ™ % % | f,MPa | fy, MPa
Al10-A1-G0-Q3 | 550+12 525+28 [309+22|759+06|16+0,1|0,70+0,14
Al10-A1-G0-Q5 | 550+ 10 56,3+23 [323+19|783+08|14+0,1|0,50+0,12
Al10-A1-G1-Q3 | 560+ 14 485+30 |276+20(698+04|18+0,1|0,90+0,20
Al10-A1-G1-Q5 | 540+11 509+24 |298+21|724+05|17+0,1|0,70+0,15

P&c paraugu termiskas apstrades 800 °C tika noverots, ka paraugiem ar palielinatu kvarca
pildvielas un stikla piedevas daudzumu paaugstinatas temperatiiras (Iidz 800 °C) notiek
sakepSana, kas pazemina paraugu tdensuzsiici un samazina atvérto porainibu (3.8. tabula),

savukart mehaniskas T1pasibas ieverojami uzlabojas:
paraugam pieauga no 1,8 MPa lidz 2,3 MPa, lieces stipriba — no 0,9 MPa lidz 1,7 MPa,
savukart A10-A1-G1-Q5 paraugam — spiedes stipriba no 1,7 MPa lidz 1,95 MPa, lieces
stipriba — no 0,7 MPa Iidz 1,2 MPa.

spiedes stipriba A10-Al-G1-Q3

3.8. tabula
Fizikalas un mehaniskas 1pasibas 800 °C termiski apstradatiem ASC
_ _ _ Atverta Kopgja Spiedes Lieces
_ Blivums, | Udensuzsiice, . . . .

Sastavs kg e Wi, % porainiba, | porainiba, | stipriba | stipriba

% % f, MPa | fy,, MPa

Al10-A1-G0-Q3 | 530+ 14 89+20 49+22 | 79+10 | 0,7+0,1 | 0,2+0
Al10-A1-G0-Q5 | 520+9 31+19 3B+21 | 68+£09 | 1,8+£01 |1,5+0,1
Al10-A1-G1-Q3 | 540+ 13 19+2,1 16+22 | 69+09 | 23+£0,1 |1,7+0,2
Al10-A1-G1-Q5 | 400+ 11 17+2,0 13+19 | 71+0,7 |195+0,2|1,2+0,1

Analizéjot ar HTOM metodi iegitos datus, ASC ar kvarca pildvielam blivums péc
termiskas apstrades no 800 °C lidz 1100 °C temperatiira ir no 540 kg/m*® lidz 560 kg/m® (3.9.

tabula). Paraugu masas zudumi péc termiskas apstrades sasniedz no 8 % lidz 28 %.
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3.9. tahula

ASC sastavi un to fizikalas 1pasibas pirms un péc termiskas apstrades

KarseSanas ) ) Blivums, kg/m®
_ _ Masas 1zmainas, - =
Sastavs temperatura, % Pirms Pec
°C karséSanas karséSanas
800 -8,7 550+ 9 530+ 10
A10-A1-G0-Q3 900 -8,6 560 + 12 560 + 11
1000 -8,2 540 + 10 540 + 12
1100 -8,1 520+11 530+11
800 -12,1 550 +11 520+ 13
900 -27,5 580 + 13 460 + 10
AL-ALGO-Qs 1000 27,4 580 + 13 440 =9
1100 —26,6 590 + 12 470+ 11
800 -18,7 560 + 11 540 + 13
900 -26,1 510+ 9 530+ 10
A10-Al1-G1-Q3
1000 —26,6 570+ 10 540 + 12
1100 -27,0 540 + 11 420+ 11
800 —28,4 540 + 10 400+ 11
900 -27,9 590 + 10 450 + 13
A10-Al-G1-Q5
1000 -27,1 590+ 9 470+ 10
1100 -28,0 560 +11 480 + 13

Mikrostruktira (3.9. att.) 1000 °C termiski apstradatam ASC izskatas amorfa un
viendabiga.

SEM MAG: 500 kx Vac: Hivac
SEM HV: 1500 &V WO 11.2270 mm 20 um MIRA\ TESCAN e

a) b)

3.9. att. Poru struktiira ASC paraugam A10-A1-G0-Q5: a) optiska mikroskopija, b) SEM
(palielinajums 5000 x).

29



leprieks&jie pétijumi liecina, ka Q ierobezo ASC tilpuma palielinasanos temperattra virs
1000 °C, tapéc augsttemperatiiras mikroskopijas parbaudes tika veiktas paraugiem A10-Al-
G0-Q3, A10-A1-G1-Q3, A10-A1-G0-Q5 un A10-G1-Q5 (3.10. att.).
Tika secinats, ka stikla piedeva paaugstina AAM (veidotu uz metakaolina bazes)
mehaniskas ipasibas, tau negativi ietekmé karstumturibas paSibas, savukart kvarca pildvielu

pievienoSana — samazina stikla piedevas negativo ietekmi uz karstumturibas pasibam.
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3.10. att. Augsttemperatiiras mikroskopijas liknes: relativa laukuma izmainas ASC kars€Sanas

laika.

Var secinat, ka maksimala darba temperatira A10-A1-G0-Q3 un A10-Al1l-GO0-Q5 ir

600 °C (3.10. tabula).

3.10. tabula
Relativa laukuma izmainas ASC paraugiem dazadas temperatiiras (noteiktas ar HTOM
metodi)
Sasta Rukums Rukums Rukums | Rukums | Rukums
s 600°C | 700°C | 800°C | 900°C | 1000°C
A10-A1-G0-Q3 0,7 55 9,3 9,6 9,2
A10-A1-G0-Q5 +0,1* 3,2 6,9 6,7 7
A10-Al1-G1-Q3 41 3,7 11,6 13 15,2
Al10-Al-G1-Q5 +0,9* +1,2* +1,2* 14 3,2

3.3.

* “+” noverojama parauga uzpusanas.

Poraini alumosilikatu kompozitmateriali, kas iegiiti uz Samota bazes:
pildvielu ietekme uz karstumturibas ipasibam

P&c iepriek$&jas nodalas veiktajiem pétijjumiem tika secinats, ka stikla piedeva sastava
paaugstina AAM (veidotu uz MKw bazes) mehaniskas ipasibas, tatu negativi ietekmé
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karstumturibas TpaSibas. Savukart kvarca pildvielu pievienosana ASC sastava mazina stikla
piedevas negativo ietekmi uz karstumturibas ipasibam. S iemesla dél tika mekléti jauni
risinajumi, lai paaugstinatu sarmu aktivizéto kompozitmaterialu karstumturibas ipasibas lidz
1000 °C. Atbilstosi iepriek$s veiktajiem pétijumiem un literatiiras analizei tika pienemts
lémums sarmu aktivizéto alumosilikatu kompozitmaterialu (ASC) izgatavoSanai izmantoto
MKw aizstat ar $amotu (Sh), jo tam ir augsts kristaliska mullita saturs, kas ir stabils
karsesanas laika paaugstinatas temperatiiras apstak]os.

Samots tiek iegiits, apdedzinot kaolina malus rotacijas krasnis 1350 °C temperatiira.
Samotu izmanto ugunsizturigu materidlu razo$ana. Lai gan Samots satur ari kvarca fazi,
mullits, reag€jot ar sarmiem, veido albitu un anortitu, kas ir stabili savienojumi augstas
temperatiras un padara materialu izturigaku, tada veida kompensgéjot kvarca negativo
ietekmi.**

Rovnanik savos pétijumos ir pieradijis, ka viens no termiska rukuma samazinaSanas
veidiem ir izmantot augstas temperatiras stabilas pildvielas (pieméram, Samotu, sasmalcinatu
porcelanu vai Kkorieritu), ko ieglist augsta temperatira un kuram ir zems izpleSanas
koeficients. Sadas pildvielas var tikt lietotas lidz pat 1200 °C.*°

Saja promocijas darba darba dala veikti pétijumi par ugunsizturigo kiegelu krasns
odergjuma zagesanas atlikumu (K26), olivina smil$u (OL) un kvarca (Q) pildvielu ietekmi uz
Samotu saturoSu ASC struktiiras veido$anas procesiem un 1pasibam. P&tijuma tiek identificeta
jauno mineralu veidos$anas izejvielu aktivizacijas procesa laika, pétita sacietéjuSa materiala
poru struktiira, ka arl noteiktas mehaniskas un fizikalas ipaSibas. Analiz€ta izmantoto
pildvielu K26, OL un Q ietekme uz miné&tajiem procesiem un ipasibam.

Izgatavoto ASC paraugu sastavi doti 3.11. tabula.

3.11. tabula

Sarmu aktivizéto kompozitmaterialu (ASC) sastavi — sauso izejvielu attiecibas (masas %)

S 0,3K 0,5K 0,3Q 0,5Q 0,30L | 0,50L
ASRW 10 10 10 10 10 10 10
Sh 100 70 50 70 50 70 50
K26 - 30 50 - - - -
Q - - - 30 50 - -
oL - - - - - 30 50
6M NaOH 33 % no visu sauso izejvielu kopsummas

Izmantojot XRD metodi, tika noteiktas mineralogiska sastava izmainas, kas rodas péc ASC
(izgatavots uz Sh bazes) termiskas apstrades 800 °C un 1000 °C temperattras (3.11. att.).
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3.11. att. XRD difrakcijas ainas S paraugam (izgatavots uz Samota bazes) péc termiskas
apstrades dazadas temperatiiras.  — kvarcs, m — mullits, a — korunds, ¢ — kristobalits, ¥ —
analcims.

XRD difrakcijas ainas uzrada (3.11. att.), ka S paraugiem péc cietinasanas 80 °C
temperatira tiek identificétas tadas fazes ka mullits (Als56Si1.4409.72), kvarcs (SiO,), korunds
(Al,03), analcims (NaAlSi,Og-H,0) un kristobalits (SiO7). P&c paraugu termiskas apstrades
800 un 1000°C temperatiira joprojam tika konstateti sakotn&ji 80 °C temperatiira noteiktie
minerali. legltie rezultati apliecina to, ka paaugstinatas temperatiiras apstaklos uz Samota
bazes izgatavotos sarmu aktiviz€tos materialos veidojas augstas temperatiras noturigas
kristaliskas fazes, kas biitiski var uzlabot iegiita materialu karstumturibu.

Péc SEM uznemtajam mikrofotografijam (3.12. att.) tika secinats, ka visu ASC
mikrostruktira ir 1idziga un to neietekme pievienotas pildvielas veids un daudzums. Galvenais
noteicoS$ais faktors porainas strukturas izveidé ir ASRW daudzumam.
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3.13. att. AAM materialu blivums.

Analizgjot pildvielu ietekmi uz fizikalajam ipasibam, tika secinats, ka nozimiga loma ir

izmantoto pildvielu blivumam un granulometriskajam sastavam. Smalkaka frakcija nodroSina

zemaku blivumu un lielaku javas viskozitati (piem&ram, sastaviem ar K26), savukart rupjakas

pildvielas (piem&ram, olivina smiltis) veicina zemaku javas viskozitati un augstaku ASC
blivumu. Rezultati liecina, ka ASC ar OL, Q un K26 pildvielam blivums ir no 600 kg/m® lidz
880 kg/m® (3.13. att.). Paraugam S (references sastavam) ir vismazakais blivums — no
600 kg/m3 Iidz 620 kg/m3 un vislielaka udensuzsice no 37,9 % lidz 48,2 %. Savukart
paraugam 0,50L ir visaugstakais blivums (no 830 kg/m® Iidz 880 kg/m®) un viszemaka
tidensuzsiice (robezas no no 26,1 % lidz 28,2 %) (3.14. att.). P&c termiskas apstrades 800 °C
un 1000 °C temperatiira visu paraugu blivums samazinajas, tas ir izskaidrojams ar kristalisko

fazu mainam un jaunu savienojumu veidoSanos.
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3.14. att. Udensuzsiice péc masas, %.
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Paraugu termiska apstrade 800 °C un 1000 °C temperatura ietekm& paraugu atveérto
porainibu (3.15. att.), un tika noverotas divas likumsakaribas: 1) paraugu termiska apstrade
augstas temperatiiras samazinaja atveérto porainibu, kas varétu but saistits ar faktu, ka valgjas
poras sakotn€ji bija dalgji piepilditas ar produktiem, kuru kuSanas temperatiira ir zem
1000 °C; materiala ieks€ja struktira notika poru sieninu sakepSana un sablivéSanas; 2)
termiska apstrade palielindja atvérto porainibu (paraugiem, Kuru sastava ir Q un OL), tas
varétu tikt saistits ar pildvielas polimorfo pareju no vienas fazes cita — fazém mainoties,
palielinas tilpums, materiala rodas mikroplaisas, kas rezult&jas lielaka atvertaja porainiba.

Tiek secinats, ka paraugu atvérta porainiba péc termiskas apstrades 800 °C un 1000 °C
temperatiiras ir atkariga no paraugu kimiska un mineralogiska sastava: paraugiem ar lielaku
Al,O3 saturu (S un 0,5K) termiskas apstrades rezultata samazinajas atveérta porainiba,
materiala iekS$€ja struktira notika poru sieninu sakepSana un sablivéSanas. Savukart
paraugiem ar lielaku SiO; saturu kompozicija (0,5Q un 0,30L) termiskas apstrades rezultata
palielinajas atvérta porainiba, jo notika SiO, fazu parejas.

Viens no noteicosajiem faktoriem, kas ietekmé& ASC mehaniskas 1pasibas, ir Al daudzums
sastavu kompozicijas. Paaugstinats Al saturs (nodroSina K26 piedeva) sastava uzlabo paraugu
mehaniskas 1pasibas. Izgatavoto paraugu spiedes stipriba ir robezas no 0,8 MPa lidz 2,0 MPa
(3.16. att.), bet péc to izkarsésanas spiedes stipriba palielinajas 1idz 2,7 Mpa, lieces stipriba —
lidz 1,0 MPa (3.17. att.). ASC stipribas ipasibas ar K26 piedevu saglabajas nemainigas ari pec
termiskas apstrades 1000 °C temperatura. Pargjos paraugos mehaniska stipriba samazinajas

(3.16., 3.17. att.). Temperatiiras ietekm& ASC mikrostruktiira var tikt mainita vai veidoties
mikroplaisas pildvielu izpleSanas, ceolita kristalu kuSanas un to parveidoSanas procesu dgl.

35 , OS B0.3K ®05K m0.3Q 1,2 oS 20.3K =0.5K m0.3Q
o 20.5Q ®=E0.30L ®=0.50L < =20.5Q 20.30L ®m0.50L
& 30 &
= = 10
c“" -

2,5 g
= £ 08
2 20 5
£ S 06
15 £ L
g % 04 "
2 10 g0 g
2 = R
177 05 0,2 EE

o
[ fad
0,0 . 0,0 ek s
80 80 800 1000
Temperatira, °C Temperatiira, °C
3.16. att. Spiedes stipribas rezultati. 3.17. att. Lieces stipribas rezultati.

legiitie HTOM rezultati visiem paraugiem ir diezgan lidzigi, un tika secinats, ka $aja
pétijuma izmantotas pildvielas (kvarca, olivina smiltis un K26) butiski neietekmé materiala
rukumu lidz 1000 °C temperatiirai vai arl izmainas notiek mazajas iek$&jas poras, kas
neietekmé parauga kop&jo rukumu (3.18. att.). Visu sastavu ASC ir noverojamas Iidzigas
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tendences — intervala no 750 °C Iidz 1000 °C paraugu maksimalais rukums neparsniedz 4 %.
Lai gan olivina un kvarca pildvielu vai ugunsizturigo kiegelu krasns oderéjuma zagesanas
atlikumu (K26) pildvielu ietekme uz ASC karstumturibas ipasibam ir lidzvertiga, par labako
pildvielu tiek uzskatits K26, jo sastavam ar K26 pildvielu ir salidzinoSi mazs blivums, bet
ievérojami labakas mehaniskas 1pasibas (spiedes un lieces stipriba), salidzinot ar par&jiem
sastaviem. Turpmakajos pétijumos tiks padzilinati p&titi ASC sastavi ar K26 pildvielu un tas
ietekmi uz karstumturibu.
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3.18. att. Augsttemperatiras mikroskopijas liknes: ASC Tpatngjas virsmas laukuma izmainas
karsésanas laika.

3.4. Poraini alumosilikatu kompozitmateriali, kas izgatavoti uz $amota
bazes — K26 pildvielas ietekme uz karstumizturibas ipasibam

Atbilstosi ieprieks veiktajiem pé&tijumiem konstatéts, ka K26 pildviela batiski paaugstina
ASC mehaniskas 1pasibas, salidzinot ar references sastavu (tikai aktiviz€tu Samotu) — péc
termiskas apstrades 1000 °C lieces pretestiba paraugiem ar K26 pildvielu paaugstinajas 2,5
reizes un spiedes pretestiba — 3,4 reizes. Lidz ar to turpmakiem pé&tijumiem tika izveleta K26
pildviela, kas paaugstina ASC mehaniskas Tpasibas augsttemperatiras apstaklos, salidzinot ar
citam ieprieks€ja nodala pétitajam pildvielam.

Paraugu izgatavosanai tika sagatavots sauso izejvielu maisijums, kur ugunsizturigo
kiegelu krasns odergjuma zagésanas atlikumu (K26) pildviela aizstaja samotu 10 %, 30 % un
50 % apmeéra. No ieprieksgja nodala iegitajiem rezultatiem secinats, ka paaugstinatais Al
daudzums K26 pildviela pozitivi ietekmé gan materiala mehaniskas ipasibas, gan lietojumu
paaugstinatas temperatiiras apstaklos. Saja nodala tiks analizétas materialu fizikalas un
mehaniskas pasibas, ar DTA/TG noteiktas paraugu dimensiju izmainas un masas zudumi, ar
Micro-XCT aprakstita ASC poru struktira, ar XRD metodi tiks noteikts materialu
mineralogiskais sastavs un ta izmainas péc paraugu apstrades paaugstinata temperattra, ar
augsttemperattiras mikroskopu (HTOM) tiks noteiktas ASC dimensiju izmainas karséSanas
laika. ASC sastavi ir doti 3.12. tabula.
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3.12. tahula

Sarmu aktivizéto alumosilikatu kompozitmaterialu (ASC) sastavi — sauso izejvielu attiecibas
(masas %)

S 01K 0,3K 0,5K
ASRW 10 10 10 10
S 100 90 70 50
K26 0 10 0 =
Cietvielu maisijums pret
4 2
6M NaOH, attieciba 0,36 0.3 0,33 0,3

legiito ASC blivums ir robezas no 621 kg/m® Iidz 756 kg/m®. Picaugot K26 ipatsvaram,
materiala sastava palielinas materiala blivums. P&c paraugu termiskas apstrades 800 °C un
1000 °C materialu blivums visiem paraugiem ir samazinajies (3.19. att.).

Udensuzstice ASC mainas atkariba no procentuala K26 daudzuma sastava, ka arT no termiskas
apstrades temperatiiras — var secinat, ka visiem nekars€tajiem paraugiem neatkarigi no sastava ir
lielaka Tidensuzsiice, salidzinot ar termiski apstradatajiem paraugiem (3.20. att.). Udensuzsiice
nekarsétajiem paraugiem ir robezas no 44,3 lidz 48,2 %. Materiala atvérta porainiba nekarsétiem
paraugiem ir diapazona no 28,9 % Iidz 33,4 %, pec termiskas apstrades 800 °C un 1000 °C
temperatiiras ir novérojama atvertas porainibas (3.21. att.) un tidensuzsiices samazinasanas.
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3.19. att. Alumosilikatu kompozitmaterialu 3.20. att. Alumosilikatu kompozitmaterialu

blivums atkariba no materiala sastava. udensuzsuce atkariba no materiala sastava.

Ar Micro-XCT uznemtajos attélos var redzet iegiito paraugu poru strukttru (3.13. tabula).
Vislielakais poru patsvars ASC ir diapazona no 100 um lidz 5000 um. Kopgja porainiba
visiem paraugiem sasniedz ~90 %. Augsta atvérta porainiba ir saistita ar materiala strukttiras
veidoSanas Tpatnibam: gazu un briva Gidens iztvaikoSanu materiala saistiSanas laika. ASC
tdensuzsice ir salidzinosi augsta: no 29 % lidz 33 % nekarsétiem paraugiem (3.20. att.).

Péc Micro-XCT uznemtajam bildém nav iesp&ams konstatét maza izméra poras
(< 48 um), savukart tas liela apjoma ir redzamas SEM uznemtajas bildés (3.22., 3.23. att.).
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Var secinat, ka ASC poru sieninas sastav no mazam mikroporam, ko Avizo Fire 3D
programmas iz8kirtsp€ja nespgj uztvert, tadel ir izskaidrojama rezultatu (porainibas) atskiriba,
kas rodas, izmantojot divas metodes: ASTM C188 un Micro-XCT.
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3.21. att. Atverta porainiba paraugu sérijam S; 0,1K; 0,3K un 0,5K.

3.13. tabula
Ar Micro-XCT uznemtie ASC attéli

0,3K

SEM MAG: 10.00 kx  Vac: HiVac Lovvilioi] MIRAW TESCAN SEM MAG: 2‘0 Vac. HVac MIRA\ TESCAN

SEM HV: 15.00 kV Date(m/d/y): 08/20/15 5 um wi SEM HV: 15.00 kV/ Date(m/d/y): 08/20/15 20 pm "'

3.23. att. Parauga 0,3K mikrostruktiira, 3.22. att. Parauga S mikrostruktiira, 2000 x
10 000 x liels palielinajums. liels palielinajums.
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Viszemaka spiedes stipriba tika konstatéta S sastavam. References sastava (S) paraugu
vidgja stipriba ir 1,1 MPa. Palielinoties K26 pildvielas ipatsvaram sastavos, palielinas
mehaniskas 1pasibas, paraugiem, kuriem 50 % Samota tika aizvietoti ar K26 (0,5K), spiedes
stipriba palielinajas divas reizes salidzinot ar references sastavu, sasniedzot 2,0 MPa
(3.24. att.). Pec termiskas apstrades 1000 °C temperatara 0,5K paraugiem spiedes stipribas
raditaji pieauga, sashiedzot 2,7 MPa. Visaugstaka lieces robezstipriba ir visiem 1000 °C
temperatira  karsétiem paraugiem neatkarigi no sastava — no 0,4 MPa lidz 1,0 MPa.
Savstarp€ji salidzinot S; 0,1K; 0,3K un 0,5K s€riju paraugus, var secinat. jo procentuali
vairak K26 pildvielas ir sastava, jo augstaka ir materialu lieces stipriba (3.25. att.). Tas ir
izskaidrojams ar Al saturu kompozitmateriala sastava: jo lielaka Al/Si attieciba, jo labakas
mehaniskas 1pasibas piemit materialam (3.24., 3.25. att.).

3.26. attela ir paradita temperatiiras ietekme (termiski apstradajot 0,5K sastava paraugu
800 °C, 1000 °C un 1200 °C) uz mineralogiska sastava izmainam ASC paraugiem, kas
izgatavoti no Samota, to 50 % apméra aizstajot ar K26. Pac€lums, kas redzams XRD
difrakcijas ainas (20 =no 10° lidz 30°) atspogulo amorfo fazi izejvielas, kas savukart
raksturojas ka N-A-S-H ggls, kas rodas sarmu aktivizacijas procesa.*®
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3.24. att. ASC spiedes stipriba. 3.25. att. ASC lieces robeZstipriba.

Paraugos 0,5K ir konstatéjamas tadas kristaliskas fazes ka mullits (Alys6Si1440972), kvarcs
(SiOy), korunds (Al,O3) un kristobalits (SiOy), kas veidojas no izejvielam — Samota un K26.
Papildus tam ir konstatéts Na-sodalits (1,08Na,O-Al,O3:1,68S10,-1,8H,0; sadolitu grupa —
ceoliti) un N-A-S-H ggls (alumosilikata gels), kas rodas Samota aktivizacijas laika. Véra nemamas
N-A-S-H ggla izmainas p€c materialu termiskas apstrades dazadas temperatiiras (800 °C un
1000 °C) ar XRD metodi netika konstatetas. Taja pasa laika p&c termiskas apstrades 900 °C
temperatiira vairs netiek konstat€ts Na-sodalits, bet tika identific€ta jauna kristaliska faze
karnegits (NaAlSiOy). Tas varétu biit izskaidrojams ar to, ka hidroksida sadolits transforméjas
ceolita X, kas kiist un klaist amorfs 760 °C temperatiira, savukart apméram 800 °C temperatiira tas
parkristalizgjas karnegita.*” P&c termiskas apstrades 1000 °C temperatira ASC struktird ir
konstatetas tadas fazes ka kvarcs, mullits, korunds un kristobalits, kas saglabajas no izejvielam un
jauna kristaliska faze — nefelins (Nag gsAlg 24519 76032). Temperatiiras diapazona no 900 °C Iidz
1000 °C nefelins transformgjas karnegita.
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qg - kvarcs (85-0798)

q m - mullits (01-0613)

a - korunds (71-1124)

C - kristobalits (03-0267)

e - hidroksida sadolits (31-1271)
¢ - karnegits (11-0220)

n - nefelins (83-2372)

N

n 0,5K 1000°C

| M//MMWM
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3.26. att. XRD difrakcijas ainas izejvielam (K26 un samotam) un ASC paraugiem 0,5K pirms
un péc termiskas apstrades paaugstinatas temperatiiras apstaklos.

3.14. tabula
Sastavu dimensiju izmainas pie dazadam temperatiiram, %
Temperatiira S 0.1K 05K
P rukums, % | rukums, % | rukums, %
800 °C 0,5 0,3 0,5
900 °C 3,1 2,4 0,9
1000 °C 4,0 3,1 4,3
1100 °C 13,1 13,9 4,6
Relativas laukumu izmainas ASC paraugiem, kas termiski apstradati dazadas

temperatiiras, dotas 3.14. tabula. P&c augsttemperattiras mikroskopa un dilatometra iegiitajiem
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rezultatiem tiek secinats, ka paraugu (S; 0,1K; 0,3K un 0,5K) dimensiju izmainas, ja tos
termiski apstrada Iidz 800 °C temperatiirai, ir minimalas — no 0,3 % lidz 0,5 %.

Iegiitie HTOM dati atbilst rezultatiem, kas iegiti ar augsttemperatiiras dilatometrijas
metodi (3.27. att.). Grafiku liknes (3.27. att.) liecina, ka K26 pildviela minimali ietekmé
materiala dimensiju izmainas. Dimensiju izmainas paraugiem (S un 0,5K) 700 °C temperatiira
ir zem 0,5 %. Dimensiju izmainas S un 0,5K s€riju paraugiem redzamas 3.27. att., kura
att€loti divi rezimi: 1) paraugu 0,5K un S izturéSana 600 °C 20 stundas (S 600 800 un
0,5K 600 800), peéc tam temperatira pacelta lidz 800 °C; 2) paraugi termiski apstradati
vienmérigi lidz 800 °C (S_800 un 0,5K_800).

0,35
0,30 -
0,25 A
0,20 -
0,15 A
0,10 -
0,05 1
0,00 +—
-0,05 A
-0,10 -

Dimensiju izmainas, %

300 400 500 600 700 800

4

Temperatiira, °C

——5_600_800 0.5K_600_800 ——S_800 ——0.5K_800

3.27. att. Dimensiju izmainas noteiktas ar dilatometrijas metodi S un 0,5K paraugiem.

S un 0,5K sériju paraugiem uznemtas DTA liknes, kas paraditas 3.28. att€la. Paraugiem S
eksotermiska efekta maksimala vertiba tiek sasniegta 815 °C temperattira, paraugiem 0,5K —
864 °C temperatiira. So eksotermisko efektu varétu izskaidrot ar Na-sodalita sadalisanos un
jaunu kristalisku fazu veidosanos. TG rezultati uzrada briva tdens iztvaiko$anu, kas notiek no
100 °C Iidz 200 °C temperatiira. Temperatiiras intervala no 400 °C lidz 800 °C nelielas masas
izmainas konstaté€jamas paraugu s€rijai S, kas saistita ar Samota palielinato Ipatsvaru sastava.

Paraugu strauj$ sarukums sakas ap 800 °C, un tas ir attiecinams uz Na-sodalita pilnigu
sadaliSanos un jaunu fazu kristalizacijas sakumu. KarséSanas procesa parbaudamie paraugi
iziet “tr1s solu” dehidracijas procesu. Pirmkart, fizikali saistitais idens dehidrgjas lidz 200 °C.
Otrkart, kimiski saistitais tdens dehidrgjas starp 100 °C un 300 °C, un treskart —
dehidroksilacijas procesi kimiski sasaistitam OH grupam notiek virs 300 °C temperatiiras.
Dehidracijas process beidzas no 400 °C lidz 600 °C temperatiiras intervala, ka tas ir redzams
péc DTA Iikném. Neliels endotermiskais efekts, kas tiek konstatéts 573 °C temperatiira, ir
attiecinams uz strukturalo fazu mainu, kad a-kvarcs SiO, pariet uz B-kvarcu. Sis secinajums ir
pamatots art ar dilatometrijas testa rezultatiem (3.27. att.).
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3.28. att. DTA/TG liknes paraugiem no sérijam S un 0,5K.

Dilatometrijas testa rezultati tika salidzinati ar DTA/TG un XRD difrakcijas ainam, un tie
pamato un apstiprina ieprieks aprakstitas fazu mainas materiala. Var secinat, ka K26 pildviela
minimali ietekmé ASC dimensiju un masas izmainas paaugstinatas temperatiiras ietekmg.
Tiek secinats, ka uz Samota bazes iegiutos ASC ar K26 pildvielu var lietot darba temperatiiras
11dz 800 °C — materiala rukums sasniedz no 0,3 % lidz 0,5 %.

3.5. ASC ar K26 pildvielu tiesas karstumturibas parbaudes

Iepriek§ petitie ASC, kas izgavoti uz Samota bazes ar K26 pildvielu, ir pieméroti
izmantosanai par izolacijas materialu industrialam iekartam, pieméram, industrialajam
krasnim, Kur izolacijas materialam jabut stabilam vairakkartigas uzkarSanas un atdzi$anas
apstaklos. Saja promocijas darba dala veikti pétijumi par ASC, kas izgatavoti uz $amota bazes
ar K26 pildvielu, karstumturibu, atkartoti tos ciklgjot un paklaujot termoSokiem. Tika
parbauditi ASC paraugi, kas ieprieks$ tika termiski apstradati 800 °C (karséSanas atrums
5 °C/min, izturéti 3 stundas maksimala temperatiira 800 °C un Iénam atdzeséti) un nekarséti
ASC paraugi. P&tijuma ir analizétas ASC struktiiras deformacijas péc katra karséSanas cikla
800 °C temperatiira un mérits ultraskanas atrums, lai netiesi noteiktu struktiiras bojajumus.
Petito ASC sastavi doti 3.15. tabula.

3.29. attéla var redz€t paraugus pec karstumturibas cikléSanas. Secinats, ka ultraskanas
atruma izplatiba paraugos samazinas pec katra veikta karstumcikl&Sanas cikla, kas liecina par
struktiiras izmainam — taja rodas mikroplaisas, kas samazina parauga stipribu.

3.16. tabula atteloti iegitie ultraskanas raditaji péc katra karséSanas/atdzeséSanas cikla.
Lai var@tu spriest par materialu lietderigu izmantoSanu augsttemperatiiras iekartas un to
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karstumturibu, 300 m/s ultraskanas izplatiSanas atrums ir noteikts ka kritiska robeza, kas
raksturo materiala destrukcijas jeb sabrukSanas sakumu.

Tiek secinats, ka paraugi, kas iepriek§ tika termiski apstradati (kars€Sanas atrums
5 °C/min, izturéti tris stundas maksimala temperatiira 800 °C un lénam atdzeséeti) iztur vairak
karseSanas un atdzes€Sanas ciklus.

3.15. tabula
ASC sastavs (masas %)

Sastavi S 0,1K 0,3K 0,5K
ASRW 10 10 10 10
S 100 90 70 50
K26 0 10 30 50

ClCtVlelan}alSl_]umS Pret 6M NaOH 0.36 0.34 0.33 0.32

Skidumu, attieciba
. 25,12/0,36 | 29,04/0,34 | 38,76/0,33 | 44,72/0,32
Al;03/6M NaOH attieciba, (A/N) - 69.77 = 85,41 = 11745 13975

b)

3.29. att. Paraugi péc ciklésanas 800 °C: a) 0,1K paraugi, ieprieks termiski apstradati 800 °C,
b) S paraugi, ieprieks termiski apstradati 800 °C.

Augstvertigakais karstumciklé$anas rezultats tiek uzradits sastavam 0,5K, kura Al,03/6M
NaOH attieciba ir visaugstaka. Var secinat, ka K26 pildviela uzlabo AAM Kkarstumturibas
ipaSibas. Lidz ar to paraugi, kuru sastava ir palielinats K26 pildvielas procentualais
daudzums, ir piemeroti ka izolacijas materials augsttemperattiras iekartas.
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3.16. tahula

Ultraskanas atrums péc karstumcikl&$anas paraugiem no sérijam S; 0,1K; 0,3K un 0,5K

aktivizétiem ar NaOH

Ciklu Sastavi; paraugi un ieprieks termiski apstradati paraugi 800 °C
. S, | S_800, | 0,1K, | 0,1K_800, 0,3K, 0,3K_800, | 0,5K_800,

skaits - - - -

m/s m/s m/s m/s m/s m/s m/s
sakuma | 1661 889 1682 898 1590 1084 1433
1. cikls | 681 480 794 574 831 737 1101
2. cikls | 160 213 262 379 515 466 705
3.cikls | 139 236 218 158 411 325 624
4.cikls | - 139 144 161 266 325 625
5.cikls | — — — — 178 384 572
6.cikls | — — — — 171 384 593
7.cikls | - — — - 153 175 317

3.6. Rezultatu aprobacija

P&tito inovativo augsttemperatiras materialu izgatavoSana saistas ar noteiktu procesu
virkni, ka rezultata tiek iegiits komerciali izmantojams inovativs izolacijas materials, kas
piem@rots lietoSanai paaugstinatas temperatiiras apstaklos. Sarmu aktivizacijas procesa
nepiecieSams ieveérot stingri noteiktus izgatavosanas etapus, kas nover§ iesp&jamas klaidas
materiala izgatavosana. Novirze no ASC izgatavoSanas procesa var radit defektu rasanos un
struktiiras izmainas. Promocijas darba izstradatas vadlinijas inovativa ASC izgatavoSanai,
izmantojot sarmu aktivizacijas metodi. legtita ASC darba temperatiira var sasniegt 1000 °C.

Tehnologiskas vadlinijas dotas 3.30. attéla. No uzglabaSanas tvertnes maisitaja tiek
dozetas atdzesetas sausas izejvielas, un tas tiek homogenizétas. HomogenizeéSanu iesp&jams
veikt gan mazos apjomos ar rokas mikseri, gan piespiedu javas maisiSanas iekartas ar
maisiSanas lapstinam uz varpstam. MaisiSanas procesa iesp&jama puteklu raSanas, tadel
nepiecieSama nostice. Peéc atdzeséta sarmu Skiduma pievienoSanas notiek izejvielu
aktivizacijas process un poru struktiiras veidosanas. Atkariba no poru veidojosa reagenta un
sastava, ka arT no izejvielu temperatiiras, ASC porainas struktiiras veidoSanas var sakties p&c
1-15 minGitém no briZza, kad sausajam izejvielam tiek pievienots aktivizacijas Skidums. Poru
veidoSanas un cietéSanas procesa, ja tiek izmantoti aluminija parstrades atkritumi, rodas NOy
un SO, gazes un to savienojumi, kas var ietekmé&t cilvéka veselibu un labsajiitu, tapéc
nepieciesams paredz&t So gazu savakSanas iekartas. Péc poru izveides materials cieté 80 °C
temperatiira 24 stundas. Peéc 24 stundu cietéSanas paraugi tiek atveidpoti un termiski
apstradati 1000 °C temperatiira. Pirms termiskas apstrades tiek izveidota nepiecieSama
izstradajuma forma, nolidzinot virsmas un izveidojot nepiecieSamos izméerus.
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3.30. att. Tehnologiskas vadlinijas augsttemperatiiras izolacijas materiala izgatavosSanai.

Tehnologiska procesa aprob&Sanai tika izgatavoti

platnu prototipi, ka izméri

45 cm x 45 cm x 5 cm, lietoSanas temperatira Iidz 800 °C. ASC blivums ir salidzinoSi zems,
tapec to var viegli apstradat ar rokas instrumentiem — zagi, vili, frézi. Materials ir aprobgts

sadarbiba ar uznémumu Keramserviss (3.31.-3.34. att.).

3.31. att. Platnes ir viegli apstradajamas ar 3.32. att. Platnes prototipa materials tiek
rokas instrumentiem. iestradats argja izolacijas slani.
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3.33. att. Temperatiiras datu méeritaji 3.34. att. Gala produkts — demonstracijas
parbaudamaja izolacijas materiala krasns.

4. Promocijas darba secinajumi

Pieradits, ka poraini sarmu aktivizéti alumosilikatu kompozitmateriali (ASC) ar
noturibu paaugstinata temperatira var tikt iegati, aktivizgjot atkritumproduktu
metakaolinu un Samotu, un ka poru veidotaju izmantot aluminija metalliznu
parstrades atkritumus. Ieghti materiali ar porainibu no 65 tilp. % Iidz 86 tilp. %,
blivumu no 350 kg/m® lidz 850 kg/m* un siltumvaditspgju no 0,14 W/(m K) lidz
0,16 W/(m K).

Pieradits, ka stikla un kvarca smilSu pildvielas (paaugstinats SiO, daudzums) palielina
ASC mehaniskas ipasibas, bet pazemina karstumturibas ipasibas — palielinot rukumu
paaugstinatas temperatiiras apstaklos. Stikla piedevas lieces pretestibu paaugstina 1,5
reizes (0,3 MPa), spiedes pretestibu — 1,2 reizes (1,4 MPa), salidzinot ar references
sastavu, savukart kvarca pildviela uzlabo spiedes stipribu lidz 1,7 MPa un lieces
stipribu — 0,7 MPa.

Pieradits, ka domnu sarnu (palielinats Fe;O3 daudzums) ietekm@ veidojas homogéna
poru struktiira ar domingjoso poru izmé&riem robezas no 1000 pm ltdz 5000 pum, lidz ar
to bitiski tiek paaugstinatas AAM mehaniskas 1paSibas — spiedes stipriba 2 MPa
(uzlabo divas reizes, salidzinot ar references sastavu), lieces stipriba 0,9 MPa (uzlabo
4,5 reizes salidzinosi ar references sastavu).

Pieradits, ka, palielinot Al,O; komponentes ipatsvaru, sastava var iegit ASC ar
augstakam mehaniskajam 1pasSibam un termisko stabilitati. Ja sisttma aluminata
komponente ir palielinata daudzuma un SiO,/Al,O3 attieciba ir mazaka par 2,
veidojas ugunsizturigas fazes, pieméram, karnegits un nefelins. Palielinot SiO,/Al,O3
attiecibu (> 2), sist€éma sak veidoties savienojumi ar zemu kuSanas temperatiiru.
Pieradits, ka pildvielas ar paaugstinatu Al,O3; saturu (ugunsizturigo kiegelu krasns
odergjuma zagésanas atlikumi) batiski uzlabo ASC karstumturibas ipasibas un
mehaniskas 1pasibas, spiedes stipriba — 2,7 MPa, lieces stipriba — 1 MPa.
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Pieradits, ka kompozicijas kimiskais sastavs ietekmé& ASC ipasibas un nosaka
materiala lietoSanu augsttemperatiiras apstaklos.

Pieradits, ka ASC ir pieméroti industrialo iekartu izol€sanai, kuru darba temperattra ir
diapazona Iidz 1000 °C. P&c augsttemperatiiras mikroskopa un dilatometra iegiitajiem
rezultatiem tiek secinats, ka sastavi ar ugunsizturigo kiegelu krasns oder&juma
zaggSanas atlikumiem (K26) uz Samota bazes darba temperattra Iidz 800 °C uzrada no
0,3 % Iidz 0,5 % rukumu, savukart darba temperatiira lidz 1000 °C materiala rukums
sasniedz no 3,1 lidz 4,3%. Materials ir aprobéts sadarbiba ar uzpnémumu
Keramserviss.
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GENERAL PRESENTATION OF THE THESIS

Importance of the topic and problem statement

Rational use of natural resources is among key concerns for environmental programs, e.g.
the EU’s 6th Environment Action Programme (6th EAP)' lists waste recycling and
management among its four priorities. The Mining Waste Directive 2006/21/EC addresses
environmental and health risks associated with management of waste from extractive
industries (covering both already generated and planned waste).? Therefore the main focus is
on activities helping to achieve these targets. According to the data provided by the European
Union (EU), almost half (47.4 %) of waste treated in the EU-28 in 2014 was eliminated
through activities other than waste incineration or landfill, 36.2 % of waste treated in the EU-
28 in 2014 was sent for re-use, which does not include energy recovery and backfilling
operations. Slightly more than one tenth (10.2 %) of the processed waste in the EU-28 was
used for backfilling, while the remaining waste was sent for incineration with energy recovery
(4.7 %) or without energy recovery (1.5 %).* Supporting the mid-term goals of the EU and
Latvia, which involve saving of non-renewable natural resources as much as possible and
reducing dependence on imported raw materials, the research described in this Doctoral
Thesis is related to the development of alternative materials from waste materials and
industrial by-products using alkali activation technology in order to replace conventional and
cement-based materials used for insulation of high temperature industrial equipment.

In the process of acquiring alkali activated materials (AAM), the raw materials are
chemically activated in a highly alkaline environment, resulting in a rapid transformation of
the raw materials (mainly partly amorphous or amorphous phases) into a compact,
cementitious substance. Various types of industrial waste can be used in the process of binder
creation, such as fly ash (coal)*, rice husk ash®, coal ash (other industries)®®, ground granular
blast furnace slag®, lignite slag™® and waste from metallurgical processes™, etc. A relatively
small amount of CO; is generated from the process of activating this waste material compared
to conventional binder manufacturing processes such as cement production.

The study of literature sources has shown that the world is looking for ways to improve
heat-resistant concrete and create other alternative insulation materials that could be used in
equipment with high operating temperatures. Typically heat-resistant concrete based on
aluminosilicate cement (used at temperatures above 1000 °C) is used as insulation material
for industrial applications under high working temperatures.’” However, with the
development of industrialization, demand is also rising for cheaper insulating materials that
are stable at not slightly lower temperatures (from 600 °C) but at the same time have certain
technological properties, for example, good insulation properties, the ability to protect
technological equipment from too rapid heating/cooling processes and to protect the
workforce from accidents associated with working close to hot surfaces.*®

In the framework of this doctoral thesis, porous alkali-activated aluminosilicate
composites (ASC) with excellent insulation properties under high temperature conditions
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have been developed. The new composite materials are made from waste products following
the guidelines on the rational use of natural resources, waste recycling and CO, emission
limitation issued at both national and the EU level.

The aim of the Doctoral Thesis

The aim of the study is to develop porous, heat-resistant aluminosilicate composites for
industrial applications (e.g. insulation materials) from industrial waste products and by-
products using alkali activation technology.

Research limits

6M NaOH solution and NaOH modified sodium silicate solution with Mg 1.67 were
used for the alkali activation process.

Aluminosilicate composite materials with a density from 350 kg/m® to 850 kg/m?,
porosity from 65 vol% to 86 vol%, compressive strength from 1.0 MPa to 3.0 MPa,
thermal conductivity from 0.14 W/(m K) to 0.16 W/(m K) were obtained and studied.
Insulation material working temperature was ranging from 600 to 1000 °C.

The tasks of the Doctoral Thesis

In order to achieve the goal, the following tasks were defined

To determine the chemical and mineralogical composition of the industrial waste
products and by-products used in the research, as well as their physical and chemical
properties.

To investigate the processes of formation of aluminosilicate composites in a highly
alkaline environment, as well as to identify the minerals formed during the activation
process and their changes under high temperature conditions (using various
instrumental methods: XRD, FTIR, DTA/TG, SEM, HTOM, Micro-XCT).

To study the influence of various factors (composition of raw materials, activating
solution concentration, etc.) on the chemical, mechanical, physical and thermal
properties of obtained aluminosilicate composites.

To develop a method for the production of porous, alkali-activated aluminosilicate
composites with heat-resistant aggregates with a working temperature from 600 °C to
1000 °C, with a volume of 350 kg/m® to 850 kg/m®, compressive strength of 1.0 MPa
to 3.0 MPa, thermal conductivity 0.14 W/(m K) to 0.16 W/(m K).

To demonstrate the suitability of alkali-activated aluminosilicate composites for the
production of heat-resistant insulating boards that are used for industrial furnace
insulation.
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Scientific novelty of the research

Porous alkali-activated aluminosilicate composites (ASC) were obtained and investigated
for the first time, including their formation from wastes containing various amounts of
aluminum oxide (chamotte and metakaolin) and aluminum scrap recycling waste with regard
to the temperatures up to 1000 °C. It has been proven by research that the chemical
composition of raw materials and their chemical composition influence the properties of ASC
and determine the application of the material under high temperature conditions.
Aluminosilicates of crystalline structure that are formed during the heating process in high
temperature participate in the formation of the ASC structure and determine higher thermal
properties of the specimens. For the first time, aluminosilicates, which are formed during the
heating process (in K26 filler or chamotte) were used in the research, their role in the
formation of structural framework has been proven as well as the fact that they have
significant effect on the thermal properties of samples (improve them) compared to the
metakaolin-based materials.

Aluminum scrap recycling waste (ASRW) can be used as pore-forming additive for the
chamotte and metakaolin-based AAM. It plays an important role in the heating process, as the
pores formed during the solidification process of the material do not cause additional defects
in the specimen structure during heating.

It has been proven that the chemical composition of the activating solution have a
significant effect on the thermo-dynamic properties of ASC and determine its maximum
operating temperature in the high temperature industrial equipment.

Practical significance of the Doctoral Thesis

Traditionally, fire-resistant materials, such as aluminosilicates, flint-like materials,
magnesia, chromium-magnesia, silicon carbide and carbon materials, including heat-resistant
concrete, are used for thermal insulation of industrial, high temperature furnaces. Each of
these materials is suitable for certain working temperatures and conditions. However, all these
materials are subject to corrosion due to temperature changes and the corrosive effects of
combustion products.****> The resistance of high temperature equipment insulation material
under aggressive conditions is becoming increasingly important as “secondary” fuels, such as
household and industrial waste (tires, plastics, medical waste), and biomass with higher alkali
and chloride content than traditional fuels, are increasingly used, thus contributing to a much
more rapid degradation of conventional insulation materials used in ovens.'® E. Aneziris has
studied the chemical composition of gases from the combustion process of secondary fuels
(industrial waste products) and their impact on the lifetime of high temperature equipment.*’
The conclusions are clear: increased amount of alkaline components in the furnace accelerates
the corrosion processes of furnace insulation materials, including the heat-resistant concrete.
P. Sddje has studied the degradation processes of cement clinker kilns, where secondary fuels
(various waste products) are used.’® After analyzing the insulating material samples of
corrosive furnaces, it was concluded that the combustion products containing alkaline oxides
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at high concentrations have been formed on the surfaces of the insulation material. These
compounds are stable and do not melt at high temperatures as well as do not decompose in
alkaline environment. The formation of new minerals in the upper layer of the material is
related to the penetration of gases, which are released during the combustion process, into the
structure of fire-resistant material, as well as the chemical interaction of gases and insulating
materials. As a result, the physical properties of the insulating material and its resistance to a
sharp change in temperature gradient are changed.

Today, new requirements are set for sustainable fireproof insulation materials with good
thermal stability; they must be resistant to the possible damage caused by alkali and sulphur
containing compounds. Alkali-activated materials with high chemical resistance could
possibly ensure that these pre-requisites are met.

Alkaline activation technology is based on the fact that the aluminosilicates transform in
alkaline environment, namely, the increased concentration of hydroxyl ions promotes the
dissociation and polymerization of silicates and aluminates in raw materials. The raw
materials used for the production of porous ASC in this research were calcined clays
(metakaolin and chamotte), lead containing glass, granular blast furnace slag, aluminum scrap
recycling waste and heat-resistant aggregates. The results of the preliminary studies
confirmed that by using these raw materials it is possible to obtain porous materials. Further
research focused on the improvement of raw material composition and production technology
in such a way that the properties of the insulating material obtained and its stability under
high temperature conditions meet the requirements of the LV standards. The research
included the following aspects of innovative porous materials: mechanical and physical
properties, microstructure, chemical and mineralogical composition, durability including
stability under high temperature conditions (stable and changing temperature).

AAMs and ASCs, regardless of their use, are considered low-energy materials made from
inorganic minerals or waste products and have minimal environmental impact.*®2%%22

The arguments put forward for defense of the Thesis

= Aluminosilicate composite materials (ASC) are suitable for isolation of industrial
equipment with a working temperature in the range of 600 °C to 1000 °C.

= ASC with a density of 350 kg/m® to 850 kg/m® can be obtained by activating
metakaolin and chamotte with Na-containing activating solutions, using aluminum
scrap recycling waste (ASRW) for pore-forming.

= Increased amount of Al,Oz in raw materials ensures increased thermal stability of
AAM. If the SiO,/Al,O3 ratio in the system is < 2, fire-resistant phases are formed,
such as carnegieite and nepheline. Increasing SiO,/Al,O3 the ratio (> 2) begins the
formation of compounds with low melting temperature.
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Composition of the Doctoral Thesis

The Thesis consists of an annotation, Introduction, 5 main sections (subdivided into
subsections), Conclusions and the list of references used. Chapter 1 reviews the literature,
which served as a basis for formulating the aim of the Thesis and tasks for achieving them,
Chapter 2 describes the research methods, Chapter 3 describes the materials used in the
research, and Chapter 4 describes the process of accomplishing the tasks and achieving the
goal. Chapter 5 describes the approbation of the research results.

The work consists of 149 pages, 81 images, 36 tables and a list of references containing
266 titles. The Doctoral Thesis is written in Latvian.
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1. Review of the literature / theoretical and experimental
justification of the research

Traditionally, the most suitable insulating material for industrial equipment in high
temperature operating conditions is the heat-resistant concrete containing aluminous cement.
With the industrial development, there is a growing demand for durable heat-resistant
materials, which are stable in high temperatures to protect technological equipment from
heating/cooling, and personnel — from hot surfaces.

Alkali-activated materials (AAM), especially systems with low content of calcium, in
many cases are more resistant at high temperatures than Portland cement-based materials.
Portland cement collapses at a temperature of 450 °C, while decarbonization processes
leading to changes of volume of the material start at a temperature of 700 °C.%

In assessing the usefulness and efficiency of any material under high temperature
conditions, firstly, its dimensional changes (shrinkage or expansion) under high temperature
conditions are assessed. Cyclical dimensional changes of the material significantly affect its
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sustainability and functionality, which is largely related to the structural changes of the
material 24?2

The thermal expansion or shrinkage of AAM is usually isotropic and is related to the
structure of the amorphous gel in the material. However, in certain cases the expansion or
shrinkage of the material is not homogeneous. This is due to the heterogeneity of the
composition, which leads to the formation of gaps and cracks due to the effect of internal
stresses. Thermal expansion and shrinkage at certain temperature intervals, which is typical to
most of the AAM materials, is shown in Fig. 1.1, but to a large extent these features depend
on the chemical and mineralogical composition of AAM, while the accuracy of the interval
limits may depend on the methodology and the equipment used for the measurements.?”%®
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Fig. 1.1. Thermal deformations of alkali-activated materials.?®

Increasing the temperature to 100 °C (Zone 1), the dimensions of AAM increase (Fig. 1.1).
Simultaneously, at this temperature interval, the gradual evaporation of the non-chemically
bound water and the dehydration of aluminosilicate gel begins, leading to the dimension
reduction. As the temperature rises, the rate of dehydration increases and the decrease in gel
volume occurs simultaneously with the shrinkage of the pores from which the water has been
released. The interaction of both of these processes causes the diminution of the dimensions
of AAMs or the shrinkage, which is marked as Zone Il in Fig. 1.1. The shrinkage range of
Zone Il usually depends on the amount of water in the AAM structure. At higher
temperatures, structural changes such as recrystallisation, sintering or melting of the gel can
be detected, which may also affect the dimensional changes of AAM. Larger thermal
shrinkage, which usually occurs within a temperature interval between 300 °C and 550 °C
(Zone 111) is associated with a decrease in gel volume due to the degradation of hydroxyl
ions.?” Shrinkage in this temperature range is slightly offset by the increase in the dimensions
caused by the conversion of secondary phases (mullite, hematite, quartz and other minerals)
(Fig. 1.1). Significant shrinkage is detected in the temperature range from 550 °C to 650 °C
(Zone 1V) due to the cationic compacting related to the sintering of the gel and its viscous
phase entering the AAM pores.”’?° The scientific articles do not agree, whether there is an
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increase or shrinkage of the AAM volume in Zone V. Rickard® and Rahier®® have found an
increase in volume in their research, Duxson®’ and Dombrowski*® have found shrinkage but
Barbosa and MacKenzie?® concluded that the dimensions of the sample do not change. These
divergent views are due to the fact that the chemical composition of AAM in each case was
different and therefore there is a different amount of secondary phases. Another important
reason that can lead to an increase in specimen dimensions in temperature Zone V is the
microcrack and high porosity formation phenomenon. Rickard®® has proven that the increase
of dimensions in this temperature range is determined by the size of the specimen examined,
if the specimens with larger sizes are studied, then the increase in the specimen dimensions is
significantly bigger and is not proportional to the size of the selected specimens. Larger
shrinkage is observed after the specimens are calcined at a temperature exceeding 800 °C
(Zone VI). This is due to the destructive processes in the specimens occuring rapidly at this
temperature. While Duxson®® has found that shrinkage only increases gradually. This process
involves cation compacting, which continues from the temperature Zone 1V, the
transformation of the crystalline phases formed in the temperature Zone V and the collapse of
the pore structure as well as the melting process starting in the specimens.

During the heat treatment of AAM with low Ca content crystallization of a zeolite-like
crystalline compound into anhydrous aluminosilicates occurs. The transformation of AAM
phases can be described as follows.

e In the temperature up to 400 °C the formation of a zeolite-like structure (crystalline or

semi-crystalline structure) occurs.

e Depending on the composition of AAM, the amorphisation of structure can occur.

e Stable phases of anhydrous aluminosilicates are formed at 600 °C to 800 °C
(nepheline, valbite, cristobalite). The formation of new phases depends on the
chemical composition of the raw materials and the AAM curing temperature.

e Above 800 °C sintering or melting processes could start depending on the chemical
composition of AAM.

Some of the factors that can have a significant effect on phase transformation during high
temperature conditions and should be taken into account during the manufacturing process of
the AAM are the following:

e AAM curing temperature and reactive silicon content, or SiO,/Al,03 ratio;

e type and concentration of the activating solution used (Na,O/Al,O3 ratio);

e type of cation used in the activating solution (Na or K or Ca).

Macrostructure formed during AAM curing at room or slightly elevated (up to 100 °C)
temperature can affect the thermal stability of AAM under high temperature conditions.

Regardless of type of cation activation solution and aluminosilicates used for the
production of AAM, the following phase transformations are observed in the AAM specimens
during heating:

e at low temperatures of 600 °C to 900 °C, feldspars with low Si content are formed (if

Na-containing activating solution is used, nephelins are formed; if K-containing
activating solution is used — leucites);

54



e at high temperatures of 900 °C to 1200 °C, feldspars with high Si content are formed.

The formation of a heat-resistant AAM composition plays an important role in the ratio of
different elements, for example, when the ratio Si/Al in the composition is <2, crystalline
phases with high mechanical and thermal properties are formed under high temperatures.®* %

AAM made with potassium-containing activating solutions, especially those containing
high Al/Si ratios, for example, potassium polysilicate (K-PS), show good thermal stability
(melting point was at 1400 °C). Many scientists use K-containing activation solution to
synthesize leucite (KAISi,Og) with a melting point at 1693 °C. 3% 3> %

In general, a limited number of scientific studies on the use of AAM in high temperatures
have been conducted worldwide. However, the overall conclusion is that the fire resistance of
alkaline-activated systems depends on the chemical and mineralogical composition of raw
materials and on the type of activating solution. It can be concluded that K;O-Al,03-SiO,
systems have higher melting point than N,O-Al,03-SiO, systems. ¢ 37 38,3940

In order to understand the thermal stability of AAM in high temperature conditions,
further studies are necessary on AAM phase transformation and microstructure changes. From
the commercial point of view, namely, considering the possible launching of industrial
production of this type of materials, additional research is necessary on fire-resistant products
of large sizes, as well as the development and approbation of appropriate standards and
testing methodologies.

2. Research methods for raw materials and alkali-activated
aluminosilicate composites

Mineralogical composition of raw materials, AAM and ASC was determined by X-ray
diffraction (XRD) (PAN analytical X 'Pert PRO) but the structural analysis of functional
groups was carried out with infrared Furje Spectroscopy (FTIR; VARIAN 800 FT-IR) in the
spectral range from 400 cm ™ to 4000 cm . An X-ray micro computed tomography was used
to characterize the pore structure of material Xradia nCT-400 (XRadia, Concord, California,
USA). Three-dimensional image analysis program Avizo Fire 3D was used for the
reconstruction of the pore structure of specimens. To determine the total porosity and pore
size distribution of specimens, pore segmentation and quantification methodology was used.*
Scanning electron microscope (SEM) (Tescan Mira / LMU) was used for AAM and ASC
microstructure research. High temperature microscopy (optical dilatometer) (HTOM) EM201,
HT163 was used to detect changes in the specimen dimensions by heating them. For
specimen testing under high temperature conditions a high temperature dilatometer NETZSCH
DIL 402 PC was used. AAM and ASC thermogravimetric analysis was performed with the
high temperature system DTA / DSC Baehr DTA 703. Thermal conductivity of the materials
was determined using LaserComp heat flow meter FOX600. Thermal cycling tests for ASC
were performed according to GOST 20910-90. The non-destructive ultrasonic testing method
was used to determine the damage to the structure of the material after the thermal cycling
(ultrasonic testing equipment Pundit 7).
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The bending and compressive strength was determined in accordance with LVS EN 1015-
11 using prismatic specimens with dimensions 40 mm x 40 mm x 160 mm. Density was
determined according to EN 1097-7, water absorption capacity — according to EN 1097-6.
Open porosity was determined in accordance with LVS EN 1097-6 by immersing the
specimens in water for 72 h. The total porosity was calculated according to the specific
density determined using Le Chatelier method (ASTM C188).

2.1. Description of raw materials used in research

The alkali-activated materials (AAM) and alkali-activated aluminosilicate composite
materials (ASC) used for the research purposes were obtained from the following raw
materials.

Metakaolin (MKw) is a by-product of the glass granule production (Stikloporas Ltd.,
Lithuania). In the production of foam glass granules, kaolinic clays are used as an anti-
sintering agent. Kaolinic clays are calcined at 800 °C to 850 °C for 40 to 50 minutes, which
corresponds to the production technology of glass granules. The average particle size is 10
pm. The chemical composition of MKw is given in Table 2.1.

Chamotte (Sh) is a commercially available material from the company Witgert. Sh was
ground on a planetary ball mill at a speed of 300 rpm for 30 minutes in order to ensure a
uniform particle size distribution. Chamotte chemical composition is given in Table 2.1.
According to the XRD analysis, chamotte contains the following minerals: andalusite
(Al;SiOs), sillimanite (Al,O3) (SiO,), cristobalite (SiO2), magnesite (MgCOs3), and silica
(Si0,).*

Glass waste (LSG) is supplied from the fluorescent lamp recycling plant SIA Lampu
demerkurizacijas centrs (Latvia). Finely ground glass (ground for 30 min in a planetary mill
at a speed of 300 rpm) was used as a raw material for modifying the properties of AAM
according to the intended use of AAM. The specific surface area of glass (LSG) is 1.126
mzlg. The average particle size of glass particles according to SEM does not exceed 26 um,
the particle size ranges from 8§ um to 30 pum.

Granulated ground blast furnace slag (GGBS) from SIA Liepajas metalurgs was
obtained from melted iron slag by cooling it with water or steam to produce a glassy, grainy
product, which was dried and then ground in Retsch PM 400 planetary mill at 300 rpm for
30 min. The chemical composition of GGBS used is given in Table 2.1. In micrographs taken
by SEM it can be observed that the size of the GGBS particles is from 0.1 pm to 10 um.
According to XRD analysis, the following compounds were found in GGBS: zinc oxide
(Zn0), iron oxide (Fe,03), calcite (CaCOs), silicate (KCI), iron silicon (FeSi), zinc sulfide
(ZnS), iron zinc oxide (FeZnO), and critobalite (SiO,).
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Table 2.1

Chemical Composition of Raw Materials (wt. %)

Chemical Raw materials
composition |ASRW |GGBS|MKw [LSG| Sh | Q (K26 | OL
Al O, 63.2 1.1 342 | 1.0 [188] 1.4 | 58 [ 0.8
SiO, 7.9 6.1 71.8 | 68.1 [76.7]96.8|39.1[42.1
CaO 2.6 15.5 0.1 14 (03] — |01 ]| -
SO, 0.4 33 - - - - - -
TiO, 0.5 0.1 0.6 - (121 - 101] -
MgO 4.4 3.8 0.1 - 105 — 021493
Fe O, 4.5 354 0.5 02 10710307 —
MnO — 2.7 — — — — — —
PbO — 1.5 — 200 | - — — —
Na,O 3.8 — 0.6 80 [ 1.0 — | 0.8 10.07
K,0 3.8 3.9 — 12 (08| — |09 | -
Zn0O — 20.7 — — — — — —
Others 2.6 5.4 0.5 0.1 [ — 105 - -
LOI, 1000 °C | 6.21 — 0.2 — - - - -

Refractory brick lining residues from sawing (K26) (Morgan Thermal Ceramics), were
used as heat-resistant aggregates. K26 was ground for 30 min in a planetary mill at a speed of
300 rpm. Chemical composition of K26 is given in Table 2.1. According to the technical
specification, the operating temperature of K26 is from 1260 °C to 1790 °C. The average
particle size is 3.5 um. According to XRD analysis, K26 contains such minerals as mullite
(AlgSiz013) and aluminium oxide or corundum (Al,Og).

One of the aggregates used in this research was commercially available quartz sand (Q)
with a fraction of 0.3 mm to 1.0 mm from SIA Saulkalne S. The sand was ground for 30 min
in a planetary mill at a speed of 300 rpm, obtaining an average particle size of 126 pm.
Chemical composition is given in Table 2.1. Quartz sand consists of a-quartz.

Olivine sand (OL) with a fraction of 0.3 mm to 2 mm was used as a heat-resistant filler
in the research. OL sand was ground for 30 min in a planetary mill at a speed of 300 rpm. As
a result average particle size dsg is 192 um. XRD analysis identifies minerals such as fosterite
(Mg2(SiQy)), ringwoodite (Mg, Fe),SiO,4). Chemical composition is given in Table 2.1.

Aluminum scrap recycling waste (ASRW) is the final waste product resulting from the
processing of aluminum scrap. ASRW was ground for 30 min in a planetary mill at a speed of
300 rpm. Chemical composition of ASRW is given in Table 2.1. The ICP-OES element
analysis of ASRW shows the following elements: aluminum — 34.40 %, silicon — 4.40 %,
magnesium — 2.44 %, calcium — 1.32 %, Na — 1.69 %, K — 2.31 %, S — 0.07 %, CI — 4.23 %,
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Fe — 3.60 %, Cu —0.99 %, Pb — 0.14 %, Zn — 0.60 %. According to the XRD, ASRW contains
metallic aluminum (Al), iron sulphite (FeSOg3), aluminum nitride (AIN), corundum (Al,O3),
aluminum iron oxide (FeAlO3), magnesium dialuminium (MgAl,O,), silica (SiO,), aluminum
chloride (AICI3), and aluminum hydroxide (Al (OH)3). The presence of AIN in ARSW
explains the specific odor felt during the binding of AAM and ASC, when the gas is released
during the pore system formation. Particle size ranges from 1 um to 50 um.

Two activation solutions were used for the research purposes: 1) alkaline activation
solution with Ms=1.67 obtained by modification of commercially available sodium silicate
solution from SIA Vincents Polyline with silicate module Ms=3.22, adding commercially
available sodium hydroxide flakes from Tianye Chemicals Ltd. (China) with 99 % purity; 2)
6M NaOH alkaline activating solution was made from commercially available sodium
hydroxide flakes from Tianye Chemicals Ltd. (China). NaOH flake purity was 99 %.

2.2. Specimen preparation

Prior to mixing, all the raw materials were cooled to —21 °C to delay the onset of the
activation reaction and prolong the time until the mortar bonding starts. An alkaline activating
solution was added to a dry raw material mixture and the mortar was mixed for 1 minute. The
prepared mortars were molded into molds of 40 mm x 40 mm x 160 mm and vibrated on a
vibrating table for 5 seconds. The amount of fresh mortar filled in a mold was calculated so
that after the volume increase of the specimen the mold would be full, while maintaining
maximally low bulk density of the specimen. The molds were coated with films and the
samples were hardened for 24 hours at 80 °C. The samples were then aged at a room
temperature until the planned tests were performed.

3. Results of the research work

3.1. Metakaolin-based porous alkali activated materials: influence of
additives on structure formation processes

In this part of the Doctoral Thesis research was carried out on the effects of granulated
ground blast furnace slag (GGBS) and glass waste (LSG) additives with regard to the
structure formation processes and properties of the AAM based on metakaolin. The research
assessed the amount of heat generated during the AAM solidification process, identified new
mineral formation during the activation process, studied the pore structure of the solidified
material, as well as certain mechanical and physical properties. AAM compositions are given
in Table 3.1.

As a result of the chemical reaction between the alkali activation solution, the iron
sulphite (FeSO3) contained in ASRW and GGBS, ammonia and sulphur dioxide are produced,
which form a more homogeneous AAM pore structure. This process is characterized by
exothermic reaction.
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Table 3.1

AAM Composition, mass ratio (%)

Proportion of sodium silicate

Compositions | MKw | GGBS | ASRW | LSG . .
solution to solids

MK-A 1 - 1 - 0.75
MK-A-G 1 - 1 1 0.70
MK-A-S 1 1 1 - 0.63

The GGBS additive delays the onset of an exothermic reaction for 35 minutes (Fig. 3.1).
The pore structure of MK-A-S is relatively homogeneous to that of the MK-A and MK-A-G
specimens and it has a positive effect on the mechanical properties of the material. The
maximum temperature of the exothermic reaction (~89 °C to 99 °C) at the beginning of the
production of all specimens is an important prerequisite for the formation of pore structure
and obtaining of mechanical strength.
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Fig. 3.1. Exothermic reactions of aluminosilicate composite specimens.

The observed elevation (between 20° and 30° 20) of the XRD diffractogram of all studied
specimens demonstrates the emergence of new amorphous phases, which are traditionally
described as the alumosilicate gel formed by polymerization of amorphous compounds
present in raw materials (Fig. 3.2).

The characteristic elevation of the amorphous phase slightly shifts to 40° 26 for the
specimens with GGBS additive. The only crystalline phase, which was identified in
specimens MK-A and MK-AG, is quartz (SiO,). In turn, MK-A-S contains crystalline
compounds such as ZnO, CaCOs, and ZnFe,0,.
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Fig. 3.2. XRD diffractograms of aluminosilicate composites aged for 28 days.

FTIR analysis of the AAM specimens was performed and compared with FTIR curves
obtained from the raw materials (Fig. 3.3). During the alkali activation process, new
compounds were formed that are characterized by vibration of a certain wavelength: vibration
spectrum with a peak at 1082 cm™ (characteristic of MKw) at a wavelength of 1003 cm™
(MK-A), 1013 cm™* (MK-AG) and 983 cm* (MK-AS). This indicates the modification of raw
materials during the alkali activation process. Absorption peaks found in raw materials in the
range of 433 cm™* to 475 cm* disappear or become less pronounced after alkali activation.

The GGBS and LSG additives have a significant impact on the process of pore formation
and porosity of AAM, as well as their mechanical and physical properties. According to the
porous system studies, it can be concluded that the strength of the material can be increased
slightly if the AAM contains a glassy phase formed by adding a glass additive to the
composition of the material (specimens MK-A-G). GGBS additive significantly increases the
mechanical properties of AAM (bending strength — 4.5 times, compressive strength — 2 times)
but glass additive increases the bending strength by 1.5 times, compressive strength — 1.2
times compared to the specimen MK-A without additives (Table 3.2).
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Fig. 3.3. FTIR results for materials used and for alkali-activated aluminosilicate composites
aged for 28 days.

Increased open porosity is due to the nature of the formation of pore structure; namely,
evaporation of gases and free water during the mixing of mortar in high temperature
conditions (exothermic reaction). This also explains the fact that the obtained AAM has a
very high water absorption rate. MK-A specimens have the highest water absorption rate
(77 %) with a relatively lowest open porosity (27 vol. %). This can be explained by the fact
that the walls of the pores are very porous and consist of a lot of small micropores, and thus
water can penetrate into the porous walls of most pores. The proportion of open pores of MK-
AG and MK-AS is smaller, which is probably due to the effect of additives on pore formation
processes (Table 3.2).

The three-dimensional pore structure reconstruction for specimens MK-A, MK-A-G and
MK-A-S was performed with the Avizo Fire 3D image analysis program, and the porosity of
the total material (Table 3.2 and Fig. 3.4) and the pore size distribution in the specimens were
determined as well.
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Physical and Mechanical Properties of Non-heated AAM

Table 3.2

. . . Porosit
. Water Open Total porosity | Compressive | Bending or.OSI y
. Density, . . (Micro-
Composition Ka/m? absorption | porosity, | (ASTM C188), strength strength XCT)
g Wi, % % % f,MPa | fn MPa v
0
MK-A 380 +12 77+5 27+2 86+2 1.1+0.2 02+0.1 53
MK-A-G 420 £ 15 68 + 3 30+3 84 +2 14 +£0.2 0.3+0.1 53
MK-A-S 470 £13 63+2 30+2 83+2 2.0+0.2 09+0.1 41
MK-A MK-A-G MK-A-S

Xy

Yz

Xz

Tt

g

Fig. 3.4. Mlcro-tography Avizo F|i
MK-A-S.
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It was found that the results of AAM pore structure research may vary significantly
depending on the research method chosen. The differences in the total porosity results of the
studied specimens determined by ASTM C188 and the X-ray micro-computer tomography
technique can be explained by the fact that the X-ray micro-computer tomography technique
that was used has a resolution of more than 48 pum, but in the structure of the material,
according to SEM measurements (Fig. 3.5), a significant amount of pores with dimensions of
less than 48 um can be detected. Therefore the obtained porosity results with Avizo Fire 3D
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program can be applied to macropores (>48 um), while the difference between the total
porosity determined according to ASTM C188, and the porosity determined by Avizo Fire 3D
can be regarded as porosity consisting of micro and capillary pores.

The methods used in this study prove that it is necessary to use different methods that
complement and substantiate each other in order to gain a complete view of the physical,
mechanical and thermal properties of the material.
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Fig. 3.5. SEM photomicrography for non-heated AAMs: a) MK-A; b) MK-A-G; c) MK-A-S,
increase by 1000 x.
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After the heat treatment of the specimens at 800 °C the following changes can be
observed (Table 3.3): for all specimens an increase can be observed in the total porosity (up to
36 %) and water absorption (up to 84 %). After the heat treatment of the specimens at 800 °C
microcracks were formed, which had a negative impact on the mechanical properties of the
material.

Table 3.3
Physical and Mechanical Properties of the AAM after Thermal Treatment at 800 °C

. Water . Compressive Bending

Composition Densng/ " | absorption, Wy, Op_en Total porosity strength strength
kg/m % porosity, % | (ASTM C188), % f. MPa f MPa

MK-A 370+ 11 85+6 41+3 92+2 0.56+0.10 0.1+0
MK-A-G 406 + 10 74+4 33+2 89+3 0.72+0.10 01+0
MK-A-S 453 +12 66 +2 36+2 84 +2 0.90+0.10 0.3+0.1

3.2. Porous alkali activated materials (AAM) and alkali-activated
aluminosilicate composite materials (ASC) based on metakaolin: impact of
glass additive and quartz aggregates on thermal properties of the material

According to the previous research, GGBS additive significantly increases mechanical
properties of AAM (bending strength — 4.5 times, compressive strength — 2 times), but the
glass additives increase bending strength 1.5 times, and compressive strength — 1.2 times.
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However, the GGBS was not used for further studies as compounds that could have a negative
effect on human health were released during the alkali activation process.

In this part of the Doctoral Thesis the research was made on the impact of glass additive
on the heat resistance of MKw-based AAM. The study was divided into two parts: the first
part was related to the heat-resistance of AAM depending on the amount of LSG in the
composition, the second part focused on the impact of various amounts of quartz aggregates
on the heat resistance of the material. The heat resistant aggregates were used for the
production of ASC in order to increase the resistance of ASC under high temperature
conditions and to reduce changes in the dimensions of products. Though quartz aggregates
can not be considered as heat resistant fillers, there are found scientific research works on the
quartz sand influence on the material shrinkage in high temperature applications.

The usefulness of the research is approved by the research work of Kamesu on the
positive effect of quartz sand on the heat resistance of alkali-activated materials. Kamesu et
al. made metakaolin-based AAMs by activating them with a KOH solution and using fine
quartz sand (100 um to 1 mm) or a-alumina (0.1 um to 100 pm) as an aggregate and
evaluating the thermal properties of these materials.*® The composition of AAM and ASC
used for the research is given in Table 3.4.

Table 3.4

Composition of AAM and ASC, Mass Ratio (wt%)

Composition MKw | ASRW | LSG | Q Ratio o.f soliq.componeqts and
sodium silicate solution

A10-A1-GO 1 1 0 0 0.7
A10-A1-G0.5 1 1 0.5 0 0.7
Al10-Al1-G1 1 1 1 0 0.7
A10-A1-G0-Q3 1 1 0 3 0.7
A10-A1-G0-Q5 1 1 0 5 0.7
A10-A1-G1-Q3 1 1 1 3 0.7
A10-A1-G1-Q5 1 1 1 5 0.7

DTA and TG tests were performed on specimens with glass additive (A10-A1-G1) and
without glass additive (A10-A1-GO0) to detect changes in the dimension during the heating
process (Figs. 3.6 and 3.7). The endothermal effect that was detected in the initial heating
stage at a maximum temperature of 110 °C can be explained by evaporation of the
mechanically bound water from the material structure and dehydration of aluminosilicate gel
(Si(OH)y). In the temperature range of 90 °C to 130 °C, water was released intensively from
the sodium hydroxide solution, which was used as an activating solution for obtaining AAM.
TG curve confirmed the results included in Table 3.5, which were obtained with the HTOM.
Namely, for the studied specimens the mass loss did not exceed 15 % regardless the
maximum heating temperature.
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Fig. 3.7. A10-A1-G1 DTA and TG thermograms of AAM specimens.

According to XRD analysis, ASRW contains both aluminum hydroxide and aluminum
nitrite, which reacting with water vapor in a temperature range of 120 °C to 150 °C can form
Al(OH)s; and NHs. Endothermal effect, which was detected in the temperature range of 220 °C
to 280 °C is associated with AI(OH)3; decomposition (Figs. 3.6 and 3.7). The intensity of the
endothermal effect depends on the proportional amount of ASRW in each of the compositions
studied.

As the specimen A10-A1-GO has proportionally more MKw in the content, there is also
more pronounced exothermic effect, which can be seen in Fig. 3.6 (in the temperature range
of 300 °C to 800 °C), which is related to the restructuring of alumosilicate gel. Alumosilicate
gel is formed by activation of alkali when an activating solution reacts with amorphous
compounds contained in MKw.

Two exothermic effects that can be detected in the temperature range of 800 °C to 900 °C
characterize the emergence of new minerals. It is possible that at 800 °C part of Al (OH);and
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metallic Al reacts with NaOH and forms new minerals such as NaAlOH,4, but at the
temperature of 900 °C it is an albite (Na,O-A,03-6Si0;). Minor endothermal effect at 573 °C
is linked to the change of quartz modification from a-SiO, to B-SiO..

Table 3.5
Physical Properties of AAM before and after Heat Treatment
Densit :
y Density after
. Temperature, Am after before .
Composition . . heating,
°C heating, % heating, Ka/m?

kg/m? g
800 -14.8 340+ 11 330+ 10
900 -14.4 340+ 12 330+ 10

A10-Al1-GO
1000 -13.6 340+ 10 320+9
1100 -12.8 340+ 11 340+ 12
800 —-14.5 324+9 320+ 11
Al10-Al- 900 -14.3 324 +10 320+ 12
GO0,5 1000 -15.3 323+11 304 +9
1100 -14.9 323+ 10 311+10
800 -14.0 300+ 11 300+ 12
900 —14.2 310+ 11 310+ 11
Al10-Al-G1

1000 -13.7 330+13 340+ 13
1100 -13.9 328 +12 300+ 10
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Fig. 3.8. High temperature microscopy curves: change of relative area during the AAM
heating.

Analyzing the results of HTOM and comparing compositions with and without glass
additives (AAM compositions), it was concluded that glass contributes to increased material
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shrinkage at relatively lower temperatures, thereby lowering the “working temperature” of the
material to 600 °C (Figs. 3.8 and 3.6).

Table 3.6

Changes in the Relative Area of AAM Specimens Heated at Different Temperatures

Composition Shrinkage | Shrinkage | Shrinkage | Shrinkage | Shrinkage
at600°C | at700°C | at800°C | at900°C | at 1000 °C
A10-A1-GO 3.4 2.9 2.5 11.7 20.2
A10-A1-G0.5 0.7 +1.4 2.5 11.7 13
Al10-A1-G1 0.7 0.1 5.8 4.7 +10.3

* “+” expansion of the specimen

In order to minimize the negative effects of glass additive in high temperature conditions,
quartz sand (Q) in the proportions of 3 and 5 parts were added to the compositions (see
Table 3.7). ASC specimens with a density in the range of 540 kg/m® to 560 kg/m* were
obtained with the total porosity ranging from 70 % to 78 %. Specimens with glass additive
and quartz filler had higher mechanical strength: specimen A10-A1-G1-Q3 had compressive
strength 1.8 MPa and bending strength — 0.9 MPa, but specimen A10-Al-G1-Q5 had
compressive strength — 1.7 MPa and bending strength — 0.7 MPa. The lowest mechanical
indicators were for the specimens A10-A1-G0-Q5 (without glass additive and with the highest
quartz content): compressive strength — 1.4 MPa and bending strength — 0.5 MPa.

Table 3.7
Physical and Mechanical Properties of Non-heated ASC

Densit Water Open Total Compressive | Bending

Composition K /m?}/ ' | absorption, | porosity, | porosity, strength strength

9 Wi, % % % f, MPa | fum MPa
AlO-g;-GO- 550 +12 | 52.5+2.8 |309+22(759+06| 1.6+01 |[0.70+0.14
A10-351-Go- 550+ 10 | 56.3+2.3 |32.3+1.9|783+08| 1.4+01 |050+0.12
Alo'g;'Gl' 560+ 14 | 485+3.0 [27.6+2.069.8+04| 18+01 |0.90+0.20
Alo'gsl'Gl' 540+ 11 | 50.9+2.4 |29.8+21|724+05| 17+01 |[0.70+0.15

After heating the specimens at the temperature of 800 °C it was observed that in
specimens with increased amount of quartz sand and glass at high temperatures (up to 800 °C)
sintering takes place, which reduces water absorption and open porosity of the specimens
(Table 3.8), but their mechanical properties improve considerably: compressive strength of
specimen A10-Al1-G1-Q3 increased from 1.8 MPa to 2.3 MPa, bending strength — from
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0.9 MPato 1.7 MPa but compressive strength of specimen A10-A1-G1-Q5 — from 1.7 MPa to
1.95 MPa, bending strength — from 0.7 MPa to 1.2 MPa.

Table 3.8
Physical and Mechanical Properties of ASC Heated at 800 °C

Densit Water Open Total | Compressive | Bending

Composition « /m3y ' | absorption, | porosity, | porosity, strength strength
g Wi, % % % f, MPa | fm, MPa

A10-A1-G0-Q3 | 530+14 89+2.0 49+22 | 79+1.0 0.7+0.1 02+0
A10-A1-G0-Q5 | 520+9 31+1.9 35+21 | 68+0.9 18+0.1 |15+0.1
A10-A1-G1-Q3 | 540+13 19+21 16+22 | 69+0.9 23+0.1 [17+0.2
A10-Al-G1-Q5 | 400+11 17+ 2.0 13+19 | 71+£0.7 195+0.2 |[1.2+0.1

Analyzing the data obtained by the HTOM method, the density of ASC with quartz sand
was 540 kg/m® to 560 kg/m? after heating at 800 °C to 1100 °C (Table 3.9). The mass loss of
the specimens after heating reached 8 % to 28 %.

Table 3.9
Physical Properties of ASC before and after Heating
Density, kg/m’
. Heating Mass change, . %9
Composition Before .
temperature, °C % . After heating
heating
800 -8.7 550+ 9 530+ 10
900 —8.6 560 + 12 560+ 11
AL0-AL-GO-Q3 1000 8.2 540 + 10 540 + 12
1100 -8.1 520+ 11 530+ 11
800 -12.1 550 + 11 520+ 13
900 —-27.5 580 + 13 460 + 10
A10-Al1-GO-
0 G0-Q5 1000 —27.4 580 + 13 440+9
1100 —26.6 590 + 12 470+ 11
800 -18.7 560 + 11 540 + 13
AL0-AL-G1-Q3 900 —-26.1 510+9 530+ 10
1000 —26.6 570+ 10 540 + 12
1100 —27.0 540 £ 11 420 £ 11
800 —-28.4 540+ 10 400 + 11
900 —27.9 590 + 10 450 £ 13
AL0-AL-GL-Q5 1000 271 590 + 9 470 £ 10
1100 —-28.0 560 + 11 480 + 13

Microstructure (Fig. 3.9) of the ASC

homogeneous.
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Fig. 3.9. Pore structure of ASC specimen A10-A1-G0-Q5: a) optical microscopy, b) SEM
(magnification 5000 x).

As previous studies have shown that Q limits the volume increase of ASC at temperatures
above 1000 °C, high temperature microscopic tests were performed with specimens A10-Al-
G0-Q3, A10-A1-G1-Q3, A10-A1-G0-Q5 and A10-G1-Q5 (Fig. 3.10).
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Fig. 3.10. High-temperature microscopic curve: changes in the relative area.

It was concluded that the glass additive improves the mechanical properties of
metakaolin-based AAM but has negative effect on its heat-resistance properties, while the
addition of quartz sand reduces the negative impact that the glass additive has on the heat-
resistance properties.

It can be concluded that the maximum working temperatures of A10-A1-G0-Q3 and A10-
A1-G0-Q5 are 600 °C (Table 3.10).
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Table 3.10

Changes in the Relative Area of ASC Specimens Heated at Different Temperatures

Composition Shrinkage | Shrinkage | Shrinkage | Shrinkage | Shrinkage
at600°C | at700°C | at800°C | at900 °C | at 1000 °C
A10-A1-G0-Q3 0.7 5.5 9.3 9.6 9.2
A10-A1-G0-Q5 +0.1* 3.2 6.9 6.7 7
A10-A1-G1-Q3 4.1 3.7 11.6 13 15.2
Al10-A1-G1-Q5 +0.9* +1.2* +1.2* 14 3.2

* “4+” expansion of the specimen

3.3. Porous alkali-activated aluminosilicate composite materials (ASC)
based on chamotte: the effect of aggregates on the heat resistance of ASC

According to the research results described in previous chapters, it was concluded that the
glass additive in the composition improves the mechanical properties of AAM (MKw-based)
but has a negative effect on heat resistance properties. While adding quartz sand to the ASC
reduces the negative impact of glass additive on heat resistance properties. For this reason,
new solutions have been sought to increase the heat resistance properties of alkali-activated
composites up to 1000 °C. According to the previous studies and literature analysis, the
decision was made to replace the MKw with chamotte (Sh) for the preparation of ASC
because it has high crystalline mullite content, which is stable during heating under high
temperature conditions.

Chamotte is obtained with the calcination of kaolin clay in rotary kilns at 1350 °C.
Chamotte is used in the production of heat-resistant materials. Although chamotte also
contains a quartz phase, mullite reacts with alkali forming albite and anortic, which are stable
at high temperatures, and make the material more durable and thus compensate for the
negative effects of quartz.**

Rovnanik has shown in his research that one of the ways of reducing thermal shrinkage is
to use aggregates, which are stable at high temperatures (such as chamotte, chopped porcelain
or cordierite) and have a low expansion coefficient. Such aggregates can be used at up to
1200 °C.*

In this part of the Doctoral Thesis, research has been carried out about the impact of
refractory brick lining residues from sawing (K26), olivine sand (OL) and quartz sand (Q)
fillers on the structure forming processes and properties of chamotte-based ASC. The study
identifies the formation of new minerals during the process of activation of raw materials,
investigates the pore structure of hardened material, as well as identifies mechanical and
physical properties. The effects of aggregates K26, OL and Q on the above mentioned
processes and properties were analyzed.

The composition of the produced ASC specimens is given in Table 3.11.
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Compositions of ASC — Dry Raw Material Ratio (wt.%)

Table 3.11

S 0.3K 0.5K 0.3Q 0.5Q | 0.30L | 0.50L
ASRW 10 10 10 10 10 10 10
S 100 70 50 70 50 70 50
K26 - 30 50 - - - -
Q - - - 30 50 - -
oL - - - — - 30 50
6M NaOH 33 % of the total amount of dry raw materials

Using the XRD method, changes in mineralogical composition resulting from ASC (Sh-

based) heating at 800 °C and 1000 °C (Fig. 3.11) were determined.

g- quartz {33-0798)

m- mullite (01-0613)

a - commndum {71-1124)
¢ - cristobalite (03-0267)
¥- analcime (07-0363)

5-1000°C

Mkt L ot

5-800°C
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My 'IUL 4 qrm?:i i a E
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Fig. 3.11. Results of XRD analysis for S after heat treatment at different temperatures.
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The XRD analysis results show that after curing at 80, 800 and 1000 °C phases such as
mullite (Als56Si1440972), quartz (SiO;), analcime (NaAlSi,Og-H,0), corundum (Al,O3) and
cristobolite (SiO,) were identified in specimen S.

According to the microphotographs taken by SEM (Fig. 3.12), it was concluded that the
microstructure of all ASCs is similar and is not affected by the type and amount of aggregate
added.

The main determining factor for the formation of porous structure is the amount of
ASRW.

Bs 80.3K B0.5K 0.3Q
B0.5Q @0.30L ®=0.50L

SEM HV: 15.00 kv Date(m/d/y): 08/20/15 100 pm i
Temperature, °C
Fig. 3.12. 0,3Q microphotograph taken by Fig. 3.13. Density of material.
SEM.

Analyzing the effect of aggregates on physical properties, it was concluded that the
density and granulometric composition of the aggregates play an important role. The finer
fraction of aggregates provides lower density and greater mortar viscosity (e.g. for
compositions with K26), while coarser aggregates (such as olivine sand) contribute to lower
mortar viscosity and higher ASC density. The results show that ASC with OL, Q and K26
aggregates have a density of 600 kg/m* to 880 kg/m® (Fig. 3.13). Specimen S (reference
composition) has the lowest density of 600 kg/m*® to 620 kg/m® and the highest water
absorption of 37.9% to 48.2%. In contrast, specimen 0.50L has the highest density
(830 kg/m* to 880 kg/m®) and the lowest water absorption (ranging from 26.1 % to 28.2 %)
(Fig. 3.14). After heating at 800 °C and 1000 °C, the density of all specimens decreased due
to the change of crystalline phases and formation of new compounds.

Specimen heating at 800 °C and 1000 °C temperature affects their open porosity
(Fig. 3.15) and two causal links were observed: 1) specimen heating at high temperatures
reduced the open porosity, which might be due to the fact that the open pores originally were
partially filled with products with melting temperatures below 1000 °C; sintering and
compacting of material in internal structure of the pore walls; 2) heat treatment increased the
open porosity (for specimens containing Q and OL), which could be associated with
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polymorphic transition of aggregate from one phase to other phases, thus increasing the
volume and creating microcracks in the material, which results in a greater open porosity.
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It can be concluded that the open porosity of the specimens after heating at 800 °C and
1000 °C depends on the chemical and mineralogical composition of the specimens: for the
specimens with higher Al,O3 content (S and 0.5K) open porosity decreased and in the inner
structure of material pore wall sintering and compacting was observed after heat treatment.
For the specimens with higher SiO; content in the composition (0.5Q and 0.30L) open
porosity increased after heat treatment due to SiO, phase transitions.

One of the determining factors that influences the mechanical properties of ASC is the
amount of Al in the compositions. The increased Al content (ensured by K26 filler) improves
the mechanical properties of the specimens. The compressive strength of the specimens
ranges from 0.8 MPa to 2.0 MPa (Fig. 3.16) but after heat treatment the compressive strength
increased up to 2.7 MPa and the bending strength — up to 1.0 MPa (Fig. 3.17). The ASC
strength properties with the K26 additive remained unchanged even after heat treatment at
1000 °C. In other specimens, mechanical strength decreased (Figs. 3.16 and 3.17). Under the
influence of temperature the ASC microstructure can be changed or formation of microcracks
can be observed due to expansion of aggregates, melting of zeolite crystals and their
migration processes.

The obtained HTOM results are quite similar for all specimens, therefore it has been
concluded that the aggreagtes used in this study (quartz, olivine sand and K26) did not
significantly affect the shrinkage of the material up to 1000 °C or the changes occurred in the
small inner pores that did not affect the total shrinkage of a specimen (Fig. 3.18). Similar
trends were observed for all compositions of ASC, with a maximum shrinkage of 4 %
between 750 °C and 1000 °C. Although the effect of olivine sand, quartz sand or refractory
brick lining residues from sawing on ASC heat resistance properties is equivalent, K26 is
considered the best aggregate because the composition with K26 aggregate has relatively low
density but significantly better mechanical properties (compressive and bending strength)
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compared to other compositions. Further studies will focus on further research of the
composition of ASC with K26 and its effect on heat resistance.
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Fig. 3.18. High temperature microscopy curves: specific surface area changes during heating.

3.4. Porous alkali-activated aluminosilicate composite materials (ASC)
based on chamotte: the effect of K26 on the heat resistance of ASC

According to previous studies, the K26 aggregate significantly increases the mechanical
properties of ASC compared to the reference composition (activated chamotte only) — after
heat treatment at 1000 °C the bending strength of specimens with K26 aggregate increased
2.5 times and compressive strength — 3.4 times. Therefore K26 was selected for further
studies, which increases the mechanical properties of ASC under high temperature conditions
compared to other aggregates studied in the previous chapter.
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A mix of dry raw materials was prepared for the production of specimens, where chamotte
was replaced with refractory brick lining residues from sawing aggregate (K26) in the
proportion of 10 %, 30 % and 50 %. From the results obtained in the previous chapter it was
concluded that the increased amount of Al in the K26 aggregate positively influences both the
mechanical properties of the material and its application under high temperature conditions.
This section will focus on the analysis of physical and mechanical properties of materials, the
changes in specimen dimensions, and the loss of mass will be determined with the DTA/TG;
the ASC pore structure will be described using Micro-XCT, the mineralogical composition of
the materials will be determined with XRD method including the changes in specimens after
high temperature treatment, changes in ASC dimensions during heating will be determined
with high temperature microscope (HTOM). ASC compositions are given in Table 3.12.

Table 3.12
ASC Composition (% by weight)

Compositions S 0.1K 0.3K 0.5K
ASRW 10 10 10 10
S 100 90 70 50
K26 0 10 30 50
Solidmixture and 6M | 50| 50 | 033 | 032
NaOH, proportion

The obtained ASC density ranges from 621 kg/m® to 756 kg/m>. As the K26 proportion in
the material increases, density of the material also increases. After heat treatment of
specimens at 800 °C and 1000 °C, density of the materials decreased for all specimens
(Fig. 3.19).

Water absorption of ASC varies depending on the percentage of K26 in the composition
as well as the temperature of the heat treatment. It can be concluded that all unheated
specimens, regardless of their composition, have higher water absorption rate compared to the
heated specimens (Fig. 3.20). Water absorption for unheated specimens ranges from 44.3 %
to 48.2 %. The open porosity of the material for unheated specimens was in the range of 28.9
to 33.4 %, and after heat treatment at 800 °C and 1000 °C, open porosity and water absorption
decrease can be observed (Fig. 3.21).
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Fig. 3.21. Open porosity for specimen
series S; 0.1K; 0.3K and 0.5K.

In the images captured by Micro-XCT the pore structure of the obtained specimens can be
seen (Table 3.13). The highest proportion of pores in ASC is in the range from 100 pm to
5000 pum. Total porosity for all specimens reaches ~90 %. High open porosity is related to the
peculiarities of the material structure formation: evaporation of gases and free water during
binding of the material. ASC water absorption is relatively high: 29 % to 33 % for unheated
specimens (Fig. 3.20).

It is not possible to detect small pores (<48 um) using the pictures taken by Micro-XCT,
but they can be detected in large amounts in pictures taken by SEM (Figs. 3.22 and 3.23).

It can be concluded that ASC pore walls consist of small micropores, which are not
detectable with the resolution of Avizo Fire 3D program. It provides an explanation for the
difference in the results (porosity) from using two methods: ASTM C188 and Micro-XCT.

The lowest compressive strength was found for S. The average strength of unheated
reference composition (S) specimens is 1.1 MPa.
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Table 3.13
ASC images captured with Micro-XCT
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Fig. 3.23. Microstructure of specimen 0.3K, Fig. 3.22. Microstructure of specimen,
10 000 x magnification. 2000 = magnification.
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Fig. 3.24. Compressive strength. Fig. 3.25. ASC ultimate bending strength.

Mechanical properties of the specimens improved with the increase in the proportion of
K26 in the composition. For the specimens where 50 % of chamotte was replaced by K26
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(0.5K), the compressive strength increased two times compared to the reference
composition — reaching 2.0 MPa (Fig. 3.24). After heat treatment at 1000 °C compressive
strength of 0.5K specimens increased to 2.7 MPa. The highest bending strength was for all
specimens heated at 1000 °C, regardless of composition it was 0.4 MPa to 1.0 MPa.
Comparing specimens of series S, 0.1K, 0.3K and 0.5K among themselves it can be
concluded that with higher percentage of K26 in the composition the bending strength of the
materials increases (Fig. 3.25). This is due to the Al content in the composite: the higher the
Al/Si ratio, the better are the mechanical properties of the material (Figs. 3.24 and 3.25).
Figure 3.26 shows the effect of temperature (heating specimen 0.5K at 800 °C and 1000 °C)
on changes of mineralogical composition in ASC specimens made of chamotte, replacing
50 % of it with K26. The peak, which can be seen in the XRD diffractograms (26 = 10° to
30°) reflects the amorphous phase in the raw materials, which in turn is characterized as the
N-A-S-H gel resulting from the alkali activation process.*

/ g- quartz (85-0798)

q m - mullite (01-0613)

a - corundum (71-1124)

C - cristobalite (03-0267)

e - hydroxyde sodalite (31-1271)
¢ - carnegeite (11-0220)

n - nepheline (83-2372)

n 0,5K 1000°C

n (in Nn
n n W"%/MMNJWM
¢ 0,5K 800°C
: MUMLWM

5 10 15 20 25 30 35 40 45 50 55 60 65 70
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Fig. 3.26. XRD analysis of raw materials (K26 and chamotte) and ASC specimens 0.5K
before and after high temperature treatment.
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In specimens 0.5K, crystalline phases can be observed such as mullite (Al456Si1.4409.72),
quartz (SiO,), corundum (Al,O3), and cristobolite (SiO;), which are made from raw
materials — chamotte and K26. In addition, Na-sodalite (1.08Na,O-Al,O3- 1.68Si0,- 1.8H0;
sadolite group — zeolites) and N-A-S-H gel (aluminosilicate gel), which occurs during
chamotte activation, have been found. Notable changes in N-A-S-H gel after heating of
materials at various temperatures (800 °C and 1000 °C) were not detected by the XRD
analysis. At the same time, after the heat treatment at 900 °C, Na-sodalite was no longer
detected, but a new crystalline phase of carnegite was identified (NaAISiO,). This could be
explained by the fact that the hydroxide sadolite transformed into zeolite X, which melts and
becomes amorphous at 760 °C, while at about 800 °C it recrystallises into carnegite.*’ After
heating at 1000 °C, phases such as quartz, mullite, corundum, and cristobolite, which remain
from the raw materials and a new crystalline phase — nepheline (NasgsAls24Sis76032) have
been identified. In the temperature range from 900 °C to 1000 °C nepheline transforms into
carnegieite.

The relative area changes for ASC specimens calcined at different temperatures are given
in Table 3.14. Based on the results of the high temperature microscope and dilatometer, it is
concluded that the changes in the dimensions of specimens (S, 0.1K, 0.3K and 0.5K), when
subjected to heat treatment at 800 °C, are minimal, i.e. 0.3 % to 0.5%.

Table 3.14

Changes in Composition Dimensions at Different Temperatures, %

Temperature,°C S, Al, % 0.1K, Al, % 0.5K, Al, %
800 0.5 0.3 0.5
900 3.1 2.4 0.9
1000 4.0 3.1 4.3
1100 13.1 13.9 4.6

The obtained HTOM data correspond to the results obtained with the high temperature
dilatometry method (Fig. 3.27). The graph curves (Fig. 3.27) show that the K26 aggregate
has a minimal effect on dimension changes of the material. Dimension changes of specimens
(S and 0.5K) at 700 °C are below 0.5 %. Dimension changes for specimens of S and 0.5K
series are shown in Fig. 3.27 illustrating 2 modes: 1) specimens 0.5K and S treated at 600 °C
for 20 hours (S_600_800 and 0.5K_600_800), then temperature was raised to 800 °C, 2)
specimens were treated only at 800 °C (S_800 and 0.5K_800).

For specimens of S and 0.5K series, the DTA curves shown in Fig. 3.28 were taken. For
specimens S, the maximum value of the exothermic effect was reached at 8§15 °C and for the
specimens 0.5K — at 864 °C. This exothermic efect could be explained by the decomposition
of Na-sodalite and the formation of new crystalline phases. TG results show evaporation of
free water at the temperature range of 100 °C to 200 °C. In the temperature range of 400 °C to
800 °C slight mass changes can be detected in the specimen series S having an increased
proportion of chamotte.
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Fig. 3.28. DTA/TG curve for specimens of series S and 0.5K.

Rapid shrinkage of specimens begins at about 800 °C and is attributable to the complete
decomposition of Na-sodalite and the beginning of new phase crystallization. In the heating
process, the tested specimens undergo a 3-step dehydration process. First, physically bound
water dehydrates to 200 °C. Second, chemically bound water dehydrates between 100 °C and
300 °C, and third, dehydroxylation processes for chemically bound OH groups occur at
temperatures above 300 °C. The dehydration process ends at a temperature range of 400 °C to
600 °C, as can be seen from the DTA curves. A small endothermal effect, which is detected at
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573 °C, is attributable to structural phase shift, when a-quartz SiO, transforms into B-quartz.
This conclusion is also based on the results of the dilatometry test (Fig. 3.27).

The results of the dilatometry test were compared with the results of DTA/TG (Fig. 3.28)
and XRD. They substantiate and confirm the phase shift of the material described above. It
can be concluded that the K26 aggregate has a minimal effect on the dimension and mass
change of the ASC under the influence of high temperature. It was concluded that the
obtained chamotte-based ASC with K26 aggregate can be used at a working temperature up to
800 °C - shrinkage of the material reaches 0.3 % to 0.5 %.

3.5. Heat resistance tests of ASC

The previously studied chamotte-based ASCs with K26 aggregates are suitable as
insulating material for industrial equipment, such as industrial furnaces, where the insulation
material must be stable under conditions of multiple heating and cooling cycles. In this part of
the Doctoral Thesis, research was carried out on heat resistance of chamotte-based ASC with
K26 aggregate under repeated cycles and exposing them to thermal shock. ASC specimens,
which have been previously thermally treated at 800 °C (heating rate 5 °C/min, 3 hours at a
maximum temperature of 800 °C and slowly cooled) and unheated ASC specimens were
tested. The study analyses the deformations of ASC structure after each heating cycle at
800 °C and measures ultrasonic velocity in order to indirectly detect structural damage. The
studied compositions of ASC are given in the Table 3.15.

Table 3.15
ASC Composition, (% by weight)
Compositions S 0.1K 0.3K 0.5K
ASRW 10 10 10 10
S 100 90 70 50
K26 0 10 30 50
Solid mlx_ture and GM NaOH 0.36 0.34 0.33 0.32
solution, proportion
. 25.12/0.36 | 29.04/0.34 | 38.76/0.33 | 44.72/0.32
Alz05 / 6M NaOH ratio (A/N) =69.77 | =8541 | =11745 | =139.75

In Fig. 3.29, the specimens after the heat resistance cycles are shown. It has been
concluded that the spread of ultrasonic velocity in specimens decreases after each cycle of
heat treatment, which indicates structural changes — microcracks occur reducing the strength
of a specimen.

In Table 3.16, the ultrasonic indicators obtained after each heating/cooling cycle are
shown. In order to assess efficient use of materials in high temperature equipment and their
heat resistance, the ultrasonic velocity rate 300 m/s was defined as the critical limit
characterizing the beginning of material destruction or degradation.
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It was concluded that thermally treated specimens (heating rate 5 °C/min, 3 hours at a
maximum temperature of 800 °C and slowly cooled) can withstand several heating/cooling
cycles.

b)

Fig. 3.29. Specimens after 800 °C cycle: a) 0.1K specimens with previous thermal treatment
at 800 °C; b) S specimens with previous thermal treatment at 800 °C.

Table 3.16

Ultrasonic Velocity after Heat Cycling for the Specimens of Series S, 0.1K, 0.3K and 0.5K
Activated by NaOH

Number of Unheated specimens and specimens with previous thermal treatment at 800 °C
cycles S mfs S 800, 0.1K, 0.1K 0.3K, 0.3K_ 0.5K
' m/s m/s 800, m/s m/s 800, m/s 800, m/s
In_ th? 1661 889 1682 898 1590 1084 1433
beginning
Cycle 1 681 480 794 574 831 737 1101
Cycle 2 160 213 262 379 515 466 705
Cycle 3 139 236 218 158 411 325 624
Cycle 4 - 139 144 161 266 325 625
Cycle 5 - - - - 178 384 572
Cycle 6 - - - - 171 384 593
Cycle 7 - - - - 153 175 317

The highest quality of heat cycling result is obtained for composition 0.5K, where Al,03 /
6M NaOH ratio is the highest. It can be concluded that the K26 aggregate improves ASC heat
resistance properties. Thus, specimens containing an increased percentage of K26 aggregate
are suitable as an insulating material in high temperature equipment.
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3.6. Approbation of results

The production of the studied innovative high-temperature materials involves a series of
defined processes resulting in commercially available innovative insulating material, which is
suitable for use in high temperature conditions. In the alkali activation process, it is necessary
to follow strictly defined steps, which prevent possible errors in the production of the
material. The deviation from the ASC production process can lead to defects and structural
changes. Within the framework of the Doctoral Thesis, guidelines have been developed for
the production of innovative ASC using the alkali activation method. The working
temperature of the obtained ASC can reach 1000 °C.

Alkali activation Ventilation
solution

|

Solid raw materials

Dosage

Curing at

Mixing 80°C for
- T 24h
Dosage X
Porous alkali activated q b
insulation material pPre-heating 4

 at 800-1000C
)

Post-treatment

——
B

Demoulding

Sbbd

oV

Fig. 3.30. Technological guidelines for the production of high temperature insulation material.

Technological guidelines are given in Fig. 3.30. The cooled dry raw materials are
dispensed from the storage tank in the mixer and homogenized. Homogenisation can be
accomplished with both a hand mixer in small volumes and a forced mortar mixing machine
with mixing vanes on the shafts. Dust is possible during the mixing process, which requires
an extraction. After the addition of the cooled alkali solution, the process of activation of the
raw materials and formation of pore structure takes place. Depending on the pore-forming
reagent and composition, as well as the raw material temperature, the formation of the ASC
porous structure may begin in 1 to 15 minutes after adding the activation solution to the dry
raw material. Using aluminum recycling waste, in the process of pore formation and curing
NOy and SO, gases and their compounds are liberated, which may be harmful for the human
health and well-being; therefore it is necessary to plan in advance the solution for collecting
these gases. After the pore formation, the material hardens at 80 °C for 24 hours. After 24
hours, the specimens are demolded and undergo thermal treatment at 1000 °C. Before the heat
treatment, the specimens are shaped in order to level surfaces and obtain the necessary size.

Plate prototypes with dimensions of 45 cm x 45 ¢cm x 5 cm, application temperature up to
800 °C, were made to approbate the technological process. Because ASC density is relatively
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low, it can be easily shaped by hand tools — saws, files, milling cutter. The material has been
approbated in collaboration with the Keramserviss company (Figs. 3.31-3.34).

. ‘u: 3 -
Fig. 3.31. The boards are easy to shape with Fig. 3.32. The sheet prototype material is
hand tools. embedded in the outer insulation layer.

Fig. 3.33. Temperature data meters in the Fig. 3.34. Final product — demonstration
insulation material to be tested. furnace.

4. Conclusions of the Doctoral Thesis

= Te research results demonstrated that porous alkali-activated aluminosilicate
composite materials (ASC) with heat-resistant aggregates can be obtained by
activating the waste product metakaolin and chamotte, and using aluminum scrap
recycling waste for the pore formation. The obtained materials have porosity from 65 |
to 86 % by volume, density from 350 kg/m® to 850 kg/m® and thermal conductivity
from 0.14 W/(m K) to 0.16 W/(m K).

= The research results demonstrated that glass and quartz sand additives (increased SiO,
quantity) improve the mechanical properties of ASC, but decrease the heat resistance
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properties by increasing shrinkage under high temperature conditions. The glass
additives increase the bending strength of the material 1.5 times (0.3 MPa), the
compressive strength — 1.2 times (1.4 MPa) compared to the reference composition,
while using quartz sand as an aggregate improves compressive strength up to 1.7 MPa
and bending strength up to 0.7 MPa.

The research results demonstrated that granulated ground blast furnace slag (increased
Fe,O3 volume) contributes to the formation of homogeneous pore structure with
dominant pore sizes ranging from 1000 pum to 5000 um, thus significantly increasing
the mechanical properties of AAM. Namely, the compressive strength was 2 MPa (2
times higher with regard to the reference composition), bending strength was 0.9 MPa
(4.5 times higher with regard to the reference composition).

The research results demonstrated that by increasing Al,Oz; proportion in the
composition it is possible to obtain ASC with higher mechanical properties and
thermal stability. If there are increased quantities of alumina component in the system
and SiO,/Al,O3 proportion is less than 2, heat-resistant phases, such as carnegite and
nepheline, are formed. Increasing the proportion of SiO,/Al,O3 (> 2) the compounds
with low melting temperature begin to form in the system.

The research results demonstrated that aggregates with higher Al,O3; content
(refractory brick lining residues from sawing (K26)) significantly improve ASC heat
resistance properties and mechanical properties. Namely, the compression strength is
2.7 MPa, and bending strength is 1 MPa.

The research results demonstrated that the chemical composition influences the
properties of ASC and determines application of the material under high temperature
conditions.

The research results demonstrated that ASCs are suitable for the insulation of
industrial equipment with operating temperatures up to 1000 °C. Based on the results
obtained with the high temperature microscope and dilatometer, it is concluded that
chamotte-based compositions with the refractory brick lining residues from sawing
(K26) at the working temperature up to 800 °C show shrinkage of 0.3 % to 0.5 %,
while at the working temperature up to 1000 °C the shrinkage of the material reaches
3.1% to 4.3%. The material has been approbated in collaboration with the
Keramserviss company.
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