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ABSTRACT

The work consists of 3 scientific publications, which collectively form a series,
presenting the developed technology allowing the production of ZrO>-CNTs composites for
heat shields using the FAST/SPS method. Heat shields are one of the key components
of vehicles traveling outside the Earth's atmosphere, hence it is so crucial that they meet
a number of requirements, especially those related to thermal properties. FAST/SPS technology
is one of the unconventional powder material sintering technologies and allows for
the production of materials with unique properties. This paper presents the methodology
by which it was possible to produce a monolithic heat shield using FAST/SPS technology.
Zirconium dioxide — ZrO; is characterized by properties that make it applicable in a wide range
of areas, and carbon nanotubes — CNTs are an allotropic variety of carbon. ZrO; and CNTs have
similar thermal conductivity values, while the electrical conductivity of MWCNTs
is significantly higher than that of ZrO,. These properties make the combination of these
materials, with a final composition of 3YSZ-10OMWCNT, a favorable choice for producing

a thermal shield demonstrator.

The first paper collects the results of thermal and electrical properties for ZrO> composites with
the at 3, 5 10, and 20 vol% addition of MWCNTs. The second article reports the results of FEM
modeling and sintering of the 3YSZ-10MWCNT heat shield demonstrator, and the determinate
thermal properties, mechanical properties and phase structure, which showed homogeneity of
properties across the demonstrator’s diameter. The series closes with the third paper, which
presents the technology of aerosol deposition of a protective coating that protects the

demonstrator surface from the oxidation of nanotubes.

The developed technology makes it possible to produce a monolithic heat shield,
which is an achievement on a global scale. In order to scaling up that methodology,
it is necessary to overcome technological limitations, which for now include the limited

diameter of samples that can be produced using FAST/SPS technology.






STRESZCZENIE

Niniejszg prace stanowig 3 publikacje naukowe, ktore zbiorczo tworzg cykl,
przedstawiajacy opracowang technologi¢ pozwalajaca na wytworzenie metoda FAST/SPS
kompozytoéw ZrO»-CNTs przeznaczonych na oslony termiczne. Ostony termiczne sg jednym z
kluczowych elementéw pojazdow poruszajacych si¢ poza atmosferg ziemska, stad tak
kluczowe jest, by spetniaty szereg wymagan, szczego6lnie tych zwigzanych z wlasciwosciami
termicznymi. Technologia FAST/SPS nalezy do niekonwencjonalnych technologii spiekania
materiatdw proszkowych i pozwala wytwarza¢ materialy o unikatowych wiasciwos$ciach.
W niniejszej pracy zostata przedstawiona metodyka, dzigki ktorej mozliwe bylo wytworzenie
monolitycznej ostony termicznej za pomocg technologii FAST/SPS. Dwutlenek cyrkonu — ZrO;
charakteryzuje si¢ wilasciwosciami, dzigki ktorym znajduje zastosowanie w bardzo wielu
obszarach, a nanorurki weglowe — CNT sg alotropowa odmiang wegla. ZrO; i CNT
charakteryzuja si¢ zblizong wartoscig przewodno$ci cieplnej, natomiast przewodnos¢
elektryczna MWCNT jest wielokrotnie wigksza niz ZrO,. Te wlasciwosci sprawiaja,
ze polaczenie tych materiatdéw o finalnym skladzie 3YSZ-10MWCNT, jest korzystnym

wyborem do wytworzenia demonstratora ostony termiczne;.

W pierwszej publikacji zebrano wyniki wlasciwos$ci termicznych oraz elektrycznych dla
kompozytéw ZrO: z dodatkiem MWCNT w ilosci 3, 5 10 1 20% objgtosciowo. Drugi artykut
przestawia wyniki modelowania MES oraz spiekania demonstratora oslony termiczne;j
3YSZ-10MWCNT wraz z wyznaczonymi wlasciwosciami termicznymi, mechanicznymi oraz
strukturg fazowa, ktore wykazaty jednorodnos¢ wtasciwosci w przekroju demonstratora. Cykl
zamyka publikacja trzecia, przedstawiajaca technologi¢ osadzania aerozolowego ochronnej

powloki pozwalajacej zabezpieczy¢ powierzchnie demonstratora przed utlenieniem nanorurek.

Opracowana technologia pozwala na wytworzenie monolitycznej ostony termiczne;j,
co jest osiggnigciem na skale $§wiatowa. By mozliwe bylo przeskalowanie opracowanej
metodyki koniecznie jest pokonanie ograniczen technologicznych, do ktérych na dzi$ nalezy

ograniczona $rednica probek mozliwych do wytworzenia w technologii FAST/SPS.
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WSTEP

Odpowiedzig na pojawiajace si¢ wcigz wyzwania technologiczne jest rozwdj dyscypliny
nauki jaka jest inzynieria materialowa. Materialy od zawsze byly i wcigz beda tym, co otacza
cztowieka kazdego dnia, zarowno w czynno$ciach codziennych jak 1 w przemysle
zaawansowanych technologii. W zwiazku z tym pojawiajg si¢ kolejne programy finansujace
badania w tym obszarze, tak by ludzko$¢ jak najefektywniej mogta korzysta¢ z tego co nas
otacza i pokonywac coraz to nowe bariery. Jednym z takich programéw byt program Horyzont
2020, w ramach ktorego finansowany byt projekt: Budowa ekosystemu do zwiekszenia skali
produkcji lekkich wielofunkcjonalnych materiatow ceramicznych i betonu o akronimie
LightCoce [1], w ktérym jednym z glownych celow bylo zwigkszenie skali procesow
produkcyjnych wielofunkcyjnych lekkich kompozytéw ceramicznych. Podjete dziatania
stanowig odpowiedz na dynamiczny rozwoj sektora kosmicznego, w ktorym lekka ceramika

jest szeroko stosowanym materiatem.

Istotnym elementem kazdego z pojazddéw przeznaczonych do poruszania si¢ poza
obszarem ziemskim jest ostona termiczna, majaca peti¢ funkcje ochronng w momencie
przejscia pojazdu przez atmosfere ziemska. Obecnie ostony te wykonuje si¢ glownie
z materiatéw ceramicznych, np. AlbO3 [2]. Technologie stosowane do produkowania tych oston
nie umozliwiaja wytworzenia ostony monolitycznej, a jedynie takiej sktadajacej si¢ z szeregu
potaczonych réznymi metodami ptytek [3-5]. Technologia opracowana w ramach realizacji
doktoratu ma pozwoli¢ na wytworzenie monolitycznej ostony termicznej. Dzigki wspotpracy
z niemiecka firma z sektora kosmicznego — Azimut Space GmbH — opracowano w ramach tego
projektu ksztalt monolitycznej ostony termicznej mogacej znalez¢ zastosowanie w przemysle

kosmicznym (Rys. 1a).

Zastosowanie  technologii FAST/SPS  (technologia spiekania wspomagana
polem/spiekanie iskrowo-plazmowe, z ang. field assisted sintering technology/spark plasma
sintering) do produkcji monolitycznych oston termicznych jest innowacjg na skale §wiatowa.
Technologia ta nalezy do niekonwencjonalnych technik spiekania, w ktérej materiatem
proszkowym zasypuje si¢ zestaw narzedzi grafitowych, ktdry nastgpnie umieszcza si¢
w komorze spiekania migdzy dwoma elektrodami. W czasie procesu, przeprowadzanego
w kontrolowanej atmosferze (najczgsciej prozni lub gazie ochronnym) dzigki przytozonej sile
prasowania oraz przeptywowi pradu elektrycznego przez elektrody oraz narzedzia grafitowe,

nastgpuje proces rownoczesnego, jednoosiowego prasowania oraz konsolidacji materialu
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proszkowego wskutek wydzielania si¢ ciepta Joule’a. Proces spiekania, ktory zachodzi bez
zastosowania zadnego zewnetrznego zrédla ciepta, jest procesem relatywnie szybkim,
co bardzo korzystnie wplywa na wilasciwosci wytworzonych spiekow [6, 7]. Pomimo wielu
zalet technologii FAST/SPS istnieje kilka ograniczen, wsrdd ktorych istotnym jest ograniczenie

wymiarowe i1 geometryczne [8-10].

W zdecydowanej wiekszo$ci prac laboratoryjnych wytwarza si¢ probki cylindryczne,
ktorych maksymalna $rednica jest determinowana mozliwosciami danego urzadzenia
FAST/SPS. Obecnie wigkszos¢ jednostek naukowo-badawczych posiada urzadzenie mogace
spieka¢ probki o maksymalnej $rednicy od kilkudziesigciu do 250 mm [11]. Obecnie
najwicksze urzadzenie FAST/SPS jest produkowane przez amerykanska firm¢ Thermal
Technology 1 umozliwia wytwarzanie spiekéw o $rednicy 560 mm [12]. Aby mozliwe byto
wykonanie probki odpowiadajacej wymiarom wskazanym przez firm¢ Azimut Space,
to jest srednicy 830 mm (Rys. 1a), istnie¢ musiatoby urzadzenie z mozliwo$cig wytwarzania
probek o maksymalnej $rednicy prawie 1,5 razy wigkszej od tej dostepnej na rynku.
W laboratorium Sie¢ Badawcza Lukasiewicz — Poznanskiego Instytutu Technologicznego,
w ktorym realizowane byty prace badawcze w ramach doktoratu wdrozeniowego, znajduje si¢
urzadzenie FAST/SPS HP D 25/3 wyprodukowane przez niemiecka firm¢ FCT Systeme, ktore
zgodnie ze specyfikacja pozwala na wytwarzanie probek o $rednicy do 80 mm. Biorac pod
uwage powyzsze ograniczenia, zdecydowano si¢ opracowac technologie pozwalajaca na
wykonanie demonstratora ostony termicznej, o ksztalcie odpowiadajacym wycinkowi catej
ostony (Rys. la, zotty okrag) i Srednicy 75 mm. Przekrdj poprzeczny demonstratora

przedstawiono na Rys. 1b.

(a) (b)
Rys. 1. Schemat ostony termicznej, geometria opracowana przez Azimut Space GmbH. Zottym okregiem
oznaczono wycinek, ktory stanowi demonstrator (a), przekroj poprzeczny demonstratora (b), wszystkie wymiary
podano w mm
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Ze wzgledu na warunki panujace poza atmosferg ziemska jak i podczas ponownego
przejscia przez te atmosferg, materialy z ktérych wykonuje si¢ wszystkie elementy majace
zastosowanie w przemysle kosmicznym musza spetnia¢ szereg wymagan [3-5, 13]. W ramach
niniejszej pracy doktorskiej zdecydowano si¢ na zastosowanie dwutlenku cyrkonu jako
materialu wyjsciowego. Nalezy on do nieprzewodzacej prad elektryczny ceramiki tlenkowe;j
1 jest materiatem, ktory ze wzgledu na szereg wyjatkowych witasciwosci, takich jak niska
przewodno$¢ cieplna, wysoka odporno$¢ na kruche pekanie oraz odpowiednia
biokompatybilnos¢, jest stosowany w wielu obszarach [14-17]. Tlenek cyrkonu wystepuje
w trzech uktadach fazowych: faza jednoskosna (m-ZrOy) przeksztatca si¢ w faze tetragonalng
(t-ZrO2) w temperaturze 1170°C, natomiast w 2370°C obserwowane jest przejscie w faze
kubiczng (c-ZrO,) [14]. Podczas procesow technologicznych zwigzanych z poddawaniem
tlenku cyrkonu dziataniu temperatury powyzej 1170°C, a nastepnie chlodzeniu ponizej tej
temperatury, obserwuje si¢ wystepowanie pekniec. Jest to spowodowane faktem, iz podczas
przemiany fazy tetragonalnej w faze jednoskos$ng, dochodzi do kilkuprocentowej zmiany
objetosci komorki elementarnej, co prowadzi do powstawania napr¢zen wewngtrznych
w materiale i moze by¢ przyczyng pekania spiekanych probek. Domieszkowanie wybranymi
tlenkami, najczesciej tlenkiem itru (Y203), pozwala na stabilizacje tlenku cyrkonu i uniknigcie

niepozadanego pekania [14].

Technologia FAST/SPS opiera si¢ na przeptywie pradu elektrycznego, jednak dzigki
zastosowaniu narz¢dzi wykonanych z grafitu, bedacego dobrym przewodnikiem elektrycznym,
umozliwia réwniez spiekanie materiatow nie bedacych przewodnikami elektrycznymi [18].
Podczas spiekania materialdow przewodzacych prad elektryczny ptynie on zaro6wno przez
narzedzia jak 1 material spiekany, natomiast podczas spiekania materialow nieprzewodzacych,
prad przeptywa jedynie przez narzedzia, a proces spiekania materialu proszkowego nastgpuje
dzigki transferowi ciepta od narzedzi do konsolidowanej probki wskutek przewodnictwa
cieplnego [19]. W przypadku probek o niewielkiej srednicy (rzedu 10—40 mm) nie obserwuje
si¢ znaczacych r6znic pomigdzy procesami spiekania materiatbw przewodzacych
1 nieprzewodzacych. Natomiast w przypadku materialow nieprzewodzacych badz stabo
przewodzacych prad elektryczny, spiekanie probek o wigkszej srednicy jest wyzwaniem, gdyz
obserwowany jest znaczny gradient temperatury migdzy krawedziami, a srodkiem probki [20].
Gradient ten ma bezposredni wptyw na niejednorodno$¢ wtasciwos$ci na przekroju otrzymanej
probki. Stad, aby mozliwe byto spiekanie probek na bazie dwutlenku cyrkonu technologia
FAST/SPS zdecydowano o zastosowaniu dodatku nanorurek weglowych (CNT, z ang. carbon
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nanotubes), ktore sg alotropowa odmiang wegla, powstajaca ze zwinigcia pojedynczej warstwy
grafitu, tworzac pusty wewnatrz cylinder [21]. W przypadku kilku warstw zwinigtych wokot
tej samej osi mamy do czynienia z wielo$ciennymi nanorurkami weglowymi (MWCNT, z ang.
multiwall carbon nanotubes). Pojedyncza nanorurka wykazuje szereg unikatowych
wlasciwosci, ktore chociaz duzo gorsze w przypadku grupy nanorurek, nadal sg bardzo
obiecujace pod wzgledem wielu zastosowan [22]. Ze wzgledu na bardzo duza przewodnos¢
elektryczna przyjeto, ze dodatek MWCNT do ZrO», pozytywnie wplynie na proces spiekania
kompozytu metodg FAST/SPS.

Proces opracowywania technologii wytwarzania metoda FAST/SPS kompozytow ZrO»-
CNTs przeznaczonych na ostony termiczne obejmowat szereg etapow, wsrdd ktorych kluczowe
okazaty si¢: 1) dobor ZrO; (w formie jednoskosnej badz stabilizowany dodatkiem Y203), ii)
opracowanie metody mieszania proszkow, iii) optymalizacja parametrow procesu FAST/SPS
oraz sktadowych regulatora proporcjonalno-catkujaco-rézniczkujacego (PID, z ang.

Proportional-integral-derivative).
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OPRACOWANIE TECHNOLOGII WYTWARZANIA KOMPOZYTOW

Sktad kompozytu

Materialy wyjsciowe do badan stanowity nastepujace proszki:

— tlenek cyrkonu jednoskosny (m-ZrO3) o czystosci 99,9% 1 wielkos$ci czastek 50-100 nm
w postaci aglomeratow o wielkosci 1-2 um (KAMB Import-Export, Polska);

— calkowicie stabilizowany proszek tlenku cyrkonu o jednorodnej dyspersji 8 mol%
tlenku itru (8Y'SZ) (Tosoh, Japonia) o srednim rozmiarze czgstek (APS) 40 nm;

— cze$ciowo stabilizowany proszek tlenku cyrkonu o jednorodnej dyspersji 3 mol% tlenku
itru (3YSZ) (Tosoh, Japonia) o §rednim rozmiarze czastek (APS) 40 nm;

— wieloscienne nanorurki weglowe (MWCNTs) (Nanocyl SA, Belgia) o s$rednich
wymiarach: §rednica 9,5 nm, dlugos¢ 1,5 um 1 o czystosci 90%;

— proszek tantalu (Ta) (KAMB Import-Export, Polska) o §redniej wielkos$ci czastek (APS)
40—-80 nm 1 o czystosci 99,99%.

Weryfikacja trzech wspomnianych wyzej postaci proszku cyrkonowego byta kluczowym
krokiem stuzacym opracowaniu sktadu materiatow proszkowych na bazie ceramiki ZrO;.
Weryfikacje zaczeto od jednoskos$nego proszku cyrkonu m-ZrO> z dodatkiem nanorurek
weglowych w ilosciach 3, 5, 10 1 20% obj. MWCNT, co stanowi odpowiednio 0,69; 1,17; 2,46
oraz 5,55% udzialu masowego. Gestos$¢ teoretyczna probek wynosi odpowiednio 5,55; 5,46;
5,24 oraz 4,8 g/cm’. Wszystkie mieszaniny spiekane byly z wykorzystaniem technologii
FAST/SPS, a nastepnie badano ich wtasciwos$ci termiczne i elektryczne [1]. Przeglad literatury
dokonany przed podjeciem prac pozwolit na wstepne zatozenie, iz dodatek MWCNT pozwoli
na ustabilizowanie proszku ZrO (z fazy jednosko$nej na tetragonalng badz kubiczng)
1 unikniecie pekania probek. Przeprowadzone testy wykazaty, iz niezaleznie od zawartos$ci
MWCNT, probki charakteryzowaty si¢ bardzo wysoka kruchoscia. Ze wzgledu na pekanie
wigkszosci spieczonych probek (Rys. 2a), zdecydowano o rozpoczgciu pracy z dwoma innymi
proszkami, w petni i czg$ciowo stabilizowanych tlenkiem cyrkonu, o handlowych nazwach
odpowiednio 8YSZ i 3YSZ. Na podstawie wynikow otrzymanych dla probek m-ZrO, dalsze
badania przeprowadzano dla probek z dodatkiem 10 1 20% obj. MWCNT. Jednoczes$nie
testowano probki z dodatkiem 5% obj. Ta, aby sprawdzié, czy dodatek Ta poprawi wlasciwosci
mechaniczne. W przypadku probek na bazie 8YSZ obserwowane zachowanie byto podobne do

tych wytworzonych z m-ZrO; (Rys. 2b), a wigkszo$¢ probek po procesie spiekania byta
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peknieta. Badania przewodnosci cieplnej nie wykazaly znaczacej réznicy miedzy probkami
zawierajacymi 10 120% obj. MWCNT, natomiast probki 10% obj. MWCNT wykazaty znacznie
bardziej obiecujace wyniki w odniesieniu do gestosci wzglednej 1 twardo$ci. Dodatek tantalu
tylko nieznacznie wpltynat na polepszenie uzyskanych wynikow wilasciwosci mechanicznych,
nie stanowit jednak rozwigzania problemu pgkania probek podczas procesu spiekania (Rys. 2¢).
W oparciu o wszystkie te wyniki do dalszych badan wybrano materiat o kompozycji 3YSZ-
10% obj. MWCNT (Rys. 2d) [2], dalej okreslany jako 3YSZ-10MWCNT, w przypadku ktérego

nie zaobserwowano problemu pekania probek podczas spiekania.

L ﬁ
.

(a) (b) (c) (d)
Rys. 2. Przykladowe zdjecia wytworzonych probek (920 mm) ukazujqgce problem z pekaniem probek w czasie
procesu FAST/SPS: m-ZrO»-10CNT (a), 8YSZ-10MWCNT (b), 8YSZ-20MWCNT-5Ta (c),
3YSZ-10MMWCNT (d)

Mieszanie

Uzyskanie jednorodnej mieszaniny proszkowej zlozonej z dwutlenku cyrkonu oraz
nanorurek weglowych okazato si¢ duzym wyzwaniem technologicznym. Pierwsze proby
wykonywane byly z wykorzystaniem mieszalnika turbulentnego Turbula T2F. Odwazone ilosci
proszku m-Zr0> oraz MWCNT mieszano przez 3 h z predkoscig obrotowa 23,4 obr/min,
dodatkowo po kazdych 60 min mieszania, rozbijano i kruszono powstate aglomeraty z uzyciem
recznego mozdzierza agatowego. Metoda ta byla skuteczna, jednak jedynie dla m-ZrO»,
w przypadku wykorzystania 8YSZ i 3YSZ, powstata mieszanina proszkowa nie wykazywata
jednorodnosci. Dodatkowo wraz z potrzeba przygotowania ilo$ci materiatu proszkowego
potrzebnego do wytworzenia demonstratora, etap z uzyciem mozdzierza byt bardzo
czasochtonny. Istotnym jest tutaj fakt, iz wytworzenie jednego demonstratora o wymiarach
075x10 mm, wymaga ponad 35 razy wigcej materialu proszkowego w poréwnaniu do
wytworzenia probki o standardowych wymiarach ©@20x5 mm. W zwigzku z powyzszym
przetestowane zostaty dwie kolejne metody z wykorzystaniem planetarnego mtynka kulowego
oraz mieszalnika ultradzwigkowego. W pierwszym przypadku, oba materiatly umieszczone
zostaly w misie mtynka wraz z kulkami mielacymi, a nast¢gpnie zostaty poddane mieleniu przez

30 min z szybkos$cig obrotowa 300 obr/min. Nalezy pamigtac, ze celem tego procesu nie byto
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doporowadzenie do mechanicznej syntezy, a jedynie uzyskanie jednorodnej mieszaniny
proszkowej. Z tego powodu nie uznano za konieczne wykonania standardowej optymalizacji
parametréw mielenia polegajacej na kazdorazowej weryfikacji struktury fazowej uzyskanej

po roznych czasach mielenia.

Réwnolegle z prébami mielenia wykonywane bylo mieszanie proszkoéw
z wykorzystaniem dyspersji ultradzwickowej (Rys. 3a—h). W pierwszym kroku MWCNT
zdyspergowano w izopropanolu (czysto$¢> 99%) przez 30 min za pomoca sonotrody H14
o gestosci sity akustycznej 105 W/cm?. Nastepnie dodawano matymi porcjami proszek 3YSZ,
a dyspersje ultradzwickowa kontynuowano przez kolejne 30 min. Aby uzyska¢ homogeniczng
mieszaning zdyspergowanych proszkéw, proces wspomagano poprzez dodatkowe mieszanie
z zastosowaniem mieszadla magnetycznego (15 min przy 500 obr/min). W celu odparowania
izopropanolu przygotowang zawiesing suszono przez 24 h w temperaturze 100°C w cieplarce
laboratoryjnej, a nastgpnie proszki rozdrabniano recznie w mozdzierzu agatowym
1 przesiewano przez zestaw sit laboratoryjnych. W przypadku przygotowywania wigkszej ilosci
proszku, czas dyspersji nanorurek weglowych ulegat wydtuzeniu, a ze wzgledu na wydzielanie
si¢ znacznych ilosci ciepla, zlewke z zawiesing umieszczano w dodatkowym zbiorniku

wypetionym zimng woda.

(2 (h)

Rys. 3. Kolejne etapy mieszania za pomocq ultradzwigkow: proszki wyjsciowe (a), dyspersia MWCNT
w izopropanolu (b), dodanie proszku 3YSZ (c), wspomaganie mieszania mieszadlem magnetycznym (d), gotowa
zawiesina przed odparowaniem (e), wysuszony material (f), kruszenie materiatu (g), gotowy proszek przed
procesem spiekania (h)
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Celem weryfikacji skutecznos$ci zastosowanych metod mieszania, wykonano spieki
z obu przygotowanych mieszanin proszkowych, a nast¢gpnie za pomocg obrazowania SEM oraz
analizy EDS wykonano mape¢ rozkladu pierwiastkow (Rys. 4). W przypadku materialu
spieczonego z proszku mieszanego z uzyciem miyna kulowego (Rys. 4a) zaobserwowano
aglomeraty wegla (C), $wiadczace o niehomogenicznym roztozeniu MWCNT, natomiast
w przypadku wykorzystania proszku wymieszanego w procesie dyspersji ultradzwigkowe;j
wszystkie pierwiastki byty roztozone réwnomiernie (Rys. 4b). Wyniki te jednoznacznie
wskazaly metode mieszania ultradzwigkami za najbardziej skuteczng w procesie
przygotowywania jednorodnej mieszaniny proszkowej na bazie tlenku cyrkonu z dodatkiem

nanorurek weglowych.

(a) (b)
Rys. 4. Mapa rozkiadu pierwiastkow w spieku 3YSZ-10MWCNT: spiek z proszku wymieszanego w planetarnym
miynie kulowym (a), spiek z proszku wymieszanego za pomocq dyspersji ultradzwigkowej (b)

Spiekanie FAST/SPS

Réwnolegle z procesem doboru sktadu mieszaniny jak i metody jej skutecznego
mieszania, nastgpowata optymalizacja parametréw procesu FAST/SPS, w szczegolnosci
temperatury spiekania, ciSnienia prasowania, szybko$ci nagrzewania oraz czasu spiekania.
Sposréd zaproponowanych na poczatkowym etapie prac zakresdw warto$ci, wytoniono

parametry procesowe optymalne dla spiekania badanego materiatu (Tabela 1).
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Tabela 1. Testowane parametry spiekania wraz z wartoscig optymalng.

Parametr Weryfikowane wartosci  Warto$¢ optymalna
Temperatura spiekania, °C 1300/1325/1350/1375/1400 1350
Ci$nienie prasowania, MPa 30/60 1/60
Szybko$¢ nagrzewania, °C/min 100/50/25 50/25
Czas spiekania, min 5/10/15/20/30 20

Proces spiekania FAST/SPS sktada si¢ z nastepujacych etapéw: 1) obcigzenie zadang
silg prasowania, ii) nagrzewanie do docelowej temperatury spiekania, iii) wytrzymanie w niej
przez okreslony czas spiekania, iv) a nastgpnie rownoczesne odcigzenie wraz ze swobodnym
chlodzeniem. Pierwsze procesy FAST/SPS, przeprowadzane na etapie doboru sktadu
mieszaniny przeprowadzane byly w powyzszy sposob (Rys. 5a). Ze wzgledu na brak petnego
zageszezenia probek, cisnienie prasowania zwigkszono z 30 do 60 MPa. Mimo niewielkich
rozmiardw probek spiekanych podczas weryfikacji parametrow procesu i sktadu mieszaniny,
stosowano szybko$¢ nagrzewania wynoszaca 100°C/min, majac na uwadze fakt, iz docelowo
proces ten powinien by¢ takze mozliwy do przeprowadzenia spiekania probek o wigkszych
gabarytach (demonstrator o $rednicy 75 mm). Ze wzgledu na poczatkowo wystgpujace
trudnosci przy otrzymywaniu niepopgkanych probek, proces spiekania zostal cze$ciowo
zmodyfikowany (Rys. 5b). Po obcigzeniu probki minimalng sitag wynoszacg 5 kN, probki
nagrzewano do temperatury 800°C 1 wytrzymywano przez 5 min. Nast¢gpnie rownoczesnie
zwiekszono temperature do 1350°C i site prasowania do warto$ci rGwnej ci$nieniu prasowania
60 MPa. Szybko$¢ nagrzewania wynosita 50°C/min, przy czym, celem uniknigcia przegrzania
probki, ostanie 50°C (od 1300 do 1350°C) osiggane byto z szybkoscig 25°C/min. Dla kazdego
z wykonanych proceséw spiekania wykonywane i1 analizowane byly krzywe przesuwu stempla
w czasie. Skorelowanie tych krzywych wraz z wynikami ggstosci wzglednej danych probek

pozwolito dokona¢ optymalizacji temperatury i czasu spiekania.
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Rys. 5. Wykresy przedstawiajgce przebieg procesow FAST/SPS: proces standardowy (probka O20mm, czas
spiekania 5 min) (a), po zmodyfikowaniu
o dodatkowy etap wytrzymania w 800°C (b)

Skalowanie procesu/Konstrukcja narzedzi

Jak wspomniano wczesniej technologia FAST/SPS niesie za sobg ograniczenie jakim
jest geometria probek. Ksztatt cylindryczny, ze wzgledu na najkorzystniejszy rozktad naprezen,
jest najprostszym, a przez to tez najpowszechniej wytwarzanym ksztaltem. Kazda inna
geometria wymaga wytworzenia dedykowanych narzedzi. Aby umozliwi¢ wykonanie
demonstratora w technologii FAST/SPS o geometrii niewymagajacej pdzniejszej obrobki
mechanicznej, konieczne bylo zaprojektowanie dedykowanych stempli pozwalajacych na
uzyskanie powierzchni czolowej odpowiednio wklestej i wypuklej (Rys. 6). Ze wzgledu na
zakrzywiong powierzchni¢ czolowa stempli zamiast zazwyczaj stosowanej folii grafitowej,
powierzchni¢ te pokryto grafitem koloidalnym w sprayu. Pomiedzy wewnetrzng czescig
matrycy, a powierzchniami bocznymi stempli zastosowano foli¢ grafitows. Przektadki
stosowane pomiedzy elektrodami, a stemplami zostaty wykonane z kompozytu CFRC (carbon
fiber-reinforced composite), ktérego przewodnos¢ cieplna jest zacznie nizsza niz grafitu, co
wraz z odpowiednig izolacjg termiczng zestawu narzgdziowego za pomocg otuliny grafitowe;,
znaczgco zmniejszyto gradient temperatury pomiedzy krawedziami a $rodkiem probki.

Pozostate elementy zestawu narzedziowego — matryca i stemple wykonane zostaly z grafitu

(Rys. 7a—c).
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Rys. 6. Rysunki techniczne zaprojektowanych stempli

(b) (c)
Rys. 7. Narzedzia FAST/SPS: stempel gorny i dolny (a), przektadka wykonana z CFRC (b), matryca wykonana
z grafitu (c)

Problemy ze stabilno$cig parametrow procesowych podczas skalowania

Juz podczas pierwszych procesow spiekania demonstratoréw, zaobserwowano problem
ze stabilnoscia mocy grzania, widoczny szczegdlnie w czasie etapu wytrzymania
w temperaturze spiekania. Jak mozna zaobserwowac¢ na wykresach na Rys. 8a i ¢, temperatura
osiggala amplitudy dochodzace do 200°C, zwigzane bezposrednio z wystepujacymi
amplitudami mocy grzania, ktore wynosity do 50 kW. Niestabilno§¢ mocy grzania
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spowodowana byta przeprowadzeniem procesu w duzo wigkszej skali (przejscie ze $rednicy
20 na 75 mm) oraz ze wzgledu na spiekanie niestandardowego ksztattu (powierzchnie czotowe
wklesle oraz wypukte zamiast ptaskich). Konieczne okazato si¢ zastosowanie optymalizacji
sktadowych regulatora PID. Dzigki przeprowadzonej optymalizacji skladowych PID
zmniejszono oscylacje mocy grzania, a w konsekwencji temperatury, podczas etapu
wytrzymania do jedynie niewielkich, akceptowanych oscylacji odpowiednio na poziomie
2-3 kW oraz 1-4°C (Rys. 8b i d). Dob6r odpowiednich wartosci sktadowych PID umozliwit

opracowanie powtarzalnego 1 stabilnego procesu spieckania FAST/SPS.
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Rys. 8. Wykresy przebiegu procesu FAST/SPS podczas spiekania demonstratora: zaleznos¢ temperatury
i przesuwu stempla w czasie (a i b), zaleznos¢ mocy w czasie (c i d). Wykresy przebiegu procesu FAST/SPS przed
optymalizacjg sktadowych PID (a i ¢) i po dokonaniu optymalizacji sktadowych PID (b i d)

Testy w tunelu aerodynamicznym

Dzigki wspotpracy nawigzanej pomiedzy konsorcjami realizujagcymi projekt LightCoce
oraz RETALT mozliwe byto wykonanie testow eksploatacyjnych w tunelu aerodynamicznym
L2K znajdujacym si¢ w Kolonii w laboratorium nalezagcym do Niemieckiej Agencji
Kosmicznej (DLR, Deutsches Zentrum fiir Luft- und Raumfahrt). Panujace podczas testu
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symulowane byly warunki wyst¢pujace podczas ponownego wejscia w atmosfere ziemska dla
weryfikowanego w projekcie RETALT ukladu nosnego [23]. Wytworzono seri¢ probek
cylindrycznych 3YSZ-10MWCNT o zewnetrznych wymiarach @50x12 mm, ktoére nastgpnie
poddano obrdbce skrawaniem celem uzyskania zadanej geometrii (Rys. 9a) wynikajace;j
z konstrukcji aparatury badawczej. Probki poddano dziataniu strumienia ciepta o mocy
200 kW/m? w czasie 240 s [24]. W czasie proby bardzo szybko doszto do utleniania nanorurek
zawartych w probce, co skutkowalo zniszczeniem prébki i warstwowym odchodzeniem

materiatu zardwno z powierzchni jak 1 wewnatrz struktury (Rys. 9b).

(@) (b)
Rys. 9. Probki 3YSZ-MWCNT testowane w tunelu w DLR: probka przed testem (a), probka po tescie (b), zdjecia
dzigki uprzejmosci DLR

Jak wspomniano wcze$niej, dodatek nanorurek jako materialu przewodzacego prad
elektryczny, jest niezbgedny by moc uzyska¢ jednorodne wilasciwosci dla probek
wielkogabarytowych wytwarzanych w technologii FAST/SPS. Celem rozwigzania
zaobserwowanego Ww czasie testow problemu utleniania si¢ nanorurek, natozono na
powierzchni¢ probki powloke ochronng. Powloka zostala naniesiona z wykorzystaniem
technologii natryskiwania na zimno aerozolu (ACS — Aerosol Cold Spray) przy pomocy
urzadzenia wtasnej konstrukcji bedacego w posiadaniu Lukasiewicz — PIT [25]. Jako materiat
stanowigcy powtoke ochronng wybrano proszek 8YSZ, ze wzgledu na zblizone wlasciwosci
termiczne i mechaniczne do 3YSZ. Podczas procesu natryskiwania ci$nienie w komorze
prézniowej wynosito 0,2 mbar, jako medium zastosowano azot o przeptywie 2,54 l/min.
Proces odbyt si¢ w temperaturze pokojowej, probka znajdowata si¢ w odleglosci 10 mm
od dyszy i przemieszczana byta z szybkos$cig 2,5 mm/s. Zastosowanie proszku 8YSZ pozwolito
na uniknig¢cie zmian przewodnosci cieplnej probki. Ze wzgledu na rozmiar probki niemozliwe
bylo pokrycie catej powierzchni podczas jednego procesu, konieczne zatem bylo wykonanie

dedykowanego uchwytu (Rys. 10a), w zwigzku z czym proces nakladania powtoki na
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powierzchni¢ czolowa sktadat si¢ z dwoch operacji oraz dodatkowego procesu pokrywania
powierzchni bocznych. Celem poprawy wlasciwosci mechanicznych nalozonej powtoki
zastosowano wyzarzanie w piecu rurowym w atmosferze ochronnej argonu. Probki nagrzewano
z szybkoscig 100°C/min do temperatury 1000, 1100 oraz 1200°C 1 wyzarzano przez
2 h. Demonstrator spieczony w technologii FAST/SPS pokryty powloka ochronng natozong

w technologii ACS po procesie wyzarzania przedstawiono na Rys. 10b.

(a) (b)
Rys. 10. Uchwyt do zamocowania demonstratora w trakcie procesu natryskiwania (a), demonstrator wykonany
z 3YSZ-MWCNT z natozong powtokg 8YSZ (b)

Ze wzgledu na zakonczenie finasowania projektu RETALT oraz bardzo dlugi czas
oczekiwania na testy, niemozliwe byto ponowne przebadanie demonstratoréw z naniesiong
powloka w tunelu aerodynamicznym. Aby przetestowa¢ skuteczno$¢ natozonej powtoki,
skonstruowany zostat uklad pomiarowy przedstawiony na Rys. 1la. Probki spieczone
z 3YSZ-10MWCNT, umieszczono w odleglosci 20 mm od dyszy palnika butanowo-
powietrznego 1 przez 15 min poddawano dziataniu ptomienia. Wyniki badan przedstawiono
w pracy [26]. Kluczowy jest fakt, iz pomimo uszkodzenia powloki o grubosci 550 pm
w 12. min testu, nie zaobserwowano utleniania si¢ nanorurek zawartych w préobce pod powtoka

(Rys. 11b) .
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(a) (b)
Rys. 11. Stanowisko pomiarowe do oceny skutecznosSci wiasciwosci ochronnych natozonej powtoki (a), probka po
240 s nagrzewania (b)
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WYNIKI BADAN

Modelowanie

Z wykorzystaniem metody elementdw skonczonych, przeprowadzono modelownie
w oprogramowaniu ANSYS dla procesu spiekania (parametry FAST/SPS: temperatura
spiekania 1350°C 1 czas spiekania 20 min) demonstratora z materialu 3YSZ-10MWCNT dla
3 roznych wariantow izolacji termicznej i rodzajow przektadek: A) otulina grafitowa
na powierzchni bocznej matrycy, przekladki wykonane z grafitu, B) izolacja termiczna
na powierzchni bocznej, przektadki wykonane z CFRC, C) izolacja termiczna na powierzchni
bocznej oraz powierzchni czotowej matrycy, przektadki wykonane z CFRC. Celem oceny
skuteczno$ci danego wariantu weryfikowano réznice pomigdzy najwyzsza, a najnizsza
temperaturg w probce na koniec kazdego z etapow. Uzyskane wyniki (Tabela 2) wskazuja,
ze najmniejsze wartosci osiggni¢to dla przypadku petnej izolacji matrycy oraz z zastosowaniem
przektadek wykonanych z CRFC. Na koniec etapu wytrzymania réznica temperatury w probce
o $rednicy 75 mm dla tego wariantu wynosi jedynie 17°C, co nalezy uzna¢ za bardzo

satysfakcjonujgcy rezultat [27].

Tabela 2. Roznice pomiedzy skrajnymi wartoSciami temperatury (wyrazone w °C) w probce 3SYZ-10MWCNT
na koniec kazdego z etapow spiekania FAST/SPS [27].

Etap procesu koﬁczivn:llz tapu Wariant A Wariant B Wariant C
Grzanie 1 800 134 26 32
Wytrzymanie I 800 114 20 10
Grzanie 11 1300 159 42 36
Grzanie I11 1350 165 53 45
Wytrzymanie 11 1350 137 45 17

Mikrostruktura

Elementarne proszki wyjsciowe poddane zostaly obserwacjom mikrostruktury
(Rys. 12a—c). Proszek m-ZrO; stanowig czastki o rozmiarach 50-100 nm, ktére tworza
1-2 pum aglomeraty, natomiast proszek 8YSZ oraz 3YSZ sklada si¢ ze sferycznych
aglomeratow o rozmiarach 30-70 um utworzonych z czastek nanometrycznych o $rednicy

40 nm, natomiast MWCNT majg strukture nitkowatg.
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Rys. 12. Mikrostruktura proszkow wyjsciowych: m-ZrO; (a), 3YSZ (b), MWCNT (c) [27, 28]

Podczas procesu spiekania pomiedzy czastkami m-ZrO» formuja si¢ szyjki, co zostato
przedstawione na Rys. 13a, natomiast formowanie si¢ aglomeratéw MWCNT zaobserwowano
na Rys. 13b. Pomimo jednorodnego rozktadu pierwiastkbw w probce 3YSZ-10MWCNT

(Rys. 4), obserwuje si¢ pojedyncze obszary przedstawiajace aglomeraty 3YSZ (Rys. 13c) oraz
MWCNT (Rys. 13d).

Rys. 13. Mikrostruktura spiekow: m-ZrO»-20MWCNT (a—b), 3YSZ-10MWCNT (c—d). Obszary prezentujgce
wystepowanie MWCNT (b) i (d) [27, 28]

Probki m-ZrO» spiekane byly przy cisnieniu 30 MPa, co skutkowato nieuzyskaniem
pelnego zageszczenia, a porowato$¢, niezaleznie od zawartoSci MWOCNT, wynosita
w przyblizeniu 19%, co $wiadczy o braku wplywu MWCNT na proces zaggszczenia.
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W przypadku probek 3YSZ-10MWCNT, porowato$¢ miescita si¢ w zakresie 3—4%. Wzrost

gestosci wzglednej (Tabela 3) wynikat z optymalizacji parametrow procesu FAST/SPS, w tym

przede wszystkim ze zwigkszenia ci$nienia prasowania do 60 MPa.

Tabela 3. Udzial objetosciowy oraz masowy poszczegolnych sktadnikow oraz gestosé wzgledna dla probek po

spiekaniu [27, 28].

Udzial objetosciowy, % Udzial masowy, % Gestos¢ Gestos¢
Probka 7r0, MWCNT ZrO, MWCNT teoretycgna, wzg})@dna,
g/cm )

m-ZrQ0O;-

3MWCNT 97 3 99,25 0,69 5,55 80,9
m-ZrQO,-

SMWCNT 95 5 98,87 1,17 5,46 81,2
m-ZrQ0O;-

10WMCNT 20 10 97,69 2,46 5,24 81,3
m-ZrQO,-

20WMCNT 80 20 94,76 5,55 438 80,3
3YSZ-

10MWCNT 20 10 97,74 2,26 5,57 96,6

Przewodnos¢ elektryczna

Tlenek m-ZrO, charakteryzuje sie przewodnoscig elektryczng rzedu 10'* S/m. Wzrost

zawarto$ci MWCNT w kompozycie powoduje wyktadniczy wzrost przewodnosci elektryczne;j

probek m-ZrO>-MWCNT (Rys. 14), co jest istotnym faktem w przypadku spiekania

FAST/SPS. Przyblizenie uzyskanych wartosci funkcjg potggowa pozwolilo na wyznaczenie

przyblizonej wartos$ci przewodnosci elektrycznej MWCNT jako 6,4 S/m, co wyjasnia bardzo

istotny wplyw zawartosci MWCNT na wtasciwosci elektryczne kompozytu [28]. Przewodno$¢

elektryczna dla probek z 10% obj. MWCNT, pomimo iz znacznie nizsza niz w przypadku

dodatku 20%, jest wystarczajgca by efektywnie spiec 3YSZ-10MWCNT uzyskujac jednorodny

rozklad temperatury w probee, ktoéry umozliwit uzyskanie jednorodnych wtasciwosci w calej

probee o Srednicy @75 mm, co zostanie przestawione w kolejnych sekcjach.
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Rys. 14. Zaleznos¢ przewodnosci elektrycznej od zawartosci MWCNT w spiekach na bazie m-ZrO; [28]

Wiasciwosci termiczne

Wiasciwosci termiczne wytworzonych probek badane byly w zakresie 25-800°C
z pomiarem co 100°C. Wraz ze wzrostem temperatury dyfuzyjnos$¢ cieplna maleje (Rys.15a),
a ciepto wilasciwe rosnie (Rys.15b), przy czym nie obserwuje si¢ znaczacego wplywu
zawartosci MWCNT na uzyskane warto$ci. Przewodno$¢ cieplna, wyznaczona na podstawie
wynikéw dyfuzyjnosci cieplnej oraz ciepta wilasciwego, maleje ze wzrostem temperatury
1 osiagga najmniejsze wartosci dla m-ZrO>-20MWCNT (Rys.15¢), dla pozostatych zawarto$ci
MWCNT wyniki sg bardzo zblizone. Ze wzgledu na porowatos¢ badanych préobek,
na podstawie réwnania [29] wyznaczona zostata przewodno$¢ cieplna dla prébek w peini
zageszezonych (Rys.15d). Wartosci sa nieznaczne wyzsze w porywaniu z wynikami probek
porowatych (Rys.15¢). Cieplo wilasciwe oraz przewodno$¢ cieplna dla 3YSZ-10MWCNT
osigga bardzo zbizone dla probek m-ZrO>-10OMWCNT (Rys.15¢). W przeciwienstwie

do przewodnosci elektrycznej, nie zaobserwowano istotnego wplywu zawartos¢ MWCNT

na wlasciwosci termiczne probek [27, 28].

35



1,6 0,70 X
1,4-3 O 3MWCNT oest & o g
2l o O sMweMT O A o § 3 o
Né 1oty 0 O 10MWCNT =0 0.60 A 5 § 8
Zost Z § A 20MWENT Sosst o 8 ©3MWCNT
g 3
Sos - g 8 g E 8 SMWCMT
£ E § 5 gos0t o
Soat S s 0 10MWCNT
0,45 F
02} A20MWCNT
0,0 L 1 L 1 L 1 L | L 1 I 1 I 1 1 1 I 0’40 1 L 1 L L 1 L 1 L 1 1 1 1 1 L 1 I
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Temperatura, °C Temperatura, °C
(a) (b)
4,0 4,0
4 3MWCNT B 4 3MWCNT
-~ 35F ~ 35
2 O 5MWCMT s 8 O5MWCMT
BT 0 10MWCNT ER DS 8 0 10MWCNT
=,51B A20MWCNT B 25| 0 4 A20MWCNT
E ¢ 8 £ A o]
S0f ¢ 8 S0l A& AX§§8“
9] (9]
Q A 8 9 & 8
LS A A g g § 215}
E e
Z10F Z10+
2 g
~ost o5t
‘0 L | 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 0‘0 1 1 1 1 1 1 1 1 1 1 1 1 i 1 1 1 1
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Temperatura, °C Temperatura, °C

(c) (d)

0,70 .
T N, I
= O IE
E o =
: 424 &
e “ |
p: L
: b A N
E g %
: . . g
U A .......... 1 :
" A .......... A ......... A i E
040 l \ 1 1

b 2,1
0 100 200 300 400 500 600 700 800 900

Temperatura, °C
(e)
Rys.15. Dyfuzyjnosé cieplna (a), ciepto witasciwe (b), przewodnos¢ cieplna (probki porowate) (c), przewodnosé

cieplna (probki zageszczone) (d) w funkcji temperatury dla spiekow m-ZrO»-xMWCNT, gdzie x=3, 5, 10i 20,
ciepto wiasciwe i przewodnos¢ cieplna w funkcji temperatury dla spieku 3YSZ-10MWCNT (e)[27, 28]
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Struktura fazowa

W widmie ramanowskim dla probek m-ZrO, zawierajagcych MWCNT w ilo$ci
od 3 do 20% obj., wraz ze wzrostem zawarto$ci nanorurek maleje intensywno$¢ pikow
pochodzacych od fazy jednoskosnej. Ilos¢ widocznych pikéw pochodzacych od fazy
jednoskosne; malej z widocznych 16 dla m-ZrO>-3MWCNT, do jedynie 4 dla
m-ZrO2-10MWCNT, natomiast dla m-ZrO-20MWCNT, piki fazy jednoskosnej zanikaja,
a widoczne sg jedynie piki pochodzace od MWCNT (Rys. 16) [28].

Intensy wnosé

Intensywnosc

Intensywnosc

Intensywnosé

500 1000 1500 2000

Liczba falowa, cmr

Rys. 16. Widmo ramanowskie dla spiekow m-ZrO>-xMWCNT, gdzie x=3, 5, 10i 20 [28]
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Rys. 17. Widmo ramanowskie (a) oraz dyfrakcja rentgenowska (b) dla proszku 3YSZ, mieszaniny
3YSZ-1O0MWCNT oraz spieku 3YSZ-10MWCNT [27, 28]

W widmie ramanowskim proszku 3YSZ obecne sa zaréwno piki pochodzace od fazy
jednosko$nej jak i tetragonalnej, przy czym intensywno$¢ pikow pochodzacych od fazy
tetragonalnej jest znacznie wyzsza. Dla proszku 3YSZ-10MWCNT piki fazy jednoskosnej
wystepuja, jednak ich intensywno$¢ jest niewielka. Intensywnos$¢ pikow fazy tetragonalnej
réwniez ulegla zmniejszeniu, natomiast pojawity si¢ piki pochodzace od MWCNT. Po procesie
spiekania w widmie obecne s3 tylko piki pochodzace od fazy tetragonalnej o niewielkiej
intensywnos$ci oraz intensywne pasma D 1 G pochodzace od MWCNT, pochodzace
odpowiednio od nieuporzadkowania struktury wegla oraz drgan wibracyjnych wigzania C-C
(Rys. 17). Procentowg zawarto$¢ fazy jednoskosnej i tetragonalnej wyznaczono na podstawie
analizy Rietvielda widm rentgenowskich (Rys. 17b). Zaré6wno w proszku 3YSZ jak
imieszaninie 3YSZ-10MWCNT udziat fazy jednoskosnej stanowit 27%, przy 73% udziale fazy
tetragonalnej. Proces spiekania doprowadzit do przemian fazowych z fazy jednoskos$nej
w fazg tetragonalng w temp. 1170°C zmieniajac udziat tych faz odpowiednio do 11 1 89%.
Z powodu amorficznej struktury wegla, w widmach nie obserwuje si¢ pikoéw pochodzacych od
MWCNT [27, 28].
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Charakterystyka demonstratora

Celem zweryfikowania skuteczno$ci procesu spiekania demonstratora osltony
termicznej, wzdhuz $rednicy wycigto 8 probek o wymiarach ok 9x10 mm (Rys. 18 a i b),
a nastepnie wyznaczono dla kazdej z probek gestos¢ wzgledna, twardos¢, odpornos¢ na kruche
pekanie, udziat fazy jednosko$nej i tetragonalnej oraz wykonano obrazowanie mikrostruktury.
Gestos$¢ wzgledna probek wynosita od 96,2 do 96,8%, $rednio 96,6 + 0,3%, co pozwala uznac
proces zaggszczania za skuteczny i jednorodny w objetosci demonstratora. Na podstawie
analizy zdje¢ mikrostruktury wykonanych za pomoca skaningowego mikroskopu
elektronowego dokonano pomiaru wielkosci ziaren dla probek od numeru 1 do 4. Celem
lepszego uwidocznienia granic pomig¢dzy ziarnami, probki wytrawiono termicznie w 1200°C
przez 20 min w atmosferze powietrza. Pomigdzy probka z krawedzi spieku (#1), a tg wycigta
ze srodka demonstratora (#4) nie zaobserwowano znaczacych roznic mikrostruktury

(Rys. 19a—d), a $redni rozmiar ziaren wynosit 129 + 9 nm [27].

(b)

Rys. 18. Demonstrator ostony termicznej wykonany z 3YSZ-10MWCNT: schemat wycinania probek (a), wyciete
probki do badan (b) [27]
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Rys. 19. Mikrostruktura probek: #1 (a), #2 (b), #3 (c), #4 (d) wycietych z demonstratora 3YSZ-10MWCNT [27]

Wtlasciwosci mechaniczne wyznaczone dla 8 probek przedstawione zostaly na Rys. 20.
Twardos$¢ zmierzona metoda Vickersa miescila si¢ w zakresie od 7,40 do 7,68 GPa, osiagajac
srednig wartos$¢ 7,57 + 0,09 GPa, natomiast w przypadku odpornos¢ na kruche pekanie wartosci
te miescily sie w zakresic od 3,90 do 5,62 MPa-m!? osiggajac $rednia wartosé
4,76 + 0,56 MPa-m'2. Niewielki odchylenie standardowe, szczegdlnie w przypadku twardosci,

$wiadczy o jednorodnosci wiasciwosci dla wszystkich probek [27].
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Rys. 20. Twardos¢ i odpornos¢ na kruche pekanie dla probek wycietych z przekroju demonstratora wykonanego
z 3YSZ-10MWCNT [27]

Widmo dyfrakcji rentgenowskiej dla kazdej z 8 probek jest tozsame z widmem
przestawionym na Rys. 17b, a zawarto$¢ fazy jednoskos$nej i tetragonalnej jest rtOwnomierna
(Tabela 4). Udzial fazy jednoskos$nej miescit si¢ w zakresie 9,9-13,3%, $rednio 11,2 + 1,1%,

natomiast faza tetragonalna stanowita od 86,7 do 90,1%, $rednio 88,8 £ 1,1%. Odchylenie
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standardowe dla obu faz na poziomie 1,1% $wiadczy o jednorodnym rozkladzie fazowym

na przekroju probki [27].

Tabela 4. Gestos¢ wzgledna, rozmiar ziarna oraz udzial fazy tetragonalnej i jednoskosnej dla probek z przekroju
demonstratora wykonanego z 3YSZ-10MWCNT [27].

Numer probki 1 2 3 4 5 6 7 8 Srednia =+

Gestosé

96,9 96,8 96,3 96,8 96,8 96,6 96,4 96,2 96,6 0,3
wzgledna, %

Rozmiar ziarna,
nm

Udzial fazy
tetragonalnej, %

Udzial fazy
jednoskos$nej, %

133 118 126 138 - - - - 129 9

89,3 87,4 884 89,6 86,7 90,1 894 89,2 88,8 1,2

11,7 12,6 11,6 104 13,3 99 10,6 10,8 11,2 1,2

Wiasciwosci mechaniczne 1 struktura naniesionej powtoki

Twardo$¢ oraz modul Younga naniesionej powtoki wyznaczono na podstawie wynikéw
nanoindentacji podczas obcigzania probki sitg 30 mN przez 20 s 1 wytrzymaniu przez 5 s.
Wyzarzanie w 1200°C spowodowalo ponad 8-krotny wzrost twardo$ci oraz prawie 6-krotny
wzrost modutu Younga (Rys. 21a), co pozwolito uznaé te temperature za optymalng (sposrod
przebadanych) temperatur¢ wyzarzania naniesionych powlok. Analiza dyfrakcji
rentgenowskiej wskazata, ze wyzarzanie w 1200°C powoduje formowanie si¢ wtornej fazy

tetragonalnej (Rys. 21b) [26].
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Rys. 21. Twardos¢ oraz modut Younga (a) oraz dyfirakcja rentgenowska powtoki 8YSZ natozonej na podtoze
3YSZ-10MWCNT dla roznej temperatury wyzarzania (HT) (b) [26]
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PODSUMOWANIE

Zrealizowane badania pozwolity na opracowanie technologii wytwarzania metoda
FAST/SPS kompozytow na bazie tlenku cyrkonu przeznaczonych na ostony termiczne.
Przeprowadzone badania pozwolily wyznaczy¢ optymalny sktad kompozytu jako dwutlenek
cyrkonu czesciowo stabilizowany tlenkiem itru z 10% dodatkiem nanorurek weglowych.
Zastosowanie mieszania ultradzwigkowego do wstepnej dyspersji nanorurek w izopropanolu,
anastepnie dodanie proszku 3YSZ i kontynuowanie dyspersji, wskazano jako najskuteczniejsza
metode pod wzgledem wydajnosci 1 jednorodnos$ci uzyskanej mieszaniny proszkowej. Probki
spiekano dwustopniowo, najpierw grzano do 800°C z szybko$cig 50°C/min 1 wytrzymywano
w tej temperaturze przez 5 min przy minimalnym ci$nieniu prasowania wynoszacym 1 MPa.
Nastepnie rownoczesnie zwigkszano cisnienie prasowania do 60 MPa i nagrzewano probke
do 1350°C, przy czym na ostatnie 50°C szybko$¢ nagrzewania zmniejszono z 50 do 25°C/min.
Czas spiekania wynosit 20 min. Optymalizacja parametrow spiekania, jak i sktadowych
regulatora PID wraz z wykorzystaniem odpowiednio zaprojektowanego zestawu narzedzi

grafitowych, umozliwita przeprowadzanie stabilnych i powtarzalnych proceséw FAST/SPS.

Przeprowadzone modelowanie MES (metoda elementéw skonczonych) wykazato,
ze dzieki odpowiednio dobranej izolacji termicznej oraz zastosowaniu przektadek CRFC,
réznica pomi¢dzy skrajnymi warto$ciami temperatury w probce zostato ograniczone do 17°C.
Obserwacje SEM/EDS udowodnily jednorodny rozktad pierwiastkoéw, co potwierdzito
skuteczno$¢ zastosowanej metody przygotowywania mieszaniny proszkowej. Porowatos$¢
spiekow 3YSZ-10MWCNT prezentuje si¢ na poziomie 3—4%. Wplyw zawartosci MWCNT na
wlasciwos$ci termiczne probek zostat okreslony jako niewielki, natomiast okazat si¢ bardzo
istotny w przypadku wptywu na przewodnos¢ elektryczng. Przewodno$¢ cieplna maleje wraz
ze wzrostem temperatury i w zakresie 25-800°C osiaga wartosci od 2,5 do 2,1 Wm™'°C!,
co jest wynikiem dwukrotnie mniejszym od zatozonej na poczatku wartosci docelowe;j
<5 Wm'*C'!. Proces spiekania prowadzi do przemian fazowych i zmiany zawartosci fazy
jednosko$nej z 27 do 11% oraz tetragonalnej z 73 do 89% co zostato wyznaczone na podstawie
analizy widma ramanowskiego i dyfrakcji rentgenowskiej. Mikrostruktura, rozmiar ziarna,
struktura fazowa oraz wtasciwosci mechaniczne wyznaczane dla 8 miejsc wzdhuz przekroju
demonstratora wykazaty jednorodnos$¢ wiasciwosci dla catej probki. Wyniki te koresponduja

z wynikami modelowanie MES, ktore wykazaty jednorodny rozktad temperatury w catej probce
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podczas procesu spieckania FAST/SPS. Powierzchnia zewng¢trzna demonstratora zostata pokryta

powloka ochronng 8YSZ celem przeciwdziatania utlenianiu sic MWCNT.

W czasie prac nie unikni¢to niespodziewanych wyzwan i trudnosci, jednakze dzigki
dobrze dobranym dziataniom 1 regularnej weryfikacji wynikéw, nie skutkowaty one
opdznieniami prac. Ze wzgledu na ograniczenia dostgpnych na rynku urzadzen FAST/SPS
nalezy pamigtaé, ze opracowana technologia na dzi§ umozliwia wytworzenie jedynie
demonstratora ostony termicznej. Dzieki innowacyjnosci wykonanych prac pokazano,
ze technologia FAST/SPS umozliwia wytworzenie ostony termicznej jako monolitycznego
elementu. Dynamiczny rozwdj urzadzen FAST/SPS, pozwala przypuszczaé, ze opracowana
technologia bedzie mogla zosta¢ przeskalowana, a tym samym mozliwe bedzie utworzenie

monolitycznej ostony termicznej wykonanej na bazie ceramiki ZrO,.

43



BIBLIOGRAFIA

—

10.

I1.
12.
13.

14.

15.

16.

17.

18.

19.

https.//lightcoce.com/[27.09.2024].

Yang, D., et al., Thermal shock resistance of bimodal structured thermal barrier
coatings by atmospheric plasma spraying using nanostructured partially stabilized
zirconia. Surface and Coatings Technology, 2017. 315: p. 9-16.

Buftenoir, F., T. Pichon, and R. Barreteau. IXV Thermal Protection System Post-Flight
Preliminary analysis. 2017.

Johnson, S.M. Thermal Protection Materials and Systems: Past and Future. in 40th
International Conference and Exposition on Advanced Ceramics and Composites.
2015.

Uyanna, O. and H. Najafi, Thermal protection systems for space vehicles: A review on
technology development, current challenges and future prospects. Acta Astronautica,
2020. 176: p. 341-356.

Demuynck, M., et al., Densification of alumina by SPS and HP: A comparative study.
Journal of the European Ceramic Society, 2012. 32(9): p. 1957-1964.
Anselmi-Tamburini, U., Spark Plasma Sintering, in Encyclopedia of Materials:
Technical Ceramics and Glasses, M. Pomeroy, Editor. 2021, Elsevier: Oxford. p. 294-
310.

Guillon, O., et al., Field-Assisted Sintering Technology/Spark Plasma Sintering:
Mechanisms, Materials, and Technology Developments. Advanced Engineering
Materials, 2014. 16(7): p. 830-849.

Anselmi-Tamburini, U. and J.R. Groza, Critical assessment 28: Electrical
field/current application — a revolution in materials processing/sintering? Materials
Science and Technology, 2017. 33(16): p. 1855-1862.

Maniere, C., et al., Spark-plasma-sintering and finite element method: From the
identification of the sintering parameters of a submicronic a-alumina powder to the
development of complex shapes. Acta Materialia, 2016. 102: p. 169-175.
https.//www.fast-sps.de/de/ziele. 20.09.2024].
https://www.thermaltechnology.com/products/dcs-sps-fast/. [20.09.2024].

Glass, D., Ceramic Matrix Composite (CMC) Thermal Protection Systems (TPS) and
Hot Structures for Hypersonic Vehicles, in 15th AIAA International Space Planes and
Hypersonic Systems and Technologies Conference. 2008, American Institute of
Aeronautics and Astronautics.

Leriche, A., F. Cambier, and H. Reveron, Zirconia Ceramics, Structure and Properties,
in Encyclopedia of Materials: Technical Ceramics and Glasses, M. Pomeroy, Editor.
2021, Elsevier: Oxford. p. 93-104.

Birkby, I. and R. Stevens, Applications of Zirconia Ceramics. Key Engineering
Materials, 1996. 122-124: p. 527-552.

Piconi, C. and G. Maccauro, Zirconia as a ceramic biomaterial. Biomaterials, 1999.
20(1): p. 1-25.

Minh, N.Q., Ceramic Fuel Cells. Journal of the American Ceramic Society, 1993.
76(3): p. 563-588.

Laptev, A.M., et al., Tooling in Spark Plasma Sintering Technology: Design,
Optimization, and Application. Advanced Engineering Materials, 2024. 26(5).
Mohammad Bagheri, S., et al., Numerical modeling of heat transfer during spark
plasma sintering of titanium carbide. Ceramics International, 2020. 46(6): p. 7615-
7624.

44



20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

Laptev, A.M., et al., Enhancing efficiency of field assisted sintering by advanced
thermal insulation. Journal of Materials Processing Technology, 2018. 262: p. 326-
339.

lijima, S., Helical microtubules of graphitic carbon. Nature, 1991. 354(6348): p. 56-
58.

Gupta, N., S.M. Gupta, and S.K. Sharma, Carbon nanotubes: synthesis, properties and
engineering applications. Carbon Letters, 2019. 29(5): p. 419-447.
hitps://www.retalt.eu/project/ [20.09.2024].

Hantz, C., Thermal characterization of cork- and ceramics-based TPS in DLRs arc-
heated wind tunnel L2K, in The 2" International Conference on Flight Vehicles,
Aerothermodynamics and Re-entry Missions Engineering (FAR 2022). 2022:
Heilbronn.

Kubicki, G., et al. Microstructure and Properties of Hydroxyapatite Coatings Made by
Aerosol Cold Spraying—Sintering Technology. Coatings, 2022. 12, DOI:
10.3390/coatings12040535.

Wisniewska, M., et al., Aerosol-Deposited 8YSZ Coating for Thermal Shielding of
3YSZ/CNT Composites. Coatings, 2024. 14(9).

Wisniewska, M., et al., Towards homogeneous spark plasma sintering of complex-
shaped ceramic matrix composites. Journal of the European Ceramic Society, 2024.
44(12): p. 7139-7148.

Wisniewska, M., et al., Influence of carbon nanotubes on thermal and electrical
conductivity of zirconia-based composite. Ceramics International, 2023. 49(10): p.
15442-15450.

Ziveova, Z., et al., Thermal conductivity of porous alumina ceramics prepared using
starch as a pore-forming agent. Journal of the European Ceramic Society, 2009. 29(3):
p. 347-353.

45



46



WYKAZ PRAC WCHODZACYCH W SKEAD ROZPRAWY
DOKTORSKIEJ

1. M. Wisniewska, A. M. Laptev, M. Marczewski, V. Leshchynsky, G. Lota, I. Acznik, L.
Celotti, A. Sullivan, M. Szybowicz, D. Garbiec: Influence of carbon nanotubes on thermal and
electrical conductivity of zirconia-based composite, Ceramics International, vol 49, nr 10, 2023,
S. 15442-15450 (MNiSW: 100, IF: 5,532, liczba cytowan: 7)
https://doi.org/10.1016/j.ceramint.2023.01.129

2. M. Wisniewska, A. M. Laptev, M. Marczewski, W. Krzyzaniak, V. Leshchynsky, L.
Celotti, M. Szybowicz, D. Garbiec: Towards homogeneous spark plasma sintering of complex-
shaped ceramic matrix composites, Journal of the European Ceramic Society, vol. 44, nr 12,
2024, s.  7139-7148 (MNiSW: 140, IF: 5,800, liczba cytowan: 0)
https://doi.org/10.1016/j.jeurceramsoc.2024.04.065

3. M. Wisniewska, G. Kubicki, M. Marczewski, V. Leshchynsky, L. Celotti, M.
Szybowicz, D. Garbiec: Aerosol-deposited 8YSZ coating for thermal shielding of 3YSZ/CNT
composites, Coatings, vol. 14, 2024, 1186 (MNiSW: 100, IF: 2,900, liczba cytowan: 0)
https://doi.org/10.3390/coatings 14091186

47



48



Ceramics International 49 (2023) 15442-15450

ELSEVIER

Contents lists available at ScienceDirect
Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

CERAMICS

INTERNATIONAL

Check for

Influence of carbon nanotubes on thermal and electrical conductivity of e

zirconia-based composite

Maria Wisniewska “¢, Alexander M. Laptev “, Mateusz Marczewski “, Volf Leshchynsky ,
Grzegorz Lota ™¢, Ilona Acznik , Luca Celotti ¢, Alex Sullivan“, Mirostaw Szybowicz®,

Dariusz Garbiec ™

@ Lukasiewicz Research Network — Poznan Institute of Technology, 6 Ewarysta Estkowskiego St., 61-755, Poznan, Poland
b tukasiewicz Research Network — Institute of Non-Ferrous Metals, Division in Poznan, 12 Forteczna St., 61-362, Poznan, Poland
¢ Poznan University of Technology, Institute of Chemistry and Technical Electrochemistry, 4 Berdychowo St., 60-965, Poznan, Poland

4 Agimut Space GmbH, 14 Carl-Scheele-St., 12489, Berlin, Germany

€ Poznan University of Technology, Institute of Materials Research and Quantum Engineering, 3 Piotrowo St., 60-965, Poznan, Poland

ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini

Keywords:

ZrOo-based composite
Carbon nanotube
Electrical conductivity
Thermal conductivity

Carbon nanotubes (CNTs) are widely used in ceramic-matrix composites (CMC) as a filler. An individual carbon
nanotube exhibits extremely high thermal conductivity, however, the influence of CNTs on the thermal con-
ductivity of CMCs is moderate. In contrast, even a small quantity of CNTs significantly increases the electrical
conductivity of CMCs. The present paper studies this contradictory influence for ZrO,-CNTs composites with 3, 5,
10 and 20 vol% multi-wall carbon nanotubes (MWCNTs). Their thermal and electrical conductivity was studied
by the laser flash method and electrochemical impedance spectroscopy. The analysis reveals that the moderate

influence of MWCNTSs on the thermal conductivity of composites originates from the similar thermal conductivity
of MWCNTs in a bundle and zirconia. On the other hand, the substantial difference in the electrical conductivity
of MWCNTs and zirconia leads to an exponential increase in the electrical conductivity of the ZrO,-CNTs
composite even with small additions of nanotubes.

1. Introduction
1.1. Zirconia

Zirconia (ZrO5) is an oxide ceramic with a set of unique properties
including high fracture strength, low thermal conductivity, excellent
biocompatibility, outstanding corrosion resistance, and distinctive ionic
conductivity [1]. The exceptional properties of zirconia facilitate its
application in medicine, energetics, chemistry, the tool industry, and
other fields [2-4]. Zirconia occurs in three crystalline forms: monoclinic,
tetragonal, and cubic. Pristine monoclinic zirconia (m-ZrOs) reversibly
transforms to tetragonal zirconia (t-ZrO) at 1170 °C and from tetrag-
onal to cubic zirconia (c-ZrO5) at 2370 °C. The tetragonal to monoclinic
structural transformation results in a volumetric change of 4-5%, and to
fracture of zirconia during cooling. Doping with Y503 and some other
oxides stabilizes the tetragonal or cubic structure of zirconia [1].

* Corresponding author.
E-mail address: dariusz.garbiec@pit.lukasiewicz.gov.pl (D. Garbiec).
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1.2. Carbon nanotubes

The addition of a secondary phase changes the structural and phys-
ical properties of zirconia. The secondary phase or filler in a ceramic
matrix composite (CMC) is usually particles or fibers of micrometric or
nanometric size [5]. De Volder et al. and other authors describe the use
of carbon nanotubes (CNTs) as a filler in CMCs [6]. Geometrically, a CNT
is a layer of carbon atoms rolled-up into a nano-sized tube [7]. The
number of layers in a CNT can be different. Hence, the literature dis-
tinguishes single-wall, double-wall, and multi-wall carbon nanotubes
(SWCNTs, DWCNTs and MWCNTSs) [8]. Individual CNTs exhibit unique
mechanical, electrical, and thermal properties. Yu et al. reported for
MWCNTs an elastic modulus of 270-950 GPa and a tensile strength of
11-63 GPa [9]. These values far exceed the properties of steels. The
electrical conductivity of MWCNTs is in the range of 10-10° S/m
approaching the electrical conductivity of metals [10,11]. The longitu-
dinal thermal conductivity of individual SWCNTs reaches 3500 W/m-K
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exceeding 10 times the thermal conductivity of copper (401 W/m-K)
[12]. However, the properties of CNT bundles are significantly lower
than the properties of an individual nanotube [13]. Furthermore, the
properties of CNTs exhibit remarkable scattering and substantial
anisotropy [14,15]. Nevertheless, CNTs are a widely used filler in
polymer-matrix composites (PMC), metal-matrix composites (MMCQC),
and ceramic-matrix composites (CMC) [16,17].

1.3. ZrO2-CNTs composites

Many papers describe the fabrication and properties of ZrO,-CNTs
composites [18-25]. The authors mainly use a partly stabilized zirconia
powder doped with 3 mol. % yttria (usually grade TZ-3Y, Tosoh Corp.).
The type of CNTs filler varies from SWCNTs [24,26] and DWCNTs [21]
to MWCNTs [19,22-25]. The main techniques for synthesizing of
ZrO2-CNTs composites are spark plasma sintering (SPS) [19-24] and hot
pressing [18,25]. Despite the high strength of individual nanotubes, the
influence of CNTs on the mechanical properties of sintered composites is
moderate or even negative [18-25,27].

Much more impressive is the drastic increase in the electrical con-
ductivity of TZ-3Y-CNTs composites, even at a small addition of CNTs
[21-23]. The dependence of electrical conductivity on the amount of
CNTs reveals percolation with a low threshold. For instance, Shin et al.
observed electrical percolation at an SWCNTs volumetric content of
0.45% [26]. Ukai et al. and Kasperski et al. note a threshold of 0.75 vol
% for MWCNTs and below 1.7 vol % for DWCNTs [21,28]. Haghgoo
et al. reported a similar threshold (<0.5 vol %) for polymer-CNTs
composites [29].

Melk et al. investigated the thermal conductivity of TZ-3Y-MWCNTs
composites with 0.5, 1 and 4 wt % carbon nanotubes in the temperature
range of 25-900 °C. The thermal conductivity of all the composites
decreased with the growing temperature [22]. The authors noticed a
small influence of 0.5 and 1 wt % MWCNTs on the thermal conductivity
of the composite. The impact of the MWCNTs filler became visible with
4 wt % nanotubes, revealing a significant decrease in the thermal con-
ductivity [22]. Hanzel et al. observed similar behavior for
Aly,03-MWCNTSs composites [30].

Thus, the influence of MWCNTs on the thermal conductivity and on
the electrical conductivity of the ZrO,-MWCNTs composite is funda-
mentally different. The thermal conductivity decreases with a rise in the
MWCNT content, despite the high thermal conductivity of individual
CNTs. At the same time, the electrical conductivity of the ZrO;-MWCNTs
composite always grows with the increase in the amount of CNTs.
Moreover, despite the moderate electrical conductivity of CNTs, even a
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slight increase in the CNTs content leads to an exponential growth in
electrical conductivity. To date, the literature has not provided an
explanation for the controversial influence of CNTs on the thermal and
electrical conductivity in ceramic-matrix composites.

1.4. Objective of the paper

The aim of the present paper is to explain the difference in the impact
of CNTs filler on the thermal and electrical conductivity of ZrO2-CNTs
composites. Firstly, we synthesized a set of ZrO,-MWCNTs composites
with different contents of nanotubes using the SPS technique. Then we
studied the microstructure of the sintered composites and their electrical
and thermal conductivity. Based on our experiments and data from the
literature, we suggested an explanation for the basically different in-
fluence of CNTs on the electrical and thermal conductivity of ZrO,-
MWCNTSs composites.

2. Materials and methods
2.1. Starting materials and mixtures

As noted above, most of the previous papers used a partly stabilized
zirconia TZ-3Y powder to synthesize ZrO,-CNTs composites. TZ-3Y-
CNTs composites are well-studied and documented in the literature. In
our paper we used a monoclinic (non-stabilized) zirconia powder for a
comparative study of the densification behavior (vs. TZ-3Y) and the
influence of SPS on the resulting structure. It is worth noting that the
type of zirconia powder does not qualitatively affect the kind of influ-
ence CNTs on the thermal and electrical conductivity of ZrO,-CNTs
composites. Thus, the choice of zirconia powder (pristine or stabilized)
was not a critical issue for the aim of our paper.

The starting ZrO, powder (from KAMB Import-Export, Poland) had
the monoclinic structure and a purity of 99.9%. The powder consisted of
primary m-ZrO, particles with a size of 50-100 nm joined in agglom-
erates with a size of 1-2 pm (Fig. 1a). The multi-wall carbon nanotubes
(NC7000 series, Nanocyl, Belgium) had a diameter of 9.5 nm, length of
1.5 pm, and density of 1.26 g/cm>. The supplier also reports a mass-
specific surface area of 250-300 m2/g and volumetric electrical con-
ductivity of 10? S/m. Fig. 1b shows the spaghetti-like structure of the
used MWCNTs.

The m-ZrO, powder was mixed with 3, 5, 10 and 20 vol % MWCNTs
in a Turbula T2F mixer (WAB, Switzerland) for 3 h at 23.4 rpm. After
each 60 min of mixing, the powder conglomerates were crushed and
then mixing was resumed. Table 1 presents the details for four

(b)

Fig. 1. Morphology of (a) m-ZrO, powder agglomerates and (b) multi-wall carbon nanotubes.
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Table 1

Content and theoretical density of m-ZrO,-MWCNT composites.

Ceramics International 49 (2023) 15442-15450

Composite ID

Volumetric content, %

Weight content, %

Theoretical density, g/cm®

m-ZrO, MWCNTs m-ZrO, MWCNTSs
m-ZrO, 100 0 100 0 5.68
m-ZrO,-3CNT 97 3 99.25 0.69 5.55
m-ZrO,-5CNT 95 5 98.87 1.17 5.46
m-ZrO,-10CNT 90 10 97.69 2.46 5.24
m-ZrO,-20CNT 80 20 94.76 5.55 4.80

compositions denoted as m-ZrO,-3CNT, m-ZrO,-5CNT, m-ZrO,-10CNT
and m-ZrO,-20CNT. The densities used to calculate the powder load
were 5.68 g/cm® for m-ZrO, and 1.26 g/cm® for the MWCNTSs. The same
density values and the rule of mixtures were applied to calculate the
theoretical density for the composites in Table 1.

The employed method of mixing does not provide full deagglomer-
ation of the MWCNTs or their ideal distribution in the m-ZrO, matrix.
However, dry mixing in a Turbula device is much easier and faster than
the commonly used colloidal route. In addition, the Turbula-mixed and
sintered samples demonstrate the typical influence of CNTs on the
thermal and electrical properties of m-ZrO,-MWCNTs composites,
which is in fact the subject of our study.

2.2. Spark Plasma Sintering

Spark plasma sintering of the composites was conducted in an HP D
25/3 furnace (FCT Systeme, Germany) in vacuum of around 5.102
mbar. The utilized graphite die had a diameter of 20 mm and was
insulated with 10 mm thick graphite felt (Mersen, France) [31]. A
vertically located pyrometer measured the sintering temperature near
the top of the sample. All the sintering cycles included heating to 1300
°C at the rate of 100 °C/min and holding at this temperature for 5 min
(Fig. 2). Before heating, a load of 10 kN was applied (a compaction
pressure of 30 MPa) and maintained until cooling. Then the load was
reduced to 5 kN, which is the minimal load ensuring the proper electric
contact (Fig. 2). The obtained samples had a diameter of 20 mm and a
height of around 4 mm. Their density was measured by the Archimedes
method, and the relative density and porosity were calculated using the
theoretical densities in Table 1.

2.3. Microstructural analysis

Firstly, we studied the microstructure of the sintered samples at low
magnification by means of a stereoscopic microscope Stemi 2000 (Carl
Zeiss, Germany). Then, a scanning electron microscope Quanta 250 FEG

(FEIL, Netherlands) was utilized for microstructural analysis at higher
magnification. Afterwards, the crystal structure of the starting powder,
MWCNTs and the sintered composites was investigated by the X-ray
diffraction (XRD) with CuK, radiation in an Aeris RE X-ray diffractom-
eter (Malvern Panalytical, Netherlands). The XRD patterns were recor-
ded in the 20 range from 20 to 70°, with a step of 0.044°, and then
examined using the database of the International Center for Diffraction
Data (ICDD). Finally, Raman spectroscopy was applied for identification
and characterization of the MWCNTSs in a confocal inVia microscope
(Renishaw, UK). The laser excitation wavelength was 488 nm.

2.4. Thermal analysis

The thermal conductivity of the m-ZrO,-MWCNT composites was
calculated with Formula (1).

A=aeDeC(, (@D)]
Here 1 is the thermal conductivity, « is the thermal diffusivity, D is the
density and C, is the specific heat capacity of a particular composite. The
thermal diffusivity was measured in an LFA 427 (Netzsch, Germany)
laser flash device in the range of 25-800 °C, repeating each experiment
four times. To calculate the specific heat capacity, the rule of mixtures
and the data for m-ZrO, by Coughlin and King [32] and for graphite by
McDonald were employed [33].

The thermal conductivity of a particular m-ZrO,-MWCNTSs compos-
ite depends on the sample porosity. The sintered composites had
different porosity (Section 3.1). Therefore, for an accurate comparison,
the measured values of their thermal conductivity were reduced to a
pore-free material, i.e. with the null porosity, using Relation (2) pro-
posed by Zivcova et al. [34].

dpy=deexp(—15eP/(1-P)) -

Here ), Ao is the thermal conductivity of a porous and fully dense

composite, P is the porosity of the considered composite.

2.5. Electrochemical measurements

The electrical conductivity was studied by electrochemical imped-
ance spectroscopy (EIS) in a Swagelok cell at room temperature using a

frequency of 1 kHz and calculated by Equation (3)
c=heR 'eA”! 3)

where h is the thickness of the sample, R is the real part of resistance and

Table 2
Relative density and porosity of m-ZrO,-MWCNT composites after sintering.

Composite ID Volumetric content, % Relative density, % Porosity, %

1400 2.00
== Temperature
1200 7 eeooV —pressure A5
© ’ s \...pi y
v % 1000 ’ \ Displacement{ 1.50 E
g : \ 125
- 2 - o i
3 S 800 A \ £
o x / : \ . {1 1.00 £
2 ¢ 600 ’ : \ 3
£ 2 ! : % {07 &
2 3 400 =0 8 oo a
a R ek 1 050 §
200 fs 0.25
0 L] L 'l 'l 'l 'l 0.00
0 5 10 15 20 25 30

Time, min

Fig. 2. Temperature, compaction pressure, and punch displacement during
sintering of m-ZrO,-10CNT composite.

m-ZrO, MWCNTs
m-ZrO, 100 0 83.5 16.5
m-ZrO,-3CNT 97 3 80.9 19.1
m-ZrO,-5CNT 95 5 81.2 18.8
m-ZrO,-10CNT 90 10 81.3 18.7
m-ZrO,-20CNT 80 20 80.3 19.3
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A is the contact area between the sample and the current collector. The
measurement was repeated 10 times for each sample with an interval of
0.5 h and the mean value of electrical conductivity was considered.

3. Results
3.1. Densification

Fig. 2 shows the densification of the m-ZrO»,-10MWCNTSs sample.
The densification curves for the other composites look similar. The re-
sidual porosity of all the composites was in the range between 18.7 and
19.3% (Table 2). The porosity of the pure m-ZrO, sample (16.5%) was
slightly lower. Thus, the percentage of MWCNTs did not significantly
influence the densification behavior. The observed porosity of the m-
ZrOo-MWCNTs composites was much larger than the nearly zero
porosity of the TZ-3Y-CNTs composites reported for similar SPS condi-
tions [22-24]. We believe that the main reason for that is the strong
agglomerates of the initial m-ZrO, powder (Fig. 1a) remaining after
mixing.

3.2. Microstructure

Fig. 3 presents the microstructures of the sintered m-ZrO,-MWCNTSs
composites at low magnification. All the samples contain longitudinal
pores (black areas) stretched perpendicular to the direction of pressing.
Fig. 4 shows the microstructure of the m-ZrO,-20MWCNTSs composite at
higher magnifications with sintering necks between the m-ZrO; particles
(Fig. 4b) and an agglomerate of MWCNTs (Fig. 4c). The employed SEM
detector did not distinguish the individual MWCNTs due to their nano-
sized diameter. Nevertheless, the Raman spectroscopy confirmed the
presence of MWCNTs in the composites (Section 3.4).

3.3. XRD

The m-ZrO, powder and sintered m-ZrO»-20CNT composite exhibit
identical XRD patterns (Fig. 5a and b). Both patterns match the spectrum
for monoclinic zirconia in the ICDD data base (reference number 04-
005-4252). Thus, the monoclinic structure of m-ZrO- is retained after
SPS. At the same time, the XRD spectra for the m-ZrQO,-20CNT composite
does not exhibit carbon related peaks. The comparative XRD analysis of
the MWCNTs and graphite (ICDD code 04-014-0362) in Fig. 5¢ and
d explains this observation. In contrast to the crystalline structure of
graphite, the XRD pattern for MWCNTs reveals a semi-amorphous
structure. Thus, the carbon related XRD response remains in the back-
ground of the XRD spectra for the m-ZrO,-20CNT composite in Fig. 5a.
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3.4. Raman spectroscopy

Fig. 6 presents the Raman patterns for the sintered m-ZrO,-MWCNTs
composites. In the range between 100 and 800 cm™! the spectrum of the
composite with the lowest MWCNTs content (m-ZrO2-3CNT) shows the
16 bands characteristic for monoclinic zirconia (104, 178, 190, 221,
306, 333, 347, 381, 475, 502, 537, 558, 615, 637, 754 cm™) [35,36]. An
increase in the MWCNTSs content leads to a decrease in the number and
intensity of the m-ZrO, bands. For the composite with 10 vol %
MWCNTs, only 4 bands are noticeable (180, 474, 631, 330 cmY). In the
case of the composite with 20 vol % MWCNTSs, no active Raman modes
of m-ZrO, are visible. Laminini et al. observed a similar feature for the
8YSZ-MWCNTSs composite [37].

The presence of MWCNTs in the samples results in a Raman shift of
1350, 1577 and 2697 cm’!, denoted as D, G and 2D in Fig. 6. The first
peak comes from the D band related to disorder in the carbon structure.
The second peak, G, originates from the stretching vibration of C-C
bands. The third peak, 2D, is an overtone of the D band. The strong view
of the D and G peaks in the Raman spectra for the samples with 5, 10 and
20 vol % MWCNTs enables calculation of their intensity ratio. This ratio
indicates the level of structure disorder in the MWCNTs versus the
structure of graphite [38]. In our case, the intensity ratio is about 0.8,
which is a typical number for multi-wall carbon nanotubes after their
attritor milling with zirconia powder [37].

3.5. Thermal conductivity

Fig. 7a presents the thermal diffusivity of the m-ZrO,-MWCNTs
composites at different temperatures. The MWCNTs amount only
weakly influences the thermal diffusivity, particularly at elevated tem-
peratures. Fig. 7b reveals the dependence of the specific heat capacity of
the composites on the temperature. The difference between the specific
capacity of the investigated composites is not large because of the low
weight content of MWCNTs (Table 1). Fig. 7c shows the thermal con-
ductivity of the composites as a function of temperature. The thermal
conductivity of the composites with 3, 5 and 10 vol % MWCNTs is nearly
the same. The thermal conductivity of the m-ZrO,-20MWCNTSs com-
posite is remarkably lower than the conductivity of the other compos-
ites. The observed decrease in thermal conductivity with a rise in
temperature is typical for monoclinic zirconia [39]. Fig. 7d presents the
thermal conductivity of pore-free composites calculated by Formula (2).
The dependence of the thermal conductivity on the temperature and
MWCNTs content for dense composites is qualitatively similar to the
corresponding data for porous composites (Fig. 7c) and is in good
agreement with the results by Melk et al. [22]. It is worth noting that
Melk et al. used the colloidal mixing route enabling a reduced agglom-
eration of CNTs [22,40]. Thus, the good coincidence of our results and

Fig. 3. Microstructure of sintered m-ZrO,-MWCNTs composites with: (a)-(d) 3, 5, 10 and 20 vol % MWCNTs.
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Fig. 4. Microstructure of sintered m-ZrO,-20CNT composite at high magnification: (a)-(c) overview; (d) microstructure with agglomerate of MWCNTs.
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Fig. 5. XRD patterns for (a) sintered m-ZrO,-20CNT composite, (b) m-ZrO, powder, (¢) MWCNTs, and (d) graphite (ICDD code 04-014-0362). Markers in (a)

correspond to monoclinic zirconia.

those of Melk et al. confirms the weak influence of agglomeration on the
thermal conductivity of composites with CNTs filler, as also reported
Burger et al. [41].

3.6. Electrical conductivity

Fig. 8 displays the influence of the MWCNTSs volumetric content on
the electrical conductivity of m-ZrO,-MWCNTs composites at room
temperature. The electrical conductivity grows nearly exponentially
with the increase in the volumetric fraction of MWCNTSs. This behavior is
typical for ZrO,-CNTs composites within a certain range of CNTs con-
tent. Nonetheless, the electrical conductivity of our samples was
significantly lower than that reported in the literature for similar com-
posites [21,22,27,28]. This is a result of the high porosity in the sintered
samples and the agglomeration of MWCNTs (Sections 3.1 and 3.2). In

particular, the agglomeration of MWCNTs leads to a reduction in the
numbers of electron-conducting tunnels and to a decline in electrical
conductivity [42]. In general, the effect of nanotubes on the electrical
conductivity of m-ZrO,-MWCNTSs composites is fundamentally different
from their influence on the thermal conductivity. The next section dis-
cusses the reasons for this difference in detail.

4. Discussion
4.1. Some features of m-ZrO2-MWCNTs composites

Before starting the discussion on the thermal and electrical conduc-
tivity of the fabricated composites, a closer look at their peculiarities

seems to be reasonable. Both the thermal and electrical conductivities of
the m-ZrO,-MWCNTs composites depend on the thermal and electrical
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properties of the m-ZrO, matrix, MWCNTs, and the interfaces between
them, the geometry of the nanotubes and their content, as well as on
some other factors [43,44]. Geometrically, a CNTs is a fiber with a
nanosized diameter and a length of several micrometers. During press-
ing, the CNTs tend to line up perpendicular to the applied load along the
boundaries of the m-ZrOy grains [45]. Due to the small size of the
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MWCNTs, they apparently maintain their initial diameter during the
synthesis of the composite. As a result, MWCNTs form a network
percolating the m-ZrO5 matrix.

4.2. Thermal conductivity of m-ZrO2-MWCNTs composites

The minor influence of carbon nanotubes on thermal conductivity of
the m-ZrO,-MWCNTs composites with 3, 5 and 10 vol % MWCNTs as-
sumes a similar level of thermal conductivity for the m-ZrO, matrix and
MWCNTs filler. Moreover, the decrease in thermal conductivity with the
addition of 20 vol % MWCNTs indicates the lower thermal conductivity
of the MWCNTSs comparing to m-ZrO,. As noticed above, individual
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Fig. 8. Influence of MWCNTs volumetric content on electrical conductivity of
m-ZrO,-MWCNTs composites at room temperature.
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carbon nanotubes have extremely high thermal conductivity. However,
the thermal conductivity of nanotubes spark plasma sintered to a bulk
material is radically lower. For instance, Zhang et al. recorded a thermal
conductivity of 2.8-4.2 W/m-K (depending on the sintering tempera-
ture) for CNTs bulk samples and Qin et al. reported a thermal conduc-
tivity of 2.15 W/m-K for MWCNTs spark plasma sintered at 1700 °C [46,
47]. Both these values are less than the thermal conductivity of dense
m-ZrO,, which is around 4 W/m-K (Fig. 7d). Melk et al. also noticed a
certain fall in the thermal conductivity of the TZ-3Y-MWCNTSs composite
with an increase in the content of nanotubes [22]. The main reason for
this occurrence is the large thermal resistance of both the
MWCNTs/MWCNTs and ZrO,/MWCNTs interfaces arising due to two
factors. The first factor is the scattering of heat carriers (phonons) on
these interfaces [41]. The second factor is the partial reduction of ZrO,
by carbon in the vicinity of the ZrO,/MWCNTs interface according to
Reaction (4). The partial reduction of ZrO; leads to the appearance of
oxygen vacancies in the zirconia lattice [48].

ZrO> +xe C =7r0,_, +xe CO (€))

The vacancies and other structural irregularities additionally in-
crease the thermal resistance of the interface. As a result, with a growing
content of MWCNTs the thermal conductivity of the m-ZrO,-MWCNTSs
composite tends to decrease. The reduction of m-ZrO, is well-visible
after FAST/SPS in a carbon-rich environment as blackening of the sin-
tered surface.

4.3. Electrical conductivity of m-ZrO2-MWCNTs composites

In contrast to the thermal conductivity, the electrical conductivity of
MWCNTs far exceeds the electrical conductivity of zirconia, which is
about 10 S/m [18,21]. Therefore, the electrical conductivity of the
m-ZrO,-MWCNTs composites exponentially grows with the increase in
the MWCNTs content (Fig. 8). Dubson and Garland proposed the use of
the power law (5) to describe the electrical conductivity in a
conductor-insulator mixture with percolation [49].

o=o.e(1-f/fo) )

Here ¢ and o, are the conductivity of the composite and conductive
phase, f; is the insulator fraction, fp is the insulator fraction at which the
composite becomes nonconductive, and t is the conductivity exponent.
The fraction of the conducting phase is f. = 1-f; and the percolation
threshold is p, = 1-fp. With the assumption that the percolation
threshold in the m-ZrO,-MWCNTs composite is zero, Formula (5)
transforms to Equation (6).
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Fig. 9. Electrical conductivity of m-ZrO,-MWCNTSs composites vs. MWCNTSs
content in logarithmic coordinates.
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Here fenr is the volumetric fraction of the MWCNTs. The regression
analysis of the experimental data for electrical conductivity in Fig. 9
results in Formula (7).

0= 6367 o foxy>"" [Sem™!] )

Thus, the estimated electrical conductivity of the used MWCNTSs is
about 6.4 S/m. This value is slightly below the values reported for the
electrical conductivity of individual MWCNTs (Section 1.2). The rela-
tively large exponent value of t = 3.77 reveals the strong influence of the
MWCNTs addition on the electrical conductivity of the m-ZrO,-
MWCNTSs composite.

4.4. Final notes and applicability of results to other composites

Thus, as we stated above, the different influence of MWCNTS on the
thermal and electrical conductivity of m-ZrO,-MWCNTSs composites
originates from the various relations between the conductivity of the
matrix (m-ZrO») and the filler (MWCNTs). MWCNTSs have an approxi-
mately 107 times larger electrical conductivity than m-ZrO, (see Sec-
tions 1.2 and 4.3). Therefore, the electrical conductivity of the m-ZrO,-
MWCNTs composites depends only on the amount of MWCNTs. The
electrical resistance of the m-ZrO,/MWCNTs interfaces does not affect
the electrical conductivity of the composite at all. The electrical resis-
tance of the MWCNTs/MWCNTs interfaces (junctions) influences the
resistance of the electronic tunnels formed by the MWCNTs. Neverthe-
less, their resistance is negligible comparing with the resistance of the
ZrO, matrix. If the MWCNTSs form a network percolating the ZrO, ma-
trix, the electrical conductivity of the composite grows exponentially as
discussed in Sections 1.3 and 4.3.

In contrast to the electrical charge transfer, both the matrix and filler
of the m-ZrO,-MWCNTs composites participate in heat transfer. Hence,
the thermal resistance of the MWCNTs/MWCNTs and ZrO,/MWCNTs
interfaces is of crucial importance. It can be assumed that the interfacial
thermal MWCNTSs resistance in the m-ZrO,/MWCNTs interfaces is
nearly the same as that of the MWCNTs/MWCNTs interface in a bulk
MWCNTs-based material synthesized by SPS. Then the ratio between the
thermal conductivity of the ZrO, matrix and MWCNTs filler is around
1-2 (see Sections 3.5 and 4.2). In other words, the role of the zirconia
matrix in heat transfer is the same as the role of the MWCNTs filler or
even greater. These considerations explain the moderate or even nega-
tive influence of MWCNTs on thermal conductivity of the m-ZrO,-
MWCNTs composites observed in our experiments and described by
Melk et al. [22].

It is interesting to extend this concept to other types of CNTs-
containing composites. The metallic matrix in an MMC composite usu-
ally has much greater electrical and thermal conductivity than hot-
pressed CNTs. Therefore, the addition of CNTs should decrease both
the thermal and electrical conductivities of these composites. On the
other hand, the polymer matrix in PMCs usually is electrically noncon-
ductive and has a thermal conductivity even lower than that of hot-
pressed CNTs. For instance, Burger et al. reported a thermal conduc-
tivity of 0.24 W/m-K for epoxy resin [41]. Thus, similar to CMCs, the
addition of CNTs should lead to percolation and a rise in the electrical
conductivity in PMCs. At the same time, a moderate increase in the
thermal conductivity of PMCs with an addition of CNTs is possible.
These considerations are in line with the data about the electrical and
thermal conductivity of PMCs presented in the book by Taherian and
Kausar [50] and in the review by Berger et al. [41].

The influence of CNTs on the electrical conductivity of CMCs varies
depending on the electrical conductivities of the ceramic matrix. An
addition of CNTs augments the electrical conductivity of non-conductive
ceramics like ZrO,, AloO3, MgO and others. However, the CNTs should
decrease the electrical conductivity of conductive and semiconductive
ceramics like ZrC, TiC, SiC, BC, TiN, TaN, and others because their
conductivity usually is much larger than that of hot pressed CNTs. Here a
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comprehensive review is highly desirable. In the case of thermal con-
ductivity, the situation is more evident. The thermal conductivity of hot
pressed CNTs is significantly lower than the thermal conductivity of
ceramics. Therefore, any addition of CNTs should decrease the thermal
conductivity of CMCs.

5. Conclusions

A series of composites with an m-ZrO; matrix and MWCNTs filler (3,
5, 10 and 20 vol %) was fabricated by means of the SPS technique at
1300 °C with the holding for 5 min. The final porosity of the samples was
around 19%, regardless of the MWCNTs content. The content of
MWCNTs filler had no considerable influence on the densification
behavior of the composite.

The zirconia matrix retained the original monoclinic structure of the
starting m-ZrO, powder, which was well-defined by XRD. The XRD
cannot distinguish the MWCNTs because of their semi-amorphous na-
ture; nonetheless, the signal of the MWCNTs was clearly visible by
Raman spectroscopy. At the same time, m-ZrO2 was not detectable by
Raman spectroscopy at MWCNTs contents above 3 vol %.

The thermal conductivity of all the investigated composites
decreased with growing temperature. This behavior is typical for
monoclinic zirconia. The influence of the MWCNTs content on the
thermal conductivity of the m-ZrOo-MWCNTSs composites was moderate
because of the similar thermal conductivity of m-ZrO, and the hori-
zontally aligned set of nanotubes. The electrical conductivity exponen-
tially grew with the increase in the MWCNTs content. This behavior is
the result of the essential difference in the electrical conductivity of the
m-ZrO, matrix (insulator) and the MWCNTs filler (quasi-metallic). The
power law accurately describes the dependence of the electrical con-
ductivity of the m-ZrO2-MWCNTSs composite on the fraction of MWCNTSs
with a multiplier of 6.4 S/m and an exponent of 3.77.

The proposed concept enables qualitative analysis of the CNTs in-
fluence on the thermal and electrical conductivity of many other types of
composites.
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Research laboratories worldwide use the spark plasma sintering (SPS) technique for sintering metallic and
ceramic matrix composites. Typically, the SPS sintered parts are low circular cylinders (discs). The upscaling and
industrialization of SPS technology face two challenges: the limitation of shaping non-cylindrical parts and the
inhomogeneous sintering of large-sized products. This paper addresses these challenges in sintering axisymmetric
shells within an SPS setup with improved thermal insulation. The paper considers the sintering of a 75 mm shell

as a case study. The shell material is a zirconia-carbon nanotube composite. Finite element analysis revealed that
homogeneous sintering of such a shell requires careful thermal insulation of the entire setup. Investigation of
phases, microstructure, density, microhardness, and fracture toughness in the sintered shell showed a homo-
geneous structure and uniform properties.

1. Introduction

Spark plasma sintering (SPS) is a pressure-assisted sintering tech-
nique used in manufacturing samples and parts from metallic, ceramic,
and composite powders. The main feature of SPS is direct resistive
(Joule) heating of electrically conductive tools and powders. This type of
heating enables a significantly shorter processing time than traditional
hot pressing [1,2]. The rapid SPS heating and brief dwelling impede
unwanted material transformations and reactions. So, Phinney [3] and
Seal [4] observed the prevention or drastic reduction in diamond
graphitization after fast heating. The SPS practice widely uses this
finding to produce diamond tools [5]. Guillon et al. [6] and
Anselmi-Tamburini and Groza [7] formulated two main challenges
arising during the upscaling and industrialization of the SPS technology:
limited applicability to shaping parts with a geometry different from a
low circular cylinder (discs) and inhomogeneous sintering of large-sized
products. The literature describes some approaches to addressing these
challenges. Hocquet et al. [8] used preliminary shaping of powder parts
before subsequent quasi-isostatic pressing and sintering in an SPS de-
vice. Laptev et al. [9] applied thorough thermal insulation of SPS tooling
to diminish the thermal gradients and homogenize the sintering of
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E-mail address: dariusz.garbiec@pit.lukasiewicz.gov.pl (D. Garbiec).

https://doi.org/10.1016/j.jeurceramsoc.2024.04.065

large-sized discs. However, the thermal gradients reported in this work
were still too high due to nonoptimized tooling proportions.

This paper shows that professionally designed SPS tooling with
careful thermal insulation enables the sintering of large ceramic shells
with uniform density and homogeneous microstructure. As a case study,
the paper considers the SPS of a slightly convex shell with a diameter of
75 mm and a thickness of 10 mm. The material of the shell was a
composite with the 3YSZ matrix filled with 10 vol% of multi-walled
carbon nanotubes (MWCNTSs). The composite is abbreviated in the
paper as 3YSZ-10MWCNT. The shell is a prototype of a large part used in
thermal management. Earlier, Guillon et al. [6] briefly mentioned the
possible sintering of slightly bent parts with the SPS technique. How-
ever, this concept did not find further development.

The crucial challenges in manufacturing the discussed composite
shell are proper preparation of the powder mixture, homogeneous filling
of the die cavity, and uniform temperature distribution during sintering.
These challenges were addressed with ultrasonic dispersion of nano-
tubes, manipulation with the filled die, and thermal insulation of the SPS
setup. The present paper focuses first on the influence of thermal insu-
lation on the temperature field in the sintered part. The finite element
modeling revealed that uniform heating and sintering of the discussed
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shell requires thermal insulation not only of the die wall but of the entire
SPS setup. This includes the insulation of the top and bottom die faces
and the application of the CFRC (carbon fiber-reinforced composite)
spacers. The experimental study of density, microhardness, micro-
structure, and zirconia phases distribution along the diameter of the
shell confirmed the sintering homogeneity. The special microstructural
investigation showed the uniform distribution of carbon nanotubes in
the 3YSZ matrix. The microhardness and fracture toughness of the sin-
tered shell were in the range typical for the 3YSZ-10MWCNT composite.
The thermal conductivity of the considered composite with a domi-
nating tetragonal zirconia phase was lower than that of a zirconia-
MWCNT composite with a solely monoclinic matrix [10]. The reason
is the lower thermal conductivity of the tetragonal phase compared with
the monoclinic one [11].

2. Materials and methods
2.1. Starting materials, mixing, and filling of the die

The starting material of the composite matrix was the 3YSZ powder
(grade TZ-3Y-E, Tosoh) with a primary particle size of 40 nm and a
specific surface area of 16 m? g~1. The nano-sized 3YSZ particles were
merged into the spherical agglomerates with a diameter of around
30-70 pm (Fig. 1a). The multi-walled carbon nanotubes (NC7000 series)

Journal of the European Ceramic Society 44 (2024) 7139-7148

were delivered by Nanocyl, Belgium (Fig. 1b). The claimed surface
specific area and density for this MWCNT grade are 250-300 m? g~ ! and
1.26 g em 3.

The preparation of the 3YSZ-10MWCNT mixture requires data on the
composite density and the weight of the components. The densities used
to calculate these data were 6.05 g-cm’3 for 3YSZ (Tosoh) and
1.26 g-em™> for MWCNTs (Nanocyl). Table 1 presents the volumetric
and weight content and the theoretical density of the 3YSZ-10MWCNT
composite.

The preparation of the mixture started with ultrasonic dispersion of
MWCNTs in isopropanol using a UP400S (Hielscher Ultrasonics) device.
The dispersion duration was 30 min with an acoustic intensity of
105 W em™2. Then, the ball-milled 3YSZ powder was added, and the
ultrasonic dispersion continued for another 30 min. The slurry was ho-
mogenized at 500 rpm for 15 min in a stirring device MS-H_S (Drag-
onLab). The isopropanol evaporated during the following holding at
100°C for 24h in a laboratory incubator CLN32STD (Pol-Eko-

Table 1
Content and theoretical density of 3YSZ-10MWCNT composite.
Composite ID vol% wt% Density,
3YSZ-10MWCNT 3YSZ MWCNT 3YSZ MWCNT g em 3
90 10 97.74 2.26 5.57

Fig. 1. (a) 3YSZ agglomerates, (b) multi-walled carbon nanotubes, and (c) 3YSZ-10MWCNT mixture.
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Aparatura). The procedure ended with crushing the dry sponge in an
agate mortar to the powder. Fig. 1¢ shows the obtained 3YSZ-10MWCNT
mixture.

The present paper considered two sets of 3YSZ-10MWCNT samples.
The first set included cylinders with a diameter of 20 mm and a height of
around 4.5 mm after sintering. The second set consisted of axisymmetric
shells with an external diameter of 75 mm and a thickness of 10 mm
(Fig. 2). The filling of the 20 mm die was performed conventionally. The
filling of the 75 mm tool was supplemented by tapping and rotating the
die with the powder inside. This procedure ensured the homogeneous
distribution of the 3YSZ-10MWCNT mixture in the die cavity and the
identical compaction ratio across the entire cross-section of the green
sample. In both cases, the mixture was compacted by cycling pressure to
ensure a higher density of die filling [12].

2.2. Sintering

The 3YSZ-10MWCNT samples were sintered in an HP D 25/3 (FCT
Systeme) furnace under a vacuum of about 0.05 mbar. Table 2 sum-
marizes the dimensions of small and large setups. All parts in the small
setup were manufactured from high-strength graphite (grade 2334,
Mersen). In the large setup, the same graphite was used for
manufacturing the die and punches. The spacers were manufactured
from CFRC composite (grade A015, Mersen). Fig. 3 shows the sketch of
the SPS setup for sintering the 75 mm shell. The die in this setup was
thermally insulated with 10 mm thick graphitic felt (Mersen). The low
thermal conductivity of CFRC spacers reduced thermal gradients in the
sintered part and the energy consumption. A pyrometer measured the
sintering temperature on the bottom of the blind hole in the upper
punch. The distance between the hole bottom and the sample top was
5 mm.

The SPS cycles of small and large samples were identical (Table 3).
The difference was only in the compaction pressure after loading sam-
ples with diameters 20 mm and 75 mm by an initial load of 5kN.
Holding at 800°C ensured the temperature homogenization and the
evaporation of moisture and organics. The sintering cycle ensured
almost full densification of the samples before the start of the second
dwell at 1350°C.

2.3. Characterization

2.3.1. Samples

Characterization of the sintered composite addressed three tasks.
The first task was the evaluation of the uniformity of nanotube distri-
bution. The task was fulfilled by microstructural analysis of small
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Table 2
Dimensions of tooling used for sintering of 3YSZ-10MWCNT samples.

Cylinder Die (graphite) Punch (graphite) Spacer (graphite)
Diameter, mm 20/60 20 30/80 (cone)
Height, mm 60 35 40

Shell: Die (graphite) Punch (graphite) Spacer (CFRC)
Diameter, mm 75/115 75 80

Height, mm 50 35 40

Fig. 3. SPS tooling for sintering shells: 1 — sintered shell; 2 — punches; 3 —
spacers; 4 — die; 5 — thermal insulation of die wall; 6 — thermal insulation of
die faces.

samples (20 mm diameter). The second task was the determination of
the thermal diffusivity for the investigated composite. This study was
performed using small samples. The third task assumed the validation of
sintering homogeneity for the 3YSZ-10MWCNT shell. For that, the eight
samples were cut out along the diameter of the shell (Fig. 4). The
characterization of these samples included the study of density, micro-
hardness, fracture toughness, phase composition, and microstructure.

R400 mm

@75mm

(b)

Fig. 2. Photograph of (a) sintered 3YSZ-10MWCNT shell and (b) its cross-section.
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Table 3
SPS cycle used for sintering of 3YSZ-10MWCNT samples.
Segment Type End Heating Duration, Pressure,
No. temperature, rate, °C/ min MPa
°C min
1 Heating 300 ~50 6 1 or 16"
2 Heating 800 50 10 lor16
3 Dwell 800 0 5 lor16
4 Heating 1300 50 10 60
5 Heating 1350 25 2 60
6 Dwell 1350 0 20 60
7 Cooling - - 5 lor16
8 Cooling - 75 lor16

# The larger pressure corresponds to the 20 mm samples, and the smaller to
the 75 mm samples.

Fig. 4. Eight samples cut from a 3YSZ-10MWCNT composite shell.

2.3.2. Density, hardness, and fracture toughness

The density of cylindrical samples and eight segments of the shell
was measured by the Archimedes method (ISO 18754:2020). The rela-
tive densities and porosity were calculated with the theoretical density
of the 3YSZ-10MWCNT composite in Table 1. Each density experiment
was repeated three times, and the average value was taken. The Vickers
hardness was measured in an FM-700 (Future-Tech) tester following the
ISO 14705:2016 standard. The applied load was 2.942 N with a holding
time of 13s. The average value was determined after five measure-
ments. The same hardness tester was used for the evaluation of the
fracture toughness. A load of 19.61 N resulted in microcracks propa-
gating from the indentation edges. The fracture toughness (Kjc) was
calculated with Eq. (1) by Sheikh et al. [13]

K.=Ae\/HV, o (L> (€8]

L

Here, A = 0.0028 is the dimensionless constant, HV5 is the micro-

hardness (MPa), P is the applied load (N), and > L is the sum of

microcrack lengths (mm). Each hardness experiment was repeated five
times. Then, the average value of fracture toughness was calculated.

2.3.3. Phases and microstructure

The microstructure and elemental distribution in 20 mm samples
were studied using a Quanta 250 (FEI) scanning electron microscope
(SEM) with an EDX detector. The microstructural analysis of four sam-
ples (from #1 to #4 in Fig. 3) was performed in an Ultra 55 (Zeiss) SEM
device. These samples were thermally etched at 1200°C for 20 min in air
to reveal better the grain boundaries. The grain size distribution was
meassured with the ImageJ software. The phase composition was
studied using an Aeris RE (Malvern Panalytical) X-ray diffractometer
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with CuKa radiation. The XRD signal was recorded in the 20 range from
20° to 90°. The XRD patterns were analyzed using the ICDD database
(International Center for Diffraction Data). The MWCNTSs characteriza-
tion was performed using Raman spectroscopy in a confocal inVia mi-
croscope (Renishaw). The laser excitation wavelength was 488 nm.

2.3.4. Thermal conductivity

The aim of the thermal conductivity study was the characterization
of the 3YSZ-10MWCNT composite and the finding of input data for FEM
modeling. Eq. (2) reveals the basic formula for the experimental study of
thermal conductivity.

)l:(lODOC,, 2

Here, 2 is the thermal conductivity, a is the thermal diffusivity, D is
the density, and C, is the specific heat capacity. The thermal diffusivity
was measured with a 20 mm sample machined and ground to
12.662 mm in diameter and 4.068 mm in height. The experiment was
performed in the temperature range from 25°C to 800°C using the laser
flash method [14] in an LFA 427 device (Netzsch). The density of the
sample was 5.39 g cm ™ (the relative density of 96.8%). Estimation of
the specific heat capacity for the 3YSZ-10MWCNT composite included
two steps. First, the specific heat capacity of 3YSZ was calculated with
the Neumann-Kopp rule [15]

C' =(1-x)eCl% +xeCP™ (3

Here, G, €22, and C)** are the specific heat capacity of 3YSZ,
ZrO3 [16] and Y203 [17], x is the weight content of yttria in the 3YSZ
powder. The yttria content was taken as x = 0.052 following the data of
3YSZ powder manufacturer (Tosoh). Then, the specific heat capacity of
3YSZ-10MWCNT was evaluated by the mixture rule.

4

C;YSzflOMWNT — (1 7y) ° C;YSZ +y.C](;r
Here, C3**71M"NTqnd G are the specific heat capacity of 3YSZ-
10MWCNT composite and that of graphite [18], y = 0.0226 is the
weight content of MWCNTSs (Table 1). Appendix A provides a detailed
calculation of the 3YSZ-10MWCNT specific heat capacity. When calcu-
lating the 3YSZ-10MWC density at elevated temperatures, a thermal
expansion coefficient (TEC) of 10.8.10°%°C ! for undoped 3YSZ was
used [19]. The literature does not provide the TEC for the discussed
composite. However, Guo et al. [20] did not find a considerable impact
of moderate MWCNT content on the TEC of the Al;O3-MWCNT com-
posites. In general, the influence of thermal expansion on density is
small and can be neglected during thermal conductivity calculation.

2.4. Procedure of FEM modeling

The modeling of an SPS process usually considers the thermal,
electrical, and mechanical fields. The present paper studies the tem-
perature at the final stage of sintering. In such a case, due to the
completed densification of samples, the modeling reduces to a thermal-
electrical problem. The background for thermal-electrical modeling is
Faraday’s and Ohm’s laws (electrical part), Fourier’s law, Stefan-
Boltzmann’s law, and Newton’s law of cooling (thermal part). Joule’s
law of heat generation, couples the electrical and the thermal parts of
the SPS model. Thermal-electrical modeling requires the properties of all
materials in the SPS setup. In this study, we used the properties of
graphite provided by the supplier (Mersen), the properties of CFRC from
the paper by Laptev et al. [21], and the properties of graphitic felt re-
ported by the supplier (Mersen). The specific heat and the thermal
conductivity of the 3YSZ-10MWCNT composite were calculated
following the procedure in Section 2.1. Our earlier paper noticed a
minor influence of MWCNT in a quantity of 10 vol% on the thermal
conductivity of m-ZrO,-based composites [10]. Based on this finding,
the thermal conductivity for undoped 3YSZ was used above 800°C [22].
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An addition of MWCNTs increased the electrical conductivity of
ZrOo-MWCNT composites. A particular concentration of nanotubes
leads to the percolation of the ceramic matrix [10]. However, the
resulting electrical conductivity of the 3YSZ-10MWCNT composite is
still well below that of 2334 graphite (103 Sm™! vs ~ 10° Sm™! at RT
[10]). Thus, only a marginal part of the total current flows through the
3YSZ-10MWCNT sample. Therefore, the 3YSZ-10MWCNT samples were
considered electrically non-conductive. The FEM model included the
electric resistivity of horizontal contacts in the setup by Wei et al. [23]
and the data for the electrical resistivity of vertical contacts and the
thermal conductivity of both contacts by Vanmeensel et al. [24]. The
modeling used the ANSYS Mechanical APDL software (ANSYS). The
boundary conditions included a heat transfer coefficient of 1512 W (m?
°C)~! determined for a similar SPS device [9]. A virtual PID controller
incorporated in the APDL code adjusted the temperature cycle. The
paper by Laptev et al. [21] describes the simulation procedure in detail.

3. Results
3.1. Temperature distribution by FEM modeling

The main goal of the paper is to show that advanced thermal insu-
lation is the prerequisite for homogeneous spark plasma sintering of
large-sized parts. A reasonable approach is modeling temperature dis-
tribution in SPS setups with varying insulation levels. The modeling
considered three setups for sintering of 75 mm shell. Fig. 3 shows the
basic configuration of the setup, and Table 2 presents the sizes of its
components. The first modeled setup (Setup A) corresponds to the
widespread practice of thermal insulation by wrapping the die wall with
graphitic felt. The material of all setup elements, including spacers, is
graphite. The second setup (Setup B) uses the CFRC spacers instead of
graphite spacers. The thermal conductivity of CFRC is much lower than
that of graphite. Therefore, the CFRC spacers reduce the heat flow from
the setup toward the water-cooled electrodes. The third setup (Setup C)
uses additinally thermal insulation of die faces with graphitic felt. In
summary, the grade of thermal insulation grows from Setup A to Setup C
(Table 4).

FEM modeling revealed the temperature distribution in the setups
and the sintered samples. A reasonable measure of temperature homo-
geneity is the difference between the maximum and minimal tempera-
ture in the sintered samples. Table 5 compares the temperature
uniformity in the samples at the end of all sintering segments in different
setups. The presented data clearly show the considerable influence of
thermal insulation on temperature homogeneity. Especially remarkable
is the reduction of the temperature gradient after the replacement of
graphite spacers by CFRC spacers. The thermal insulation of die faces
additionally contributes to temperature uniformity.

Fig. 5 shows the modeled temperature in SPS setups at the end of
1350°C dwell in detail. An extensive heat transfer from punches to
water-cooled electrodes results in overheating of the die and overcooling
of the punches in Setup A (Fig. 5a). As a result, the maximum temper-
ature difference in the sintered shell is around 137°C and the tempera-
ture on the spacer surfaces contacting water-cooled electrodes is about
640°C. Both these temperatures are crucial for the SPS process. The
temperature inhomogeneity in the sintered sample leads to nonuniform
densification and heterogeneous properties. The high spacer tempera-
ture results in overheating of electrodes and humbles the operation of
SPS equipment. The sintering with such a setup was not possible in the

Table 4

Insulation of three setups studied by FEM modeling.
Insulation Setup A Setup B Setup C
Die wall (felt) Yes Yes Yes
Die faces (felt) No No Yes
CFRC spacer No Yes Yes
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Table 5
Difference between the maximum and minimum temperature (°C) in 3YSZ-
10MWCNT shell at the end of sintering segments.

Segment No. Type Tena Setup A Setup B Setup C
2 Heating 800 134 26 32
3 Dwell 800 114 20 10
4 Heating 1300 159 42 36
5 Heating 1350 165 53 45
6 Dwell 1350 137 45 17

HP D 25 SPS device due to the current cut-off by the fuse. The
replacement of graphite spacers by CFRC spacers in Setup B reduces the
heat transfer towards electrodes (Fig. 5b). The temperature field in the
sintered shell and the entire tooling becomes more homogeneous.
However, the maximum temperature difference of 45°C is still too high.
The reason for that is the overcooling of the die because of the heat
emission from its top and bottom faces. The thermal insulation of die
faces by graphitic felt in Setup C additionally homogenizes the tem-
perature inside the tooling (Fig. 5c¢). As a result, the maximum tem-
perature difference in the sintered shell reduces to 17°C. This
temperature difference is acceptable for the sintering at 1350°C. The
experimental data in the following sections confirmed the homogeneous
sintering. In this setup, the modeled temperature of tooling surfaces
contacting the electrodes was 257°C. This temperature is acceptable for
the proper operation of SPS equipment.

3.2. Experimental results

3.2.1. Densification

Fig. 6 shows the sintering cycle and the punch displacement during
SPS of the 3YSZ-10MWCNT shell. The displacement graph shows
completed densification during the second dwell at 1350°C. Table 6
reveals the relative density distribution across the cross-section of the
shell. The relative density of samples varied between 96.2% and 96.8%,
with an average value of 96.6%. Thus, the sintered shell was dense with
a homogeneous density distribution. The mean value of residual
porosity was about 3.4%, and open porosity was around 2%.

3.2.2. Hardness and fracture toughness

Table 6 shows the distribution of hardness and fracture toughness
along the diameter of the sintered shell. The Vickers hardness varied
from 7.40 to 7.68 GPa with an average value of 7.57 GPa and a standard
deviation of 0.34 GPa. The fracture toughness was between 3.90 and
5.62 MPa m'/2, with an average value of 4.76 MPa m'/? and a standard
deviation of 1.34 MPa m'/2. Appendix B presents the results of hardness
and fracture toughness measurements in detail. The homogeneous dis-
tribution of Vickers hardness and fracture toughness is evidence of
structural uniformity discussed in the next section.

3.2.3. Microstructure

Fig. 7 shows the microstructure of the sintered 3YSZ-10MWCNT
composite (20 mm sample) and the EDS mapping for zirconia, carbon,
and oxygen. The composite appears dense with several micropores. The
map of carbon is uniform with the homogeneous distribution of
MWCNTs. However, the individual 3YSZ and MWCNT agglomerates are
still visible at larger magnification (Fig. 8). The grain size in the 3YSZ
phase was identical across the cross-section of the shell (Fig. 9). The
average grain size was 129 nm (Table 6).

3.2.4. Phases

Fig. 10 shows the XRD spectra of the 3YSZ powder, 3YSZ-10MWCNT
mixture, and sintered 3YSZ-10MWCNT composite. The quantification of
tetragonal and monoclinic zirconia phases was performed by Rietveld
analysis [25], HighScore Plus (Malvern Panalytical) software with the
ICDD PDF-4+ database. The 3YSZ powder consisted of a tetragonal
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Fig. 5. Modeled temperature distribution in three SPS setups with different grades of thermal insulation: Setup A — insulation of die wall and graphite spacers; Setup
B - insulation of die wall and CFRC spacers; Setup C - insulation of die wall and die faces, CFRC spacers.
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Fig. 6. SPS cycle and punch displacement during sintering of 3YSZ-
10MWCNT shell.

phase (73 wt%) and a monoclinic phase (27 wt%). The mixing with
MWCNTs did not change this ratio. The XRD patterns for eight samples,
cut from the sintered 3YSZ-10MWCNT shell, showed an average amount
of 89 wt% for the tetragonal phase, and 11 wt% for the monoclinic
phase. The variation of the tetragonal phase in these samples was be-
tween 87.4 and 90.1 wt% with a standard deviation of 1.1 wt%. The
quantity of the monoclinic phase changed between 9.9 wt% and 12.6 wt
% with the same standard deviation (Table 6). Kasperski et al. [26] and
Jang et al. [27] explain the decrease in monoclinic phase during sin-
tering of 3YSZ powder by the m-ZrOs to t-ZrO, transformation at 1170°C
and stabilization of tetragonal phase. The XRD pattern for the
3YSZ-10MWCNT composite did not show carbon-related peaks due to
the semi-amorphous structure of MWCNTs [10]. The uniform distribu-
tion of tetragonal and monoclinic phases is the next evidence of
microstructural homogeneity of the sintered 3YSZ-10MWCNT shell.

3.2.5. Raman spectra

Fig. 11 shows Raman spectra for the starting 3YSZ powder, 3YSZ-
10MWCNT powder, and sintered 3YSZ-10MWCNT sample with a
diameter of 20 mm. The spectrum of the starting 3YSZ powder (Fig. 11a)
has five intense peaks typical for tetragonal zirconia at a Raman shift of

Table 6

Relative density, Vickers hardness, fracture toughness, grain size, and phase distribution along the diameter of the sintered 3YSZ-10MWCNT shell.
Sample No. 1 2 3 4 5 6 7 8 Average
Rel. density, % 96.9 96.8 96.3 96.8 96.8 96.6 96.4 96.2 96.6
HVj 3, GPa 7.57 7.57 7.64 7.62 7.57 7.68 7.40 7.47 7.57
Kic, MPa m'/? 4.24 4.57 4.68 5.40 3.90 4.75 5.62 4.93 4.76
Grain size, nm 133 118 126 138 - - - - 129
t-phase, % 89.30 87.40 88.40 89.60 86.70 90.10 89.40 89.20 88.76
m-phase, %) 11.70 12.60 11.60 10.40 13.30 9.90 10.60 10.80 11.24
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(b)

Fig. 7. (a) Microstructure of 3YSZ-10MWCNT composite after sintering of 20 mm sample, and (b) EDS mapping of zirconia, carbon, and oxygen.

144, 260, 328, 470, 637 cm™ ! and seven other less intensive peaks at
shift 176, 187, 342, 379, 533, 559, 619 cm~! related to monoclinic
zirconia [28]. The intensity of zirconia peaks in the spectrum of the
3YSZ-10MWCNT powder mixture (Fig. 11b) is much lower than that in
the starting powder (Fig. 11a). In this spectrum, the bands of tetragonal
zirconia and the bands of MWCNT are well visible only. An explanation
for this effect is the combination of the intensive light absorption with
resonance at Raman light scattering of carbon nanotubes. Mizuno et al.
[29] reported a reflectance of SWCNTs (single-walled carbon nano-
tubes) of only 0.01-0.02. Jorio et al. [30] admitted that even one iso-
lated carbon nanotube is detectable by Raman spectroscopy due to
scattering resonance. In the spectrum of the sintered 3YSZ-10MWCNT
sample (Fig. 11c), the intensity of tetragonal zirconia peaks further de-
creases, and the intensity of carbon nanotube peaks increases. The
monoclinic zirconia peaks vanish in the oscillating baseline. We explain
these effects by sample carbonization and m-ZrO; to t-ZrO, trans-
formation during SPS.

The MWCNT spectrum has two typical D and G peaks. Following Biru
and Iovu [31], the intensity ratio of these peaks shows the structural
disorder in carbon nanotubes. In our composite, this ratio was around
Ip/Ig = 0.8 for the 3YSZ-10MWCNT mixture and the sintered sample.
That means that MWCNTs retain the starting structure during SPS sin-
tering. In general, Raman spectroscopy is an effective method for the
identification and study of carbon nanotubes in composites. The Raman
mapping could be an effective way to evaluate the MWCNTs
distribution.
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(b)

Fig. 8. (a) 3YSZ agglomerates (bright areas) and (b) MWCNT agglomerates in the sintered 20 mm sample with 3YSZ-10MWCNT composition.

3.2.6. Thermal properties

Fig. 12 shows the dependence of specific heat capacity and thermal
conductivity of sintered 3YSZ-10MWCNT composite on temperature.
The thermal conductivity data agree well with the ones by Melk et al.
[32] for similar composites. At the same time, the thermal conductivity
of the 3YSZ-10MWCNT composite is not much different from that of the
3YSZ sample with a similar grain size in the paper by Limarga and Clarke
[33]. Wisniewska et al. [10] explain this trend by the high thermal
resistance of numereous MWCNT/MWCNT and ZrOy/MWCNT
interfaces.

4. Discussion
4.1. Insulation and homogeneity

The opinion that the temperature inhomogeneity in sintered parts is
an intrinsic feature of the SPS technology is quite common. However, a
simple virtual experiment reveals that ideal thermal insulation ensures
after certain holding time a uniform temperature in all warmed-up
bodies, including SPS-sintered parts. The perfect thermal insulation of
SPS tooling is hardly possible. However, the practice should go this way.
In this paper, the FEM modeling shows that consistent improvement of
thermal insulation leads to a considerable reduction in temperature
heterogeneity during the entire SPS cycle. In the detailed example, the
advanced insulation reduced the maximum temperature difference in
the sintered shell from 137°C to 17°C at the end of the SPS cycle. The
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Fig. 10. XRD spectra of (a) starting 3YSZ powder, (b) 3YSZ-10MWCNT
mixture, and (c) sample # 5 cut from the sintered 3YSZ-10MWCNT shell.
Markers correspond to tetragonal zirconia (ICDD code 04-005-4208) and
monoclinic zirconia (ICDD code 04-005-4252).

Journal of the European Ceramic Society 44 (2024) 7139-7148

7146

(d)

Fig. 9. (a) - (d) Microstructure of samples from # 1 to # 4 cut from the sintered 3YSZ-10MWCNT shell and thermal etched.

observed homogeneous densification, uniform microstructure, similar
phase composition, and identical mechanical properties along the
sample diameter evidence the homogeneity of the sintering. The
considered 3YSZ-10MWCNT shell is quite a large part with a diameter of
75 mm and a thickness of 10 mm. Therefore, the results of the present
work convincingly prove that uniform SPS sintering is achievable for
large-sized parts when using thorough insulation of tooling. In addition,
insulation drastically reduces the required electrical power and energy
consumption in line with the transfer to the green economy.

4.2. Microstructure and properties

The EDS carbon mapping (Fig. 7b) and Raman spectrum (Fig. 11c) of
the sintered sample reveal that ultrasonic dispersing enables the ho-
mogeneous distribution of carbon nanotubes in the 3YSZ matrix without
damaging CNTs. That is a prerequisite for uniformity of microstructure
and properties of the 3YSZ-10MWCNT composite. The SPS sintering at
1350°C for 20 min under a compaction pressure of 60 MPa ensures full
densification of the 3YSZ-10MWCNT cylindrical samples and shells. A
shorter holding time could be possible. However, this assumption needs
experimental confirmation.

During heating, the monoclinic phase of zirconia transforms into the
tetragonal phase. The tetragonal phase stays after sintering due to sta-
bilization by Y03 and fast cooling at SPS. Kasperski et al. [26] observed
the purely tetragonal phase in SPS-sintered 3YSZ samples. The addition
of carbon nanotubes diminishes the stabilizing effect of Y203. So, Leonov
et al. [34] and Morales-Rodriguez et al. [35] noticed the growing con-
tent of the monoclinic phase in 3YSZ-CNT composites with an increase
of CNTs content. This consideration explains the significant residual
m-ZrO, content in our composite. The microstructure of the sintered
shell appears homogeneous, with an average grain size of 129 nm.
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Fig. 12. Specific heat capacity and thermal conductivity of the 3YSZ-

10MWCNT composite vs. temperature.

The hardness and fracture toughness of sintered 3YSZ-10MWCNT
composite is like that reported by Melk et al. [32] for similar compos-
ites. The thermal conductivity of the investigated 3YSZ-10MWCNT
composite is slightly less than that of the m-ZrO,-10MWCNT compos-
ite in our earlier paper [10]. The reason for that is the lower thermal
conductivity of the tetragonal phase compared with that of the mono-
clinic phase [11].

5. Conclusions

The optimization of SPS tooling design with advanced thermal
insulation enables homogeneous sintering of a slightly bent 3YSZ-
10MWCNT composite shell with a diameter of 75 mm. Herein, a key
role plays the special die filling and the proper thermal insulation,
particularly the application of CFRC spacers with low thermal
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conductivity. The approach is suitable for sintering parts with more
complex geometry, such as conical or spherical shells. If the thermal
insulation of the tooling does not assure the desired homogeneity in
temperature, optimizing its dimensions and shape could be helpful [36,
37]. The finite element analysis in these and other papers convincingly
shows the effectiveness of FEM-based optimization of SPS tooling.

The SPS at 1350°C under a compaction pressure of 60 MPa with a
dwell for 20 min ensured completed and homogeneous densification of
the 3YSZ-10MWCNT composite with the resulting porosity between 3%
and 4%. The Vickers hardness and fracture toughness of the sintered
composite were 6.49 GPa and 4.64 MPa m'/? by only minor variation
along the radius of the 3YSZ-10MWCNT shell. The amount of tetragonal
phase in the 3YSZ phase increased from 73 wt% in the starting 3YSZ
powder to 89 wt% in the sintered shell showing stabilization of the
tetragonal phase. The amount of monoclinic phase decreased from 27 wt
% to 11 wt% correspondingly. The phase composition and grain size
were uniform across the shell cross-section. The used mixing procedure
ensured the homogeneous distribution of the carbon nanotubes in the
3YSZ-10MWCNT composite.

The analysis of the starting 3YSZ powder, the mixture of 3YSZ and
MWCNT powders, and sintered 3YSZ-10MWCNT composite by Raman
spectroscopy showed the decreased intensity of 3YSZ peaks in the
powder mixture and the sintered sample. This feature is related to a
combination of more intensive light absorption with resonance at
Raman scattering of carbon nanotubes.
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Abstract: High-temperature conditions are harmful for carbon nanotube-based (CNT-based) com-
posites, as CNTs are susceptible to oxidation. On the other hand, adding CNTs to ceramics with low
electrical conductivity, such as 3YSZ, is beneficial because it allows the production of complex-shaped
samples with spark plasma sintering (SPS). A shielding coating system may be applied to prevent
CNT oxidation. In this work, the 8YSZ (yttria-stabilized zirconia) thermal shielding coating system
was deposited by aerosol deposition (AD) to improve the composite’s resistance to CNT degradation
without the use of bond-coat sublayers. Additionally, the influence of the annealing process on
the mechanical properties and microstructure of the composite was evaluated by nanoindentation,
scratch tests, scanning electron microscopy (SEM), X-ray diffraction (XRD), flame tests, and light mi-
croscopy (LM). Annealing at 1200 °C was the optimal temperature for heat treatment, improving the
coating’s mechanical strength (the first critical load increased from 0.84 N to 3.69 N) and promoting
diffusion bonding between the compacted powder particles and the substrate. The deposited coating
of 8YSZ increased the composite’s thermal resistance by reducing the substrate’s heating rate and
preventing the oxidation of CNTs.

Keywords: aerosol deposition; thermal barrier coatings; heat treatment; flame tests; mechanical properties

1. Introduction

Thermal barrier coatings (TBCs) are widely used to improve the high-temperature
performance and durability of critical components in a variety of applications, such as
aerospace (fuel vaporizers, combustion chambers, afterburners), automotive (pistons), and
nuclear (molten metal and salt-based reactors) [1-3].

The classic TBC system consists of (1) a metallic bond coat that ensures good adhesion
and mitigates the stresses created by thermal expansion mismatch between the substrate
and the coating [4]; (2) thermally grown oxides (TGO) that are created by the diffusion of
oxygen during the manufacturing of the top layer and provide shielding from the oxidation
of the substrate [1]; (3) a topcoat providing thermal insulating properties thanks to its low
thermal conductivity and reduced radiative heat transfer [5].

One of the most common topcoat materials is zirconia (ZrO;), which can be found in
three allotropic forms: monoclinic (m), tetragonal (t), and cubic (c). The transformations
take place at ~1173 °C (m — t) and ~2370 °C (t — c) [6]. To form tetragonal and cubic
forms at room temperature (and prevent stresses caused by phase transformation-induced
volume change during the heating and cooling cycle) [7], various oxides (CaO, MgO, CeO,,
etc.) may be added. Particularly common is the addition of Y03 at 3% mol. (3YSZ) for the
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tetragonal phase and 8% mol. (8YSZ) for the cubic phase. It is worth noting that 8YSZ is
also commonly referred to as 8% wt. YSZ, which has a tetragonal structure.

YSZ coatings have been deposited using physical vapor deposition, electrophoretic
deposition, and plasma spraying techniques, with the third of these being the most common
due to its high deposition rates, coating adhesion, and low processing cost compared
to the other methods [1,5]. Several works concerning plasma-sprayed YSZ TBCs have
described the positive effect of the introduction of nanostructure and bimodal micro-
nanostructure [7-9] in YSZ-based coatings, resulting in an improvement of mechanical
properties and limited oxygen diffusion towards the substrate.

However, the plasma spraying of nanostructures is difficult due to the requirement to
melt the sprayed particles to obtain sufficient interparticle bonding and consolidation of the
coating. If all powder particles are fully molten in the thermal spray jet, the nanostructural
characteristics of the powder particles (and those of the resulting coatings) will disap-
pear [10]. Therefore, nanostructured feedstock powders tend to be quite sensitive to the
spray parameters [11], and low-temperature deposition methods might be advantageous
in fabricating coatings and preserving their feedstock microstructure.

Aerosol deposition (AD) is a kinetic spraying technique that allows the fabrication
of ceramic coatings based on room temperature impact consolidation (RTIC), where the
ceramic particles bond with the substrate and consolidate as a result of plastic deformation
and controllable cracking of fine particles, the latter of which contributes positively by
refining the coating structure observed by other authors [12]. As a result, nanostructured
coatings are obtainable, which may be desirable from the viewpoint of TBC applications.
Several works have been presented for the fabrication of both thin and thick 8YSZ coatings
by AD [13-17].

However, while most of these studies have focused on the application of 8YSZ coatings
in electrochemical applications, such as solid oxide fuel cells (SOFCs) or gas sensors, this
work introduces a novel application by extending the use of 8YSZ coatings into high-
temperature industrial environments, specifically for TBCs. This represents a significant
advancement in the field, as the effects of high-temperature post-processing on 8YSZ
coatings have been less explored, mainly due to the temperature stability limitations of
SOFC components (up to 900 °C) [13,14]. This study provides new insights by proving that
an increased heat treatment temperature has a greater effect on the mechanical performance
of coatings, making them more viable for TBC applications. In addition, this research
introduces a novel approach by applying AD technology without the use of a bond layer, a
method that reduces costs and processing time and improves sustainability, making it a
significant contribution to the field.

The aim of this work is to study the influence of high-temperature post-processing
for the fabricated 8YSZ AD coating and to test its capability as a means of 3YSZ/CNT
composite oxidation protection without the use of bond-coat and TGO sublayers, enabled
by relatively small differences in thermophysical properties between 3YSZ and 8YSZ [18].
To achieve this, a series of 3YSZ/CNT composites samples were coated with an 8YSZ
layer and heat-treated at 1000-1200 °C, and then their structural properties were studied
by scanning electron microscopy and X-ray diffraction. To assess the performance of the
coatings, an assessment of the mechanical properties by indentation and scratch tests was
made, as well as a flame-torch test to determine the high-temperature response of the
fabricated coating.

2. Materials and Methods

For the spraying of coatings, 8% mol. yttria-stabilized zirconia powder (TZ-8Y, TOSOH
Corporation, Tokyo, Japan) was used as feedstock. The powders were dried at 200 °C under
vacuum for at least 8 h before spraying to ensure flowability during aerosol generation. The
powder particle size distribution was analyzed using a Mastersizer 3000 (Malvern PAN-
alytical, Malvern Worcestershire, UK). After spraying trials, the particle size distribution
was remeasured to assess changes during aerosol generation.
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The spraying trials were conducted using an Aerosol Cold Spray apparatus
(Lukasiewicz Research Network—Poznan Institute of Technology, Poznan, Poland) [19],
with the spraying parameters listed in Table 1. The 3YSZ-10MWCNT composite used
as the spraying substrate was spark plasma sintered using an HP D 25/3 (FCT Systeme
GmbH, Frankenblick, Germany) device at 1350 °C with a holding time of 20 min. The
powder mixtures of ZrO; and MWCNTs were prepared in isopropanol using a UP400S
(Hielscher Ultrasonics GmbH, Teltow, Germany) device. The dies and punches used in the
sintering process were made of high-strength graphite (grade 2334, Mersen, Courbevoie,
France) with CFRC composite spacers (grade A015, Mersen, Courbevoie, France), which
allowed for the almost complete densification of the samples. More detailed information
on the material preparation and sintering process can be found in our previous paper [20].
The surface was grit-blasted using F40 alumina blasting media (MATT, Jaktoréw-Kolonia,
Poland) before deposition. The process was not assisted with a Low-Pressure Cold Spray
heating source to prevent possible oxidation of MWCNTs [21] present inside the substrate’s
microstructure, as well as possible erosion due to brittle particles” impact with high kinetic
energy [22]. The aerosol stream was injected axially through a diverging—converging nozzle
with a 1.5 mm diameter throttle to the vacuum chamber.

Table 1. Aerosol deposition parameters of 8YSZ coatings.

Spraying Parameter Value
Vacuum chamber pressure during spraying 0.2 mbar
Aerosol gas type Nitrogen
Aerosol gas flow 2.5-4 L/min
Sample traverse speed 2.5mm/s
Nozzle standoff distance 10 mm
Process temperature Room temperature

To increase the coating’s mechanical strength, pressureless annealing was applied. The
coated samples were heated to 1000/1100/1200 °C (HT1000/1100/1200) with a 100 °C/h
heating rate inside a R170,/1000/13 tube furnace (Nabertherm GmbH, Lilienthal, Germany)
under an argon gas flow of 100 L/h. The annealing time was set to 2 h.

The as-sprayed and heat-treated coatings were observed with a scanning electron
microscope (SEM, Mira 3, Tescan, Brno, Czech Republic) equipped with secondary electrons
and backscattered electron detectors to evaluate the specimens’ microstructure.

X-ray diffraction was conducted using the Aeris Research Diffractometer (Malvern
PANalytical, Malvern Worcestershire, UK). The diffraction data were collected from a 20
to 90° 20 diffraction angle range using Cu Kot (A = 1.54 A) radiation. The diffraction data
were obtained from the PDF 5+ 2024 (International Centre for Diffraction Data, Newtown
Square, PA, USA) database: cubic Yttrium-Zirconium Oxide (04-015-2373), tetragonal
Yttrium Zirconium Oxide (04-005-4208), and monoclinic Yttrium-Zirconium Oxide (04-
005-4252). The Rietveld refinement method [23] was used for microstrain and crystal
size determination.

Nanoindentation results were obtained by using a Picodentor HM500 (Fischer Tech-
niogy Inc., Windsor, CT, USA) with the following test parameters: a maximum load of 30 or
300 mN loaded during 20 s and dwell time of 5 s. Measurements were taken with a Vickers
tip. To determine the hardness and modulus of the coatings, the Oliver-Pharr method was
employed [24]. The Nix and Gao [25] equation was used as the indentation size effect (ISE)
model for the calculation of dependence between hardness and penetration depth.

The dynamic scratch test was conducted on a Universal Mechanical Tester (Bruker,
Bruker Nano Surface, San Jose, CA, USA) utilizing a high-accuracy zirconia bearing ball
(class G10), with a Ra value of 0.025 pm and a diameter of 2 mm. The dynamic scratch
test was conducted over a distance of 10 mm on the surface of the sample, with a linearly
increasing load (0.3 N to 5 N) applied along the path length at a feed rate of 0.05 mm/s.
During the measurement, the frictional load and acoustic emission were recorded with an
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appropriate sensor mounted near the bearing ball. The critical scratch load was determined
by analyzing the friction, acoustic signal, and optical micrographs of the scratch, which
were obtained with the Bruker Alicona RL apparatus (Bruker, Alicona Division, Graz,
Austria) [26].

Flame tests were conducted by subjecting the samples to a butane-air flame torch
(Dragon 220, Rocker, New Taipei City, Taiwan). The flame torch standoff distance was set
at 20 mm and the samples were subjected to the flame for 15 min. The temperature was
measured by a K-type thermocouple placed on the backside of the samples. Flame-tested
sample cross-sections were observed using a VHX 7000 (Keyence, Mechelen, Belgium)
digital microscope to assess the degree of degradation of the coating and substrates (and of
the CNTs).

3. Results and Discussion
3.1. Feedstock Powder Characterization

The 8YSZ feedstock powder average particle size was measured at 56.2 um. Sonifica-
tion was applied to the powder for 4 min to destroy the possible agglomerates present in the
powder material (Figure 1a). As a result of the powder deagglomeration, it was confirmed
that the globular (Figure 1b) primary particles consisted mainly of smaller, micron, and
submicron-sized particles similar to those reported by Mishra et al. [15]. The powders left
from the fluidized bed aerosol generator after the spraying process (approximately 10 min
of aerosol gas flow) contained trace amounts of smaller particle fractions, signifying that
during fluidization, some fraction of the powder was deagglomerated.

Feedstock powder
Sonicated for 240s
Fluidized bed feedstock post-spraying

Volumetric content, %

0.01 0.1 1 10 100 1000
Particle size, pm

(a)

Figure 1. Particle (a) size distribution and (b) morphology of 8YSZ feedstock powders (magnifica-
tion 1000 x).

3.2. Aerosol Deposition Process

The spraying process resulted in a successful coating of the 3YSZ/CNT substrate.
The deposition efficiency (DE) of the spraying process was estimated to be in the 6%-9%
range. This estimation was based on the weight difference of the powder in the fluidized
bed and sample mass before and after the process. Such DE is higher than commonly
reported in AD films [17], signifying that loose compaction of agglomerated particles might
have taken place. This is in line with the previous primary particle assessment, where the
presence of agglomerates was demonstrated (Figure 1a,b). Conducted wipe-tests showed
that the as-sprayed coating is easily peeled off and its microstructure requires improvement.
To do so, an annealing process of thin (Figure 2a) and thick (Figure 2b) coated coupons
was employed to promote diffusion in the coating microstructure, as well as bonding
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Intensity

between the substrate and the coating through the elimination of residual stresses after
deposition [13].

(a) (b)

Figure 2. Photographs of (a) thin and (b) thick 3YSZ/CNT 1” coupon with the 8YSZ coating annealed
at 1200 °C.

3.3. Structural Analysis of Deposited and Annealed Coatings
3.3.1. X-Ray Diffraction

Typically for the AD process [13], the formation of the coating resulted in no phase
changes in the 8YSZ material. However, a slight shift of peak positions was observed
(Figure 3a), which may be attributed to changes in the lattice parameter of the cubic 8YSZ
crystal structure. While AD films often exhibit microstrain in the 0.5% to 1% range [14],
fabricated 8YSZ coatings do not reach such values (Table 2). This may be attributed to
the cracking of the agglomerates during collision with the substrate mentioned in the
previous paragraph, instead of the fracture of micron-sized particles. No drastic changes
in crystallite size were detected, as nano-sized particles maintain their original size [27]
during deposition by AD. Generally, the heat treatment between 1000 °C and 1200 °C
resulted in the reduction in the microstrain, an increase in the crystallite size, and a change
in the lattice parameter back to its pre-coating state. The heat treatment at 1200 °C resulted
in the formation of a secondary, tetragonal YSZ phase (Figure 3b). This may be attributed
to the thermally induced phase change in the 8YSZ, but also to possible diffusion between
the coating and the 3YSZ-based substrate.

. ¢ ¢-ZrO3 (Ref: 04-015-2373) ¢ ¢ -ZrOy (Ref: 04-015-2373)
e t-ZrOy (Ref: 04-005-4208) o t-ZrO (Ref: 04-016-2113)
3 & m-ZrOy (Ref: 04-005-4252)
S W 2o '
2 . M
Coated substrate - as sprayed A ‘ ® o 13 ‘C!

. g HT 1200°C

c i

SN 1
J k * ¢ ‘e k= J A J‘L _J .
Spraying feedstock HT1100°C
. JL J ) S
° 0 . HT:1000°C
Uncoated substrate I JL ~ As sprayed|
20 30 40 50 60 70 80 90 20 30 4|0 5I0 60 7I0 8I0 90
26, degree 26, degree
(a) (b)

Figure 3. X-ray diffraction spectra comparison of (a) AD process results and (b) results of 8YSZ
coating as-sprayed and heat-treated at 1000 °C (HT 1000 °C), 1100 °C (HT 1100 °C), and 1200 °C (HT
1200 °C).
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Table 2. X-ray diffraction Rietveld refinement data.
Powder As-Sprayed HT1000 HT1100 HT1200
Lattice parameter [A] 5.139 £+ 0.001 5.132 £+ 0.001 5.136 £+ 0.001 5.137 £ 0.001 5.138 £ 0.001
Microstrain [%] 0.355 £ 0.001 0.412 £ 0.001 0.258 + 0.001 0.097 £ 0.001 0.066 + 0.001
Crystallite size [A] 3292417 346.1+2.1 392.6+1.8 1924.0 + 61.3 4480.7 £ 536.3

3.3.2. Scanning Electron Microscopy

The presence of individual particles within the deposited 8YSZ coating was observed
following the heat treatment at 1000 °C (Figure 4a). Furthermore, the particles observed
in the coating were of a smaller size than the particles in the powder material prior to
spraying. This is consistent with the particles undergoing a process of refinement through
fragmentation and powder deagglomeration during the deposition process. The occurrence
of rebounding, bonding, and fragmentation with particle velocity has been previously
described as a phenomenon of aerosol deposition at room temperature [28].

500 nm

resin

coating

substrate

Figure 4. SEM micrographs of (a) heat-treated at 1000 °C, (b) heat-treated at 1100 °C, (c) heat-treated at
1200 °C coating surface, and (d) heat-treated at 1200 °C coating cross-sections ((a—c)—magnification—
50k x, (d)—magnification 10k x).

The application of elevated temperatures (1100 °C and 1200 °C) facilitated the forma-
tion of bonds between particles, resulting in necking (Figure 4b,c) and crystal growth, which
was also proved by X-ray diffraction result analysis (Table 2). This process contributed
to an improvement in their properties. This type of behavior is typical of pressureless
sintering of bulk samples [29]. Moreover, the mass transport induced by the heat treatment
resulted in a more uniform distribution of smaller pores within the resulting coatings. The
heat treatment at 1200 °C yielded the most optimal results, as defined by the study. The
cross-sectional view of the coating in Figure 4d illustrates the superior bonding quality
of the coating produced through this method, in comparison to other coatings, particu-
larly those in the as-deposited state, which exhibited visible cracks at the substrate and
coating interface.
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Normal load, mN

40

The thermal insulation properties of thermal barrier coatings are influenced by heat
conduction as well as radiation [5]. The porosity present inside the 8YSZ coating may
decrease infrared emissivity [30], improving the overall thermal insulation properties of the
8YSZ coating. Therefore, the nanoscale porosity of the fabricated coating may be beneficial
for the overall performance of the coated elements.

3.4. Mechanical Properties Assessment
3.4.1. Indentation

Nano hardness tests (Figure 5a) were conducted using coating cross-sections, in order
to minimize the influence of the coating roughness and thickness variations on the test
results. Based on that data, the hardness and elastic modulus were calculated according to
Equations (1) and (2):

H =

VTS

Er=———

26 VA
where F is the indentation load, A is the contact area of the indent tip, § is a constant
equal to 1.055 (for Vicker’s tip), and S is a tangent of the beginning of the unloading
curves [24]. Based on the maximum indentation depth, these calculations were made only
for a 30 mN indentation load. The results (Figure 5b) indicate an increase in both hardness
and elastic modulus with an increasing heat treatment temperature, from 0.16 & 0.01 GPa
and 6.1 £ 0.3 GPa in the as-sprayed state to up to 1.33 £ 0.29 GPa and 35.8 £+ 4.4 GPa at
1200 °C, respectively. No significant change in mechanical properties was observed in the
as-sprayed and HT_1000 coatings, suggesting that 1000 °C temperature and 2 h dwelling
time was not enough to cause significant structural change in the coatings’ structure, which
was also confirmed by X-ray diffraction results (Table 2).
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Figure 5. Nanoindentation result comparison of (a) indentation load of 30mN (coating cross-section)
and (b) hardness and elastic modulus calculation results.

The nanoindentation mechanical behavior of the YSZ composites is believed to be
evaluated based on the detailed characterization of the indentation size effect (ISE) pa-
rameter [31]. Their estimation on the basis of the nano hardness measurement of the YSZ
ceramics allows for the description of their real inelastic behavior, which may be controlled
by (i) bulk particle deformation and (ii) interparticle sliding. The graph (Figure 6) log
H? = f(1/h — hy) fit the linear approximation of the Nix and Gao [25] equation with simu-
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lation veracity ranging from R? = 0.97 to R? = 0.99. As such, the strain gradient plasticity
(SGP) can describe the YSZ ceramic coating inelastic behavior.

10
As_sprayed
——HT_1000 “30.86x43.10
——HT 1100 R%=0.9726
(] THT2000 y=021x+027
o i
Q
ED y=0.11x+0.02
< 014 R2=0.9966
y=0.08x+0.03
R?=0.9978
0.01 ——————
1
log 1/(h-h,)), 1/um

Figure 6. H? = f(1/h — hy) dependence for 30 mN indentation load for coatings as-sprayed and
heat-treated at 1000 °C (HT_1000), 1100 °C (HT_1100), and 1200 °C (HT_1200).

As seen in Figure 6, during 30 mN indentation a decrease in log H? was visible, which
suggests that the mechanical properties did not change throughout the mechanical tests
(due to substrate or resin, which may have interfered with the mechanical response of
the coating).

3.4.2. Scratch Tests

The scratch test shows a large scatter of coefficient of friction (COF) values
(Figure 7a—d) during the test due to a large surface roughness and low coating thick-
ness (<20 pm). A reduction in the COF scatter is observed for the YSZ coating heat-treated
at 1200 °C. The wear tracks on the as-sprayed (Figure 7a) and 1000 °C heat-treated sam-
ples (Figure 7b) show visible amounts of debris left after the probe movement. In the
case of the HT1100 sample (Figure 7c), no acoustic emission (AE) peaks were observed,
even though penetration of the coating was seen. The critical load (Lc) values in that case
were determined by the applied force (Fz) fluctuation with a corresponding drop in the
coefficient of friction as well as presence. Scratch hardness was calculated (Table 3) using
Equation (3) [26]:

HSp = P/ mw? (3)

where HSp is the scratch hardness, P is the normal force corresponding to the respective
critical load, and w is the scratch width at the corresponding normal load.

Both the HT1100 (Figure 7c) and HT1200 (Figure 7d) samples exhibited an increase
in the first Lc as well as a decrease in COF and wear track width, suggesting improve-
ment of the mechanical resistance of the 8YSZ coatings after being subjected to high
temperatures [5]. An increase in the mechanical properties was also observed during
nanoindentation (Figure 5a) and was attributed to observed necking between deposited
8YSZ particles (Figure 4b,c) and crystallite growth (Table 2) [32].
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Figure 7. The scratch test results of the coatings (a) as-sprayed, (b) heat-treated at 1000 °C, (c) heat-
treated at 1100 °C, and (d) heat-treated at 1200 °C. The bottom graph illustrates the optical micro-
graphs of the scratch at the specified distances.

Table 3. Scratch test results and calculation data.

As-Sprayed HT1000 HT1100 HT1200
0.84 N 142N 323N 3.69N
Critical Load (P/Lc) 238N Z?g E 444N
4:25 N
0.23 mm 0.21 mm 0.09 mm 0.09 mm
Scratch width (w) 0-23 mm 8}2 $$ 0-14 mm
0.13 mm
5.05 MPa 10.25 MPa 126.93 MPa 145.01 MPa
Scratch hardness (HSp) 14.32 MPa ig;g ﬁg: 72.11 MPa

80.05 MPa
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3.5. Flame Resistance Test
3.5.1. Heating—Cooling Curves

The flame tests of uncoated samples, as well as the samples with thin coating, resulted
in immediate cracking due to a high temperature gradient ending the tests prematurely.
Only the thick samples (25.4 mm diameter, 5.5 mm substrate thickness) with a thick
8YSZ layer heat-treated at 1200 °C did not break during the initial stage of the flame test,
signifying that the thermal shock cracking of the substrate was averted. After about 12 min
of the test, the 550 um thick coating was delaminated from the sample (Figure 8). The
precise cause of the delamination remains unclear to the author. One potential explanation
for this phenomenon is the difference in the coefficient of thermal expansion (CTE) between
the 3YSZ-10MWCNT substrate and the 8YSZ coating. This thermal mismatch can give
rise to interface stresses, particularly during rapid heating, as observed in the conducted
experiment. The degradation of the thermal barrier coatings was previously described by
other authors [33].

700

] —550 um
600 - — 250 um

Temperature, °C
N |68 > a1
) ) e )
e} e} -} (e}
1 M 1 M 1 M 1

100 -

0 250 500 750 1000 1250 1500 1750 2000
Time, s

Figure 8. Temperature at the back side of the samples (coated with 250 and 550 pm thick coating
heat-treated at 1200 °C) during flame torch test.

3.5.2. Flame-Tested Surface Cross-Sections

The LM micrograph presents the surface topography after flame tests (Figure 9a).
The flame tests resulted in damage to the coating, showing both cohesive (Figure 9¢) and
adhesive failure (Figure 9b) of the coating. The area of cohesive fracture covered most of
the coated surface, signifying that the cohesion strength between sublayers of the coating
was lower than the coating—substrate adhesion. Even after the delamination of the coating,
some mechanically interlocked particle areas were visible (Figure 9b). While the coating
was damaged during the flame test, the surface underneath the coating exhibited no signs
of carbon nanotube oxidation.
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Coating
(Cohesive Failure)

Coating

500 pm

Figure 9. 8YSZ-coated surface of samples heat-treated at 1200 °C after flame torch test (a) an overview
of the entire sample surface, (b) a close-up view of region 1, which is marked in (a), and (c) a close-up
view of region 2, which is marked in (a).

3.6. Coating of Shell-Shaped 3YSZ-CNT Composite

In order to demonstrate the scalability of the aerosol deposition process for the fabrica-
tion of end-components, the proposed spraying methodology was implemented to coat
@75 mm diameter shell-shaped 3YSZ/CNT composites, which serve as an illustrative ex-
ample of components used in this form in the aerospace industry, as described in our prior
paper [20]. The coating was applied both to the face and sides of the substrate (Figure 10a)
in a two-step coating process (face and sides coated separately), showing no delamination
prior to or after the heat treatment process on most of the coated area due to good adhesion
and the special holder that covered the previously coated area. The edges of the substrate
(Figure 10b) proved more difficult to shield from erosion caused by rebounded particles
from the substrate-holding elements.

N N

L ea RN e -

(a) (b)

Figure 10. 8YSZ-coated 3YSZ-CNT shell-shaped composite heat-treated at 1200 °C: (a) face and
(b) sides of the composite.
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4. Conclusions

The aim of this research was to achieve effective oxidation protection for a 3YSZ/CNT
composite substrate by applying an 8YSZ coating without the use of bond-coat and
TGO sublayers.

The conducted studies demonstrated a considerable enhancement in the mechanical
properties following the application of a heat treatment. The heat treatment at 1200 °C was
identified as the most beneficial, as evidenced by the X-ray diffraction and SEM results,
which indicated a reduction in diffusion and crystallite growth, as well as a decrease in
residual stress within the coating. This resulted in an increase in the first critical load,
hardness, and elastic modulus, from 0.84 N, 0.16 GPa, and 6.1 GPa in the coating’s as-
sprayed state to 3.69 N, 1.33 GPa, and 35.8 GPa in the 1200 °C heat-treated state, respectively.
The objective of achieving oxidation protection was accomplished not only through the
application of the 8YSZ coating, which exhibits inherent thermal insulating properties, but
also by enhancing the coating’s adhesion to the substrate. Furthermore, the fact that the
coating predominantly exhibited cohesive failure after testing indicates that it maintained
its integrity as an oxidation barrier, thereby ensuring continued protection of the substrate.

The developed technology, though requiring further optimization in composition and
process, represents a significant step towards the cost-efficient, simplified manufacturing of
bond-free thermal barrier coatings for extreme environments such as aerospace components
(e.g., turbine engines), automotive components (e.g., low-heat-rejection engines), and
energy sectors (e.g., advanced nuclear components) [1-3].
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