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Abstract

In the last few years, numerous efforts have been explored to add metal-based (nano)powders into SizN4
to prepare particle reinforced SizsNs-based composites using hot pressed sintering, pressureless sintering
or hot isostatic pressing. However, all of these methods generally require sintering temperature up to
2000 °C, long hold times and/or high applied loads as well as sintering aids due to its high melting point
and low self-diffusion coefficient. Until now, most of the SisN4-based composites are fabricated by using
traditional powder techniques, but the grain sizes of the composites are limited to the micrometer range,
and the dispersion of metal-compound particles is not homogeneous. In recent years, it has been proven
that polymer-derived ceramic (PDC) approach can prepare ceramic composites to reach nano scale,
showing outstanding behavior at (ultra)high temperatures. Moreover, single-source precursors (SSPs)
can be easily tailored by the design of the molecular precursor, which provides the possibility of
designing ceramic nanocomposites with unique phase compositions, microstructures, properties.
Therefore, the PDC route is considered to be the most promising approach in fabrication of
homogeneous ceramic nanocomposites with unique nanostructures by pyrolysis of suitable SSPs at low
sintering temperatures. The motivation of this thesis is to further develop the concept for fabrication of
SiHf(B)N ceramic nanocomposites with versatile properties by molecular design of their SSPs and to

gain a better understanding of the manyfold “composition-structure-property” interrelationship.

With this motivation, additive-free amorphous bulk SiHfN ceramic was fabricated using SSP synthesis
plus warm pressing. The densification mechanism of warm-pressing in-situ consolidation of preceramic
polymer powders was identified based on cross-linking reactions monitored by TGA/DTA and FT-IR
measurements. The critical problems concerning gas evolution and crystallization inducing bloating and
cracking are addressed through controlled thermolysis and pressure. Then the microstructural evolution
of the polymer-to-ceramic transformation was characterized using XRD, TGA, elemental analysis, SEM
and TEM. The results indicate that the incorporation of Hf in perhydropolysilazane (PHPS) not only
increases the ceramic yield (97.4 wt%) and crystallization resistance (1300 °C), but also suppresses the
transformation from a-SisNs to B-SisNs at high temperatures (1700 °C). The high-temperature
microstructural evolution of the amorphous SiHfN ceramic demonstrates that a- and B-SisNs were
obtained during the high-temperature treatment (1500 °C, 1700 °C) and form a matrix, in which nano-
sized HfN crystallites were homogeneously dispersed. Furthermore, the nanohardness and
microhardness of the obtained additive-free amorphous bulk SiHfN ceramic are up to 17 GPa and 19.6
GPa, respectively, which shows a significant improvement in comparison to most of the reported

amorphous and polycrystalline Si3Ns-based ceramics.

The second focus of this Ph.D. work is the synthesis of y-SizN4/Hf3N4 ceramic nanocomposites as well
as the investigation of the relationship between mechanical properties and nanostructures. The phase

evolution of single-phase amorphous SiHfN ceramic was studied in-situ at HP-HT conditions with
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energy-dispersive X-ray diffraction (ED-XRD) using synchrotron radiation. The results show that the

amorphous SiHfN phase starts to separate into y-Si3N4 and HfsNy4 from 1090 °C under 19.5 GPa. There
are no further structural changes in the XRD patterns up to ~1570 °C, while rock salt-type HfN was
observed at temperature far beyond 1570 °C, indicating that HfsN4 decomposes into rock salt-type HfN
and N at that temperature. Therefore, the optimal HP-HT conditions for the formation and stability of
the y-Si3N4/Hf3N4 ceramic nanocomposites was determined as 20 GPa and 1500 °C. Furthermore, the
investigation of mechanical properties reveals that the fracture toughness of the resultant y-SizsN4+/Hf3Ny4
(6.98 MPa m'?) ceramic nanocomposite exhibits a significant improvement over pure y-SizN4 (3.5 MPa
m'?) without sacrificing the hardness of the material, making it a competitive ceramic candidate for

technological applications in harsh conditions.

The third focus of this Ph.D. work is placed on the synthesis of novel polymer-derived SiHfBN ceramics.
They were prepared via the heat treatment of a series of B/Hf-containing SSPs which were synthesized
by the modification reaction of PHPS with borane dimethyl sulfide complex (BMS) and
tetrakis(dimethylamido) hafnium(IV) (TDMAH). The chemical reaction to synthesize the SSPs was
confirmed by FT-IR and XPS, in which both Si—H and N—H groups of PHPS react with BMS and
TDMAH. The polymer-to-ceramic conversion was characterized using TGA/TDA, FT-IR as well as
XPS. The SiHfBN precursors synthesized using BMS and TDMAH lead to high ceramic yield (= 100
wt.%) upon pyrolysis at 1000 °C under ammonia atmosphere, which is higher than those of the pristine
PHPS (78 wt%), boron-modified PHPS (92 wt%) and hafnium-modified PHPS (97 wt%). The resultant
SiHfBN ceramic exhibits high-temperature resistance against crystallization up to 1500 °C. The
conversion of the amorphous SiHfBN ceramics into SisN4/HfBxN;.x ceramic nanocomposites was
observed by XRD after annealing at 1700 °C in N, atmosphere, and extensive TEM characterizations
reveal the homogeneous dispersion of HfBxN ., in the Si3N4 matrix. Furthermore, the oxidation behavior
of warm-pressed bulk SisN4+/HfBN.x ceramic nanocomposites was investigated at 1500 °C, indicating
that the Si0,-B,0s glass (i.e., borosilicate) formed between low-viscous B>O; and high-viscous SiO»

glass leads to a dense and continuous protective barrier against inward diffusion of O..

In summary, the present Ph.D. work deeply investigated the single-source-precursor synthesis, polymer-
to-ceramic conversion, the microstructural evolution of final SIHf(B)N ceramics as well as densification
of SiHf(B)N ceramic nanocomposites without sintering additives. The main findings are as follows: (1)
Novel single-source precursors are successfully synthesized via chemical reactions; (2) Additive-free
bulk SiHf(B)N ceramics could be fabricated using the PDC route plus warm pressing; (3) SisN«/X (X =
HfN, HfsN4) ceramic nanocomposites with a homogeneous microstructure can be obtained by further
annealing at higher temperatures. Moreover, the correlations between molecular design, compositions,
microstructure and properties of the SIHf(B)N ceramic nanocomposites were carefully discussed, which
provides new insights into the design and synthesis of metal-compound-modified Si-based ceramic

nanocomposites via the PDC approach.
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Zusammenfassung

In den letzten Jahren wurden zahlreiche Versuche unternommen, Metall-basierte (Nano-)Pulver in SizNy4
einzubringen, um partikelverstérkte Verbundwerkstofte auf Si;N4-Basis durch HeiBpressen, druckloses
Sintern oder heiBisostatisches Pressen herzustellen. All diese Verfahren erfordern jedoch
Sintertemperaturen von bis zu 2000 °C, lange Haltezeiten und/oder hohe Driicke sowie die Zugabe von
Sinteradditiven aufgrund des hohen Schmelzpunkts und niedriger Selbstdiffusionskoeffizienten. Bislang
werden die meisten Verbundwerkstoffe auf SizNs-Basis mit Hilfe traditioneller Pulvertechniken
hergestellt, doch sind die Korngrofen der Verbundwerkstoffe auf den Mikrometerbereich beschrankt,
und die Metallverbindungspartikel sind nicht homogen verteilt. In den letzten Jahren hat sich gezeigt,
dass mit dem PDC-Verfahren (Polymer-Derived) keramische Verbundwerkstoffe im Nanometerbereich
hergestellt werden kdnnen, die ein hervorragendes Verhalten bei (ultra)hohen Temperaturen zeigen.
Dariiber hinaus kdnnen sogenannte Einkomponentenvorstufen (Single-Source-Precursor (SSP)) mit auf
molekularer Ebene gezielt eingestellter Zusammensetzung synthetisiert werden, was die Moglichkeit
bietet, daraus keramische Nanoverbundwerkstoffe mit einzigartiger Phasenzusammensetzung,
Mikrostruktur und Eigenschaften herzustellen. Daher gilt die PDC-Route als der vielversprechendste
Ansatz zur Herstellung homogener keramischer Nanokomposite durch Pyrolyse geeigneter SSP bei
niedrigen Temperaturen. Ziel dieser Arbeit ist, SiIHf( B)N-Nanokomposite mit vielseitigen Eigenschaften
durch molekulares Design geeigneter Einkomponentenvorstufen herzustellen und die Zusammenhénge

zwischen Zusammensetzung, Mikrostruktur und Eigenschaften zu analysieren.

Aus diesem Grund wurde eine additivfreie amorphe SiHfN-Keramik durch SSP-Synthese und
Warmpressen hergestellt. Die Verdichtung der prikeramischen Polymerpulver erfolgte durch
Warmpressen, begleitet durch TGA/DTA- und FT-IR-Messungen. Die kritischen Faktoren bei der
Polymer-Keramik-Transformation sind Gasentwicklung und Kristallisation, die zu Aufbldhung und
Rissbildung der Proben fiihren kénnen und die durch kontrollierte Thermolyse und Druck beeinflusst
werden konnen. Nach der Polymer-Keramik-Umwandlung wurde die Entwicklung der Mikrostruktur
mit Hilfe von XRD, TGA, Elementaranalyse, SEM und TEM charakterisiert. Die Ergebnisse zeigen,
dass der Einbau von Hf in Perhydropolysilazan (PHPS) nicht nur die Keramikausbeute (97.4 wt%) und
die Kristallisationsbestidndigkeit (1300 °C) erhoht, sondern auch die Umwandlung von a-SizNy4 in B-
Si3N4 bei hohen Temperaturen (1700 °C) unterdriickt. Die mikrostrukturelle Entwicklung der amorphen
SiHfN-Keramik bei hohen Temperaturen =zeigt, dass o- wund p-SizNs wihrend der
Hochtemperaturbehandlung (1500 °C, 1700 °C) gebildet wurden und eine Matrix bilden, in der HfN-
Nanokristalle homogen verteilt sind. Dariiber hinaus betragen die Nanohédrte und die Mikrohérte der
erhaltenen additivfreien amorphen SiHfN-Keramik bis zu 17 GPa bzw. 19.6 GPa, was eine deutliche
Verbesserung im Vergleich zu den literaturbekannten amorphen und polykristallinen Si3Ngs-basierten

Keramiken darstellt.
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Der zweite Schwerpunkt dieser Doktorarbeit ist die Hochdrucksynthese keramischer y-SizN4/Hf3Na-

Nanokomposite sowie die Untersuchung der Zusammenhénge zwischen mechanischen Eigenschaften
und Nanogefiige. Die Phasenentwicklung der einphasigen amorphen SiHfN-Keramik wurde in-situ
unter HP-HT-Bedingungen mit energiedispersiver Rontgenbeugung (ED-XRD) unter Verwendung von
Synchrotronstrahlung untersucht. Die Ergebnisse zeigen, dass die amorphe SiHfN-Phase ab 1090 °C bei
19.5 GPa beginnt, sich in y-Si3N4 und Hf3N4 umzuwandeln. In den Rontgendiffraktogrammen sind bis
~1570 °C keine weiteren strukturellen Verdnderungen zu erkennen, wihrend bei Temperaturen weit iiber
1570 °C HfN mit Kochsalzstruktur vorliegt, was darauf hindeutet, dass sich Hf3N4 bei dieser Temperatur
zu HfN und N, zersetzt. Daher wurden die optimalen HP-HT-Bedingungen zur Bildung stabiler
keramischer y-SizN4+/Hf;N4-Nanokomposite auf 20 GPa und 1500 °C festgelegt. Dariiber hinaus zeigt
die Untersuchung der mechanischen Eigenschaften, dass die Bruchzédhigkeit des entstandenen
keramischen Nanokomposits aus y-SisN4/Hf3N4 (6.98 MPa m'?) eine deutliche Verbesserung gegeniiber
reinem y-SisNy (3.5 MPa m!”?) aufweist, ohne dass die Hérte des Materials darunter leidet. Dies macht
den Nanokomposit zu einer wettbewerbsfahigen Keramik fiir technologische Anwendungen unter

harschen Bedingungen.

Der dritte Schwerpunkt vorliegender Doktorarbeit liegt auf der Synthese neuartiger SIHfBN-Keramiken
auf Polymerbasis. Die Keramiken wurden durch die Warmebehandlung einer Reihe von B/Hf-haltigen
SSPs hergestellt, die durch Modifikation von PHPS mit Boran-Dimethylsulfid-Komplex (BMS) und
Tetrakis(dimethylamido)-Hafnium(IV) (TDMAH) synthetisiert wurden. Die chemische Reaktion, bei
der sowohl die Si-H- als auch die N-H-Gruppen von PHPS mit BMS und TDMAH reagieren, wurde
durch FT-IR und XPS bestitigt. Die Umwandlung des Polymers in die Keramik wurde mit TGA/TDA,
FT-IR und XPS charakterisiert. Die unter Verwendung von BMS und TDMAH synthetisierten SiHfBN-
Vorstufen fiihren bei der Pyrolyse bei 1000 °C unter Ammoniakatmosphidre zu einer hohen
Keramikausbeute (= 100 wt%). Diese ist hoher als die des reinen PHPS (78 wt.%), des mit Bor
modifizierten PHPS (92 wt%) und des mit Hafnium modifizierten PHPS (97 wt%). Die resultierende
SiHfBN-Keramik weist eine hohe Temperaturbestandigkeit gegen Kristallisation bis zu 1500 °C auf.
Die Umwandlung der amorphen SiHfBN-Keramik in keramische SisN4/HfBN;. -Nanokomposite
wurde mittels XRD ab 1700 °C in Nj-Atmosphére analysiert, und umfangreiche TEM-
Charakterisierungen zeigen die homogene Verteilung von HfBxN . in der SizsN4-Matrix. Dariiber hinaus
wurde das Oxidationsverhalten warmgepresster SizN4/HfBxN;_x-Nanokomposite bei 1500 °C untersucht,
was darauf hindeutet, dass das zwischen niedrigviskosem B,O3 und hochviskosem SiO,-Glas gebildete
Si0,-B20;3-Glas (Borsilicatglas) zu einer dichten und kontinuierlichen Schutzschicht gegen Diffusion

von O, in das Materialinnere fiihrt.

Zusammenfassend kann gesagt werden, dass in der vorliegenden Doktorarbeit die Single-Source-
Precursor-Synthese, die Polymer-zu-Keramik-Umwandlung, die mikrostrukturelle Entwicklung der

SiHf(B)N-Keramik sowie die Verdichtung von SiHf(B)N-Keramik-Nanokompositen ohne
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Sinteradditive eingehend untersucht wurden. Die wichtigsten Ergebnisse sind wie folgt: (1) Synthese

neuartiger Single-Source-Prikursoren; (2) Herstellung additivfreier SiHf(B)N-Keramik iiber die PDC-
Route via Warmpressen; (3) Bildung keramischer SisN«/X (X = HfN, Hf3N4) Nanokomposite mit
homogener Mikrostruktur durch weiteres Erhitzen bei hoheren Temperaturen. Dariiber hinaus wurde die
Korrelation zwischen molekularem Design, Zusammensetzung, Mikrostruktur und Eigenschaften der
SiHf(B)N-Nanokomposite untersucht, die neue Erkenntnisse zum Design und zur Synthese
metallverbindungsmodifizierter keramischer Nanokomposite auf Si-Basis iiber den PDC-Ansatz

ermoglicht.
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1. Introduction and motivation

Silicon nitride (Si3N4) exists in three modifications, the well-known o- and B-Si3N4, and a newly high-
pressure synthesized y-SizsN4. The practical application of y-SizsN4 has been rarely reported, but it has
potential to be used as a super hard material due to its high hardness (ca. 43 GPa) and shear modulus
(ca. 148 GPa) [1, 2]. a/B-SisN4 are advanced ceramic materials that meet the requirements of mechanical,
electronic, decorative and microwave-transparent applications because of its excellent properties, such
as chemical stability, high mechanical strength, fracture toughness, wear resistance, high modulus of
elasticity, dielectric properties and low thermal expansion. Moreover, the density of a/B-SizN4 is ca. 3.2
g-cm?, which is only about 40% that of high-temperature superalloys. This combination of properties
makes it an attractive candidate to replace metallic components that are conventionally used as structural
materials [3-5]. However, it is very difficult to produce fully dense Si3N4-based ceramics due to its high
melting point and low self-diffusion coefficient. As a consequence, numerous efforts have been explored
to assist the densification, such as by introducing sintering additives and/or using pressure-assisted
techniques (e.g., hot-pressing, spark plasma sintering and gas pressure sintering) [5-8]. The sintering
additive leads to the formation of intergranular glassy phases located at the SizsN4 grains boundary and
unavoidably impair the high temperature behavior such as oxidation/corrosion, creep resistance and
strength. Although pressure-assisted sintering promotes the densification of the sample, this method is
quite complicated and costly, and has serious limitations when it comes to preparation of products with
complex shapes. Therefore, introducing new preparation method to fabricate fully dense SizNs-based
ceramics without sintering aids becomes of technological interest for the application of SisN4at elevated

temperatures and under harsh conditions.

Recently, it has been discovered that ceramic composites with nano-reinforcing phases show outstanding
behavior at (ultra)high temperatures, which leads to a “Ceramic Nanocomposites Concept” [9, 10].
Therefore, ceramic nanocomposites have become a hot research topic and achieved some progress
recently [10-12]. For example, TiN/Si3N4 nanocomposites were prepared by nano-sized amorphous
Si3N4 (20 nm), a-Si3N4 (100 nm) and TiN (40 nm) powders using hot pressing. The flexural strength and
fracture toughness of the obtained nanocomposites were found to be ca. 675 MPa and 7.0 MPa-m'?,
respectively, which were higher than that of SisN4 without the incorporation of TiN nanophase (500 MPa
for flexural strength and 6.0 MPa-m'? for fracture toughness) [13]. However, there are difficulties in the
preparation of ceramic nanocomposites by conventional powder techniques. The major challenge is the
restriction of grain growth during preparation. Another difficulty is the inability to ensure final products
with homogeneous and stable structures because of agglomeration of starting nanopowders. In the
context of this issue, the development and adoption of advanced processing techniques have been the

subject of extensive research over the last few decades.
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The polymer-derived ceramic (PDC) route is considered to be the most promising method for the

preparation of amorphous and/or multielement ceramic nanocomposites by pyrolysis of suitable single-
source precursors at low sintering temperature. On the one hand, the polymeric single-source precursors
(SSPs) can be tailored at the molecular level, final products with tunable chemical composition and
homogeneous elemental distribution can be consequently achieved. On the other hand, pyrolysis of the
SSPs can be controlled to obtain amorphous and/or nanocrystalline materials at different temperatures,
which provides access to metastable compounds compared to other synthesis approaches. Another
advantage is that polymer shaping techniques can be applied for PDCs due to the polymer properties of
preceramic polymers. This provides the possibility to prepare complex shapes and shapes which are
difficult to achieve by traditional powder-based route, such as layers, fibers and ceramic matrix
composites. In consequence, the PDC route opens up a great opportunity to prepare novel ceramic
nanocomposites with various compositions, states and complex shapes. Over the past few decades, series
of single-phase amorphous SIMN/SiMC/SiIMBCN (M= transition metal) ceramics [14-16], carbide as
well as nitride ceramic nanocomposites (e.g., SIC/HfC [17], SiC/TaC [18], SisN+/HfN [19]) were
prepared starting from suitable metal-modified precursors which were ceramized and subsequently

annealed at high temperatures.

As aforementioned, Si3Ns-based ceramic is a covalent compound and self-diffusion coefficient is too
low to be fully consolidate. Thus, it is necessary to develop alternative processing techniques that can
avoid the use of sintering aids to allow the production of Si3Ns-based ceramic with a compositional
homogeneity. In a recent study, a new strategy based on the PDC route in combination with a warm-
pressing process has been developed and has attracted increasing attention due to avoiding the use of
sintering additives while maintaining a high density. The innovative idea behind this procedure is that
the density of the final product is designed by the atomic composition and the structure of the preceramic
polymer as well as low-temperature (< 300 °C) warm pressing conditions. Moreover, amorphous
ceramic monoliths and their composites can be obtained by adjusting the pyrolysis temperature, which
is difficult to achieve by the traditional powder-based route. Amorphous SiHfBCN ceramic monoliths
with low-rate parabolic oxidation behavior were first reported by Yuan et al. using the PDC route and
uniaxial warm pressing [20]. In the same period, Bechelany et al. reported the investigation of TiN@a-
Si3N4 (a=amorphous) bulk ceramic nanocomposites fabricated by the PDC route and warm-pressing
method, in which TiN nanocrystallites are homogeneously embedded in an amorphous Si3N4 matrix [21].
The nanohardness of the obtained nc-TiN@a-SizN4 is comparable to that of Si3N4 obtained at 1850 °C
(24.9 GPa) [22] and the microhardness is higher than that of TIN@Si3N4 composites prepared by SPS
[23]. The above methods open a new strategy to fabricate additive-free amorphous Si3N4- and
polycrystalline Si3Ns-based (nano)composites. Parts of this Ph.D work are carried out based on the

above approaches.

High pressure high temperature (HPHT) synthesis is another attractive method to prepare dense SizN4
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ceramic without sintering aids. Moreover, High pressure condition prevents the recrystallization process

and limits the grain growth owing to the reduced diffusion of atoms and short holding times at the final
synthesis temperature. Dense and submicron-sized (263 nm) B-SizNs monolithic samples were
synthesized using micron-sized a-Si3Ns powders (2 pm) as the starting material under HPHT conditions
[24]. The measured Vickers hardness of the as-obtained -Si3N4 could reach up to 20 GPa, approaching
the limit value of the single crystal B-SizsN4. This study indicates that HPHT technique is an efficient
pathway to synthesize dense and micron/nano-sized ceramics without sintering aids. Furthermore, y-
Si3N4 possessing a spinel-type structure was discovered under HPHT in 1999 [1]. The studies show that
v-SisN4 is one of the hardest material after diamond and cubic boron nitride (cBN), and has higher
thermal stability than diamond and cBN, making it a competitive candidate for technological
applications in harsh conditions (e.g. drill head, abrasive and cutting tools) [25, 26]. Therefore, the
synthesis of y-Si3N4 has attracted great attention and made some progress in the recent years [1, 25-27].
However, the research on the synthesis of y-SizN4-based ceramic nanocomposites as well as the
investigation of their mechanical properties has not been reported yet and it is still a challenging work
for the preparation of y-Si3Ns-based nanocomposites due to the limitations of suitable starting materials
and HPHT techniques. In the present Ph.D. work, the successful synthesis of y-SisN4+/Hf3N4 ceramic

nanocomposites will be explored based on the PDC route in combination with HPHT technology.
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2 Literature review

In this chapter, the fundamentals and basic principles underlying the scientific findings of the present
thesis are introduced and discussed with respect to the latest research developments. Therefore, the main
objective of this chapter is to provide a literature review of polymer-derived ceramics (PDCs), Si3Ny
ceramics and ceramic composites from various sources, prioritizing fundamentals and results associated

with the main topic.
2.1 Polymer-derived ceramics (PDCs)

In the following subchapters, the basic background of PDCs will be given, focusing on an overview in
the PDC field, and the synthesis of preceramic precursors as well as the processing and thermal
conversion of PDCs. Additionally, a short introduction in polymer-derived ceramic nanocomposites

(PDC-NCs) will be given.
2.1.1 PDC route: principle, history and recent developments

The PDC route is a relatively young technology for ceramic manufacturing compared with ceramic
powder technology, which brings a significant technological breakthrough for the development of
ceramic science and technology. The principle of PDCs is to prepare ceramics with desired properties
by the thermolysis of inorganic/organometallic polymers (denoted as preceramic precursors) in a
controlled atmosphere. There are several types of preceramic precursors for the synthesis of PDCs:
precursors to oxides, carbides and nitrides, are used to prepare such ceramics as SiOC, SiC, SizNa4, SiCN,
BCN and TiC. The research of PDC precursors have been predominantly focused on silicon-based
systems because they are developed based on silicon chemistry. A general formula of an organosilicon
polymer is presented in Figure 2. 1. The backbone X defines the class of the polymer, such as
poly(organosilanes) with X=Si, poly(organosiloxanes) with X=0, poly(organocarbosilanes) with
X=CHa, poly(organosilazanes) with X=NH, and poly(organosilylcarbodiimides) with X=[N=C=N]. The
functional groups R' and R? attached at the silicon atoms are usually hydrogen, aliphatic or aromatic
groups, which provides opportunities to design polymer precursors at the nanoscale level. Therefore, the
chemical composition and microstructure of the synthesized ceramics can be tuned by appropriate
control of organic side groups (R! and R?) and process parameters to tailor products to suit the specific

requirements of specific applications, which will give more details in the next section.
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Figure 2. 1 Schematic diagram of general molecular structure of preceramic organosilicon compounds

[28].

The timeline in the research field of PDCs is shown in Figure 2. 2. The conversion of polymer precursors
to ceramics was first reported by Fritz and Raabe in 1956 [29], in which the thermal decomposition of
Si(CH3)4 and Si(C,Hs)s to form Si—C bonds was investigated, despite the original purpose of this
pioneering work was not to synthesize SiC precursors. In the early 1960s, a series of molecular
precursors have been gradually reported for the preparation of non-oxide ceramics via polymer-to-
ceramic transformation process [30, 31]. However, as shown in the Figure 2. 2, the studies during this
period were focused on the synthesis of binary PDCs. Since the works reported by Veerbeck [32, 33],
Winter [34], and Yajima [35-39] in 1970s, numerous studies has been conducted and developed to better
understand chemical synthesis of precursors, polymer-to-ceramic conversion process, and their
microstructural evolution at high temperatures. Furthermore, they demonstrated the possibility of
producing small-diameter SiC-based and SiC/Si3zNs-based ceramic fibers with excellent mechanical
properties by thermolysis of polymeric precursors for applications at high temperatures, leading to a
further explosion in the preparation of different types of PDCs from various polymeric precursors.
Chemical modifications of the polymeric precursors were also developed on similar lines to tailor the
compositions of polymeric precursors and thereby produce ternary ceramics (Figure 2. 1). Until then,
significant improvements have been made in the development of preceramic polymers with controlled
microstructures and processing behaviors, which eventually resulted in the development of non-oxide
binary and ternary PDCs, such as SiC, Si3N4 and SiCN. Quaternary SiBCN ceramics with exceptional
thermal-mechanical properties, such as stability against creep, oxidation, crystallization and phase
separation, were reported at around 20 century [40-42]. For example, Riedel et al. reported outstanding
thermal stability of polymer-derived SiBCN ceramics which were able to withstand decomposition and
creep up to 2200 °C [42]. Recently, the research of PDCs were expanded pentanary (e.g., SIHfBCN [43]
and SiHfTaCN [44]) and even higher systems (e.g., SIHFBCNO [45]). Recent advancements in the
manufacturing processes, such as spark plasma sintering (SPS) [17], photocrosslinking and pyrolysis
[46], precursor infiltration and pyrolysis [47], hot pressing [48] and hot isostatic pressing [49], also have

paved the way for the preparation of PDCs with superior mechanical properties. In addition, the focus
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in PDC research also expanded towards synthesizing porous ceramics with controllable pore sizes and
morphologies for specific functional applications such as energy storage [50, 51], catalysis [52] and

anode materials for lithium-ion batteries [53].
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Figure 2. 2 Time line of the evolution of research in the PDC field from 1956 to present [54].
2.1.2 Synthesis of preceramic precursors

Synthesis of the preceramic precursors is a critical step in preparation of PDCs, since not only the phase
composition and distribution but also the microstructure of the finally obtained ceramics are strongly
influenced by the molecular structure of the preceramic precursors. In order to prepare the PDCs with
expected chemical and physical properties, several types of organosilicon precursors for advanced
ceramics have been synthesized by design of the precursors at the molecular level. A general
oversimplified formula of Si-based precursors was shown as Figure 2. 3, it can be basically categorized
according to X groups located in the backbone of the polymer molecular. The chlorosilanes (RxSiCla,
x =0 — 3, R = organic group) are the most frequently used raw materials for the synthesis of Si-based
precursors because of their high reactivity, commercial availability and low cost. As shown in Figure 2.
3, the synthetic route of Si-based precursors is usually achieved through the reaction of organic
chlorosilanes with alkali metal such as lithium/sodium/potassium or ammonia/amines or water to yield

polysilanes, polycarbosilanes, polysilazanes and polysiloxanes, respectively [28].
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Figure 2. 3 General synthesis routes of various organosilicon polymers [28, 55].

It is worth mentioning that the side groups R; and R» also have an important effect on the properties of
precursors. They can be easily substituted or modified by many different kinds of functional groups or
organic compounds, leading to tailored solubility, rheological property, chemical reactivity and thermal
stability and they influence the ceramic yield and structural and functional properties of the finally
fabricated ceramics. In this Ph.D. work, single-source precursor route is used for the synthesis of
hafnium/boron-modified PHPS-based preceramic precursors. Thus, the introduction focuses on the
synthesis of metal-modified PHPS-based single-source precursor. There are three reaction pathways of
Si-based precursors with metal organics, as follows: (1) Organosilicon polymer precursors can be
chemically modified with oxygen-containing metallic compounds such as metal acetylacetonates [56,
57], metal alkoxides [58-61] and metal carbonyls [62-64]. The chemical modification reactions of PHPS
with titanium n-butoxide (Figure 2. 4a) are reported by Iwamoto et al. [65], but only some N-Ti bonds
were observed in the synthesized polymeric precursors by chemical structure analyses using FTIR and
"H NMR. For other Si-based precursors (e.g. Polysiloxanes, Polysilazane, PCS and HTT 1800), Si—-O—

M, N-M or Si-M bonds could be formed with the release of alkanes or acetyl acetonates by-products.
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However, oxygen is inevitably introduced into the finally produced ceramics, and oxide phases formed

in the system have a detrimental effect on the high temperature properties of ceramic. Therefore, the
oxygen-free metal compounds have attracted great attention in recent years. (2) The reaction between
organosilicon polymer precursors and traditional oxygen-free metal compounds such as metallocene [66,
67] and metal halides [68, 69] as well as metal hydrides [70, 71]. Figure 2. 4b shows a typical synthesis
process of poly(aluminasilazane)s precursor via the modification of PHPS with trimethylamine-alane
adduct, AIH3-NMe; [70]. The chemical reaction was found to occur at the N-H groups and the Si—-N
backbone of PHPS, but the reaction of Si—H bond was not observed, indicating the Si—H chemically
inert in the PHPS. Metal-modified other Si-based precursors such as polyvinylsilazane, SMP10 and
HTT 1800) can be obtained with the formation of Si-M or N—M bonds. (3) Oxygen-free metal-modified
precursors can be synthesized by Si-based precursors and metal amido complexes. Compared with the
previous two methods, this is a more advanced and convenient chemical approach for the fabrication of
non-oxide ceramic composites by PDCs. Ti-containing single-source precursor was synthesized by the
chemical reaction of PHPS with tetrakis(dimethylamino)titanium (TDMATi) [21, 72], the resultant
polytitanosilazanes exhibited the proper requirements for facile processing whether in solution, melt or
solid. This approach offers the possibility to design new controllable nanostructured hybrid composites
and shows potential applications in ceramic coatings and fibers by tuning the viscosity of the precursors.
Later, Zhou et al. reported that PHPS can be chemically modified by tetrakis(dimethylamido)
hatnium(IV) (TDMAH) [19]. It is worth mentioning that the chemical modification took place at both
Si—H and N-H groups in those two metal-modified PHPS precursors (Figure 2. 4¢,d). Furthermore, the
introduction of metal compounds results in improving in the cross-linking degree and ceramic yield of

the precursor via dehydrocoupling.
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Figure 2. 4 Chemical modification of PHPS with (a) titanium n-butoxide [65], (b) aluminum hydride
(trimethylamine-alane) [70], (c¢) and (d) tetrakis(dimethylamido) hafnium(IV) [19], respectively.

2.1.3 Processing and thermal conversion of PDCs

The polymeric nature of the preceramic precursors before heat treatment provides possibility to use
plastic-forming technologies for the processing of several novel advanced ceramics with complex shapes
that cannot be obtained by powder technology, such as continuous ceramic fibers, coatings, films,
ceramic matrix composites, unique porous structures as well as dense monoliths prepared at relatively
low temperatures [28, 73]. Unlike traditional powder technology, PDC method does not require any
binder, thus simplifying the process and avoiding possible residues. Table 2. 1 and Figure 2. 5 list
(shaping of the precursors) recently reported processing techniques applied in the PDC route and

interested readers will find more useful information in cited literatures.
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Table 2. 1 Processing techniques applied in the PDC route and ceramic part derived therefrom.

Processing Technique Polymer derived ceramics

SiOC coatings by spraying [74], CVD [75]
Coatings
SiBCN films via spin-coating [76], direct writing [77]

Polysiloxane-derived porous SiC ceramics [78]
Extrusion
Si01.34C1.2580.15 parts [79]

Si3N4 ceramic based 3D printing [80]
Additive manufacturing
SiCN cellular structures from 3D printed lattices [81]

SiBCN ceramic fibers by melt spinning [82]
Melt spinning
SiBN ceramic fibers [83]

SiOC and SiCN-based ceramic [84]
Impregnation/infiltration
Porous Si3Ns-SiC (BN) ceramic [85]

Polyborazylene-derived bulk BN [86]
Cold/warm-pressing
Dense SiCN ceramics [87]

SiC [88]
Injection molding
SiOC composites [89]

In situ synthesis of nanowires In-situ growth of SiC nanowires in SiC aerogel [90]

SiC coating by laser pyrolysis [91]
Rapid prototyping
Metal-doped SiOC ceramic lattices [92]

Porous Si/C/(O) bodies by emulsion processing [93]
Emulsion processing

SiOC ceramic foam by emulsion processing [94]
Preceramic polymers by tape casting [95]

Hierarchical porous SiOC via freeze casting [96]

Casting
SiOC ceramic membranes by liquid casting [97]
SiCN by pressure casting process [98]

Si/C/N-ceramics by plastic forming [99]

Plastic forming
SiBCN ceramics by plastic forming [40]

Self-assembly Self-assembled homogeneous SiOC@C/graphene [100]
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A key stage of polymer-derived ceramics is their conversion from polymers to ceramics, which is

achieved by cross-linking followed by pyrolysis of the preceramic polymers. Figure 2. 5 schematically
illustrates the polymer-derived ceramic thermal conversion. As shown by the thermal gravimetric
analysis (TGA) in Figure 2. 5, the microstructural changes of common preceramic polymers can be

divided in four main stages:

(1) Release of oligomers to form thermoset polymeric network at temperatures around 400 °C, namely
crosslinking. There are generally involved in four reactions in crosslinking: hydrosilylation,
dehydrocoupling, transamination and vinyl polymerization. Hydrosilylation occurs in polysilazanes
with Si-H and vinyl groups at 100 — 200 °C, resulting in the formation of Si—C linkages.
Dehydrocoupling starts at ca. 300 °C and leads to the formation of Si—N and Si—Si bonds. The
transamination process takes place in the temperature range of 200 to 400 °C, which is associated with
a mass loss such as the evolution of amines, ammonia or oligomeric silazanes, leading to a decrease of
the nitrogen content in the ceramic products during pyrolysis. The vinyl polymerization process starts

at higher temperatures (>300 °C), which usually do not involve mass loss.

(2) Polymer decomposition and release of hydrocarbons to form amorphous materials in the temperature
range of 400 — ca. 1100 °C, namely pyrolysis. Pyrolysis of the crosslinked polymer precursors occurs
through rearrangement of chemical bonds and radical reactions, and is accompanied with release of
hydrogen, low weight oligomers and hydrocarbons. However, the release of gas results in the formation
of porosity and the weight loss (10 — 30 %). Furthermore, large volume shrinkage inevitably occurs with
the progress of the ceramization process according to a densification mechanism based on surface
reaction and pyrolysis of viscous flow, the linear shrinkage up to 30 % [28]. The pyrolysis process of
the crosslinked materials usually completes between 800 — 1100 °C, and an amorphous material (e.g.
Six0yC,, SixCyN, and SixCy ceramics produced respectively from polysiloxanes, polysilazanes and
polycarbosilanes) is obtained at this temperature as illustrated in Figure 2. 5. Heat treatment at high
temperature (> 1300 °C) will eventually lead to crystallization and/or decomposition (e.g. by

carbothermal reactions).

(3) Dehydrogenation and phase separation to form amorphous materials with nanocrystals in the
temperature range of 1000 — ca. 1500 °C. The amorphous ceramics undergo a phase separation when
exposed to these elevated temperatures, in which SiO,, SiC, SizN4 nanodomains are formed and carbon
is segregated from SiyO,C,, SixCy and SiyCyN, amorphous ceramic matrix [101-103]. The stability of
the amorphous phase is mainly influenced by the addition of other chemical elements such as
carbon/boron/ aluminum [73, 104, 105] and transition metals (e.g. Hf, Zr, Ta) [44, 106, 107]. With the
addition of other elements, the percolation network will form in the amorphous matrix, which acts as
diffusion barriers to prevent local crystallization and keep the size of the nuclei below the critical radius
[108]. Furthermore, the ability to control the nucleation of nanodomains/crystals from amorphous to

crystalline states will result in a significantly different nanostructure and hence different
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]
mechanical/functional properties [28, 51, 109].

(4) Crystallization and decomposition of the amorphous phase to form multiphase crystalline in the
temperature range of 1300 °C to 2000 °C. The nucleation and growth of the crystalline grains from the
amorphous matrix occur at higher temperature (> 1500 °C) due to the increase in atomic mobility and
the lower energy state of the crystalline phase compared to the amorphous phase [28, 110, 111]. In
addition, carbothermal reduction of SiO, and SizN4 takes place at temperature >1500 °C due to the

existence of carbon in SiCO and SiCN ceramics, which leads to the formation of SiC and a further

weight loss [112, 113].
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Figure 2. 5 Schematic of the polymer-to-ceramic transformation and shaping process of polymer-derived

ceramics [28].

In order to ensure low weight loss and minimal shrinkage of the preceramic polymer upon pyrolysis, a
high ceramic yield (o) is desired for the polymer-to-ceramic conversion process in PDCs, which is
beneficial for the densification of ceramic products and leads to a lower tendency to form residual
stresses. Typically, ceramic yield of preceramic polymers is in the range of 70 — 90 % [114]. Ceramic

yield up to 90 % in PDCs has been achieved in the recent reports [115, 116]. The ceramic yield of a
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preceramic polymer is defined by the following equation (2. 1):

Q. = MAasSpyrolyzed ceramic (2 1)

MasSpreceramic polymer
where massyyrotyzed ceramic 1 the mass of the pyrolyzed ceramic and massyreceramic potymer 18 the
initial mass of the preceramic polymer. There are several ways to consider when designing polymer
precursors with higher ceramic yield, such as elemental composition [115, 117] and thermal stability

[118, 119] of the preceramic polymer, crosslinking [120-122], filler [ 123, 124] and structures (branched,

ring and liner) [86, 125, 126] in the backbone, detailed information can be found in the cited literatures.
2.1.4 Polymer derived ceramic nanocomposites (PDC-NCs)

In recent years, ceramic nanocomposites, consisting of more than one Gibbsian phase and one of them
being nanoscaled (less than 100 nm) [127-129], have attracted great attention due to the enhancement
in their properties, such as mechanical, electrical and optical properties [9, 106, 130, 131]. Various
methods have been developed to prepare ceramic nanocomposites, which can be classified into three
categories according to the state of the raw materials: (1) Gas-phase (e.g., sputtering methods [132] and
chemical vapor deposition [133]); (2) liquid-state method is the most widely used, mainly including sol-
gel processes [134], polymer-derived ceramic route [127], intercalation techniques [135], spray
conversion [136], combustion synthesis [137]; (3) solid-state process (e.g., mechanical alloying [138]).

The present work will focus on polymer-derived ceramic nanocomposites.

PDC route relying on the pyrolytic conversion of polymeric precursors has been proven to be the most
suitable route for the preparation of ceramic nanocomposites [127]. Different methods have been used
to synthesize the PDC-NCs, including the chemical modification of the polymer with the metal-
containing complex (namely single-source-precursor method), modification of a suitable monomer or
blending of polymer with the metal/metal complex [139]. Single-source-precursor route is one of the
most attractive methods for the synthesis of PDC-NCs due to its ability to design preceramic polymer
at the molecular level. The amorphous single-phase ceramics can be prepared by preliminary pyrolysis
at relatively low temperatures (ca. 1200 °C). Subsequently, ceramic nanocomposites with desired phase
compositions, microstructures and extraordinary properties could be obtained by heat-treatment at
higher temperatures (> 1300 °C). Therefore, PDC-NCs synthesized by single-source-precursor route
have been extensively studied and reported for structural and functional applications in the last decades

[51, 127].

One example for structural application is the SiC/HfCN../C ceramic nanocomposite, which is prepared
upon pyrolysis and subsequent SPS sintering of the single-source precursor (SSP) synthesized by
chemical reaction between a commercially available allylhydridopolycarbosilane (SMP10, Starfire

System Inc, USA) and a tetrakis(diethylamido)hafhium(IV) (TDEAH, Sigma-Aldrich, Germany) [140].
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The results show that the hardness (29 = 4 GPa), Young’s modulus (381 * 29 GPa) and flexural

strength (320 = 25 MPa) of the SiC/HfCiN;.//C monolith are remarkably increased due to the
incorporation of HfCiN, into the SiC matrix. Another example is the SiHf(B)CN-based ceramic
nanocomposites prepared by SiHfCN-/SiHfBCN-SSP and SPS [43]. Besides improving the hardness
and elastic modulus of SiHfCN (26.8 and 367 GPa) and SiHfBCN (24.6 GP and 284 GPa), the
investigation of the oxidation revealed that the parabolic oxidation rates of SiHfCN ceramic
nanocomposite were comparable to those of ultra-high temperature ceramics (e.g. HfC-20 vol% SiC).
Moreover, Al-contained SizN4-SiC ceramic nanocomposites fabricated through single-source-precursor
route and subsequent spark plasma sintering technique exhibit an excellent high-temperature stability
(1350 °C) in both oxidative and corrosive environment [141]. These investigations indicate the
enormous potential of the ceramic nanocomposite for high-temperature structural applications in harsh

environments.

The functional applications of the polymer-derived ceramic nanocomposites are involved in numerous
fields, including but not limited to batteries, electrochemistry, electromagnetic and other emerging areas.
For example, a SiOC/Sn ceramic nanocomposite anode synthesized by chemical modification of
polysiloxane (RD-684a) with tin(I)acetate and subsequent pyrolysis at 1000 °C exhibits outstanding
cycling stability for Lithium-ion batteries [142]. A novel SiC/C/Mo03:2xSi3Co.6 (x = 0.9 — 0.764) ceramic
nanocomposite used for hydrogen evolution reaction (HER) with excellent electrocatalytic performance
is developed upon pyrolysis and subsequent annealing of the single-source precursors synthesized by
the chemical reaction of allylhydridopolycarbosilane with MoOz(acac), [143]. MWCNTs/SiC
nanocrystals/amorphous SiOC ceramic nanocomposites with excellent microwave-absorbing property
was prepared by pyrolysis of iron acetylacetonate (Fe(acac);) modified polymethylsilsesquioxane (PMS)
[144]. Moreover, the functional applications of the PDC-NCs used for sensors [145], biomedical
applications [146], photocatalysts [147] as well as supercapacitors [ 148] have been reported as well.

2.1.5 Advantages and disadvantages of PDCs

The PDC route involves the transformation of an inorganic/organic polymer — an amorphous solid —

a crystalline ceramic, therefore, there are several advantages in comparison to the powder-based route:

» Polymer shaping techniques (e.g. coating, injection molding, melt spinning, extrusion and
polymer infiltration and pyrolysis) can be applied for PDCs due to the polymer properties of
preceramic precursor. This provides the possibility to prepare complex shapes and shapes
which are difficult to achieve by traditional powder-based route, such as layers, fibers and

ceramic matrix composites [139, 149].

» The ability to fine-tune surface characteristics, pore structure/size and density of the ceramic
system are arguably the most distinctive advantages compared to traditional ceramic processing

technologies, which can be controlled by degree of crosslinking and pyrolysis (crosslinking
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agents, thermal, UV etc.), foaming agents (for porous materials), mixing of polymeric

precursors, dopants (for multicomponent ceramic materials) [28, 113, 139].

» Ceramic products combining ceramic-like properties with polymer-like nanostructure can be
prepared by adjusting the degree of decomposition during polymer-to-ceramic conversion [28,

149, 150].

» Ternary or quaternary ceramics such as SiCN, SiOC, SiBCN and SiHfBCN can only be
produced by polymer-derived ceramic route. The reason is that carbon and nitrogen/oxygen
cannot dissolve in binary Si3N4 and SiC ceramics. Moreover, the diffusion coefficient of boron
and metal in SiC and Si3Ny4 are low, therefore, even well-mixed nanopowders cannot achieve

the ideal result due to the aggregation of nanoparticles.

» Polymer-derived covalent ceramics generally exhibit improved thermo-mechanical properties
with respect to crystallization, phase separation, creep and oxidation up to 1500 °C [104, 151,
152].

» Additive-free sintering. Sintering additives which are usually used to increase the density of
sintered ceramics in the conventional powder-based route may limit their technical applications

due to the contamination by decomposition products of additives.
»  The low synthesis temperature of 1100 °C to 1300 °C for PDCs is of economic interest [112].

There are many other advantages that can be found in the following literature [53, 54, 95, 113, 127, 149,
153-160].

In spite of the such attractive advantages of PDC route, there are also some difficulties in the preparation
process. The main disadvantage of PDC route is related to the pore formation and the large volumetric
shrinkage (10 — 35%) due to the off-gassing of organic side groups that occurs between polymer
precursors and final ceramic products during crosslinking and pyrolysis [161, 162], which leads to large
density change and makes production of near-net-shape components difficult. Another disadvantage is
the high costs of polymer precursors and more complicated handling environments because most of
them are temperature and moisture sensitive [28]. Therefore, PDCs are often used in special fields, in

which the conventional powder route cannot achieve satisfactory results.
2.2 Silicon nitride
2.2.1 Crystal structure of silicon nitride

Si3Ny exists in three different crystallographic structures including a, p and y. a-Si3N4 and B-SizN4 can
be prepared by conventional sintering techniques under ordinary pressure condition, which play a great

role in the practical applications of advanced structural ceramics. y-SizN4 synthesized under extremely
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high pressure has no practical use yet, but it has potential to be used as a super hard material due to its

high hardness (ca. 43 GPa) [1].

22.1.1 a—Si3N4 and ﬁ-Si3N4

The well-known o- and B-SizsNs have hexagonal lattice with the same chemical compositions (3:4
stoichiometry of Si:N) and similar densities (ca. 3.2 g-cm™). The corner-sharing SiN4 tetrahedron
(Figure 2. 6a and b) is the basic unit of a- and B-SizN4, in which each N atom is shared by a further three
tetrahedra and the Si atom is located at the center of the tetrahedron. The different arrangement of the
Si—N layers results in the structural difference between a- and -SizN4. As shown in Figures 6d and 6e,
the a-Si3Ny structure is composed of the basal planes in the order of ABCDABCD..., while B-SizNj is
constructed of a periodic stacking structure of ABAB. The AB layer is the same in the a- and B-SizNy,
and the CD layer in a-SizN4 correlates with the AB layer of $-Si3N4 through the c-glide plane. The unit
cell of B-SizNy is consisted of SigNs, which belongs to space group P63/m. While the unit cell of a-Si3Ny
has a composition of Si;xNjs due to occupying the double c-axis dimension (space group P31c). The

detailed crystallographic data of SizNais listed in Table 2. 2 [1].

The calculation from first principles shows that B-Si3N4 is more stable than a-SizNy4 in the temperature
range from 0 to 1800 °C [163]. This indicates that a-Si3Ns is a metastable phase under ordinary pressure,
rather than a simple low-temperature phase. Usually, a-Si3N4 will be transformed to B-Si3N4 at around
1500 °C, the transformation is reconstructive process via either volatilisation/condensation or
solution/reprecipitation processes, but it is irreversible. Interestingly, the transformation of a-Si3N4 to -
Si3N4 cannot be achieved simply by prolonged annealing at 1800 °C [164], its transformation is impurity
controlled, such as oxygen. The entire process of the a- to B-SizN4 phase transformation is usually
divided into nucleation of f-SizN4 in an a-rich matrix, transformation from a to  phase, and rod-like
grain growth of B-Si3N4. The dissolution of a-SizN4 into boundary liquid and reprecipitation on -SizN4
grains is the critical step in the process of reconstructive transformation. The intertwined structure of the

fibrous -SizN4 grains plays a great role in the high strength and toughness of SizNs-based materials.
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Figure 2. 6 Crystal structures of (a) a-Si3Ny, (b) B-SizsN4 and (c) y-SizN4 and viewing (d) a-SizNa, (e) B-

Si3N4 from (1120) direction. Blue and green spheres are Si and N atoms, respectively. In the unit cell of
a-SisN4 and B-SizNg4, trigonal coordination of N—Si; parallel to the basal plane is exhibited by red
triangles. In the unit cell of y-Si3Ny, tetrahedral coordination of Si atoms is shown by purple. Tetrahedral
and octahedral coordination are shown by purple and blue polyhedra, respectively. Dashed lines in (d)

and (e) represent stacking layers repetition in the direction of ¢ axis [163].
2.2.1.2 y-SizN4

v-Si3N4 was first synthesized under high pressure and high temperature (HPHT) by Zerr and Riedel in
1999, which is a third polymorph of SizN4 with a cubic crystallographic structure [1]. As shown in Figure
6¢, nitrogen atoms are arranged in a face-centered cubic crystal structure, while silicon atoms have two
sub lattice arrangements in the nitrogen cubic lattice. One third of the silicon atoms are fourfold
coordinated by nitrogen atoms and two thirds are sixfold coordinated by nitrogen atoms. The increase
in the coordination number of Si in y-SisN4 (3.93 £ 0.12 g-cm™) results in a significantly tighter atomic

packing and a 26 % increase in density as compared to that of a-SisN4 (3.18 g-cm™) and B-SisN4 (3.20
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g-cm™), which consequently results in higher elastic modulus and hardness compared to the low-

pressure hexagonal phases [1, 2, 165-167]. y-SizNs is often referred to as a superhard candidate (43 GPa)
after diamond and cubic boron nitride (c-BN) [25]. In addition, the high-temperature stability of y-Si3N4
is better than that of the diamond and c-BN, and therefore is a potential candidate for technological

application under very harsh conditions (e.g. drill head, abrasive and cutting tools).

Table 2. 2 Crystallographic data of SisN4 [1, 163, 168].

Polymorph o- SizNy B- SizN4 v-SizN4
Space group P31c P6s/m Fd3m
Lattice parameter a~b (nm) 0.776 0.761
¢ (nm) 0.562 0.291 0.774
Theoretical density (g-cm™) 3.18 3.20 3.93

2.2.2 Fabrication and mechanical properties of SizN4

Since the middle of 20™ century, silicon nitride (SisN4) as one of the most promising advanced ceramics
has attracted ever-increasingly attention due to its potential application in high-temperature structural
components. The widespread interest stems from its desirable physical and mechanical properties, such
as low density (approximately 40% of the density of high temperature super alloys), low coefficient of
thermal and friction expansion, high strength and wear resistance, good resistance to oxidation and
corrosive environments [5, 7, 8, 169, 170]. This combination of properties (Table 2. 3) makes it a great
candidate over other high-temperature materials for potential engineering applications in gas turbines,
engine parts, bearings, dental drills and cutting tools. However, the preparation of dense Si3N4 ceramic
is very difficult because Si3Ny is a highly covalent compound and its bulk diffusion is too low to be
consolidated [7, 171]. In order to manufacture SizN4 ceramics for practical applications in harsh
environments, shaping and densification of SizsN4 ceramics is critical. In this chapter, the fabrication and
properties of Si3N4 ceramics are introduced and the issues in shaping and densification of SizN4 ceramic

are also discussed with respect to the latest research developments.
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Table 2. 3 Typical properties of structural ceramics (HIP: Hot Isostatic Press; PS: Pressureless Sintering;

RS: Reaction Sintering; HP: Hot Press) [3, 6, 172-174].

Flexural strength (MPa)

Sintering Density (g cm Thermal Expansion (10 °C-

Materials
methods %) RT HT (C) D!

SisNy HPS 3.1-34 450 —1200  ~600 (1400) 3.0-3.9
SisNy PS 2.8-34 275-1000  ~800 (1400) ~3.5
SisNy RS 2.0-2.8 ~ ~400 (1400) ~32

B-SiAION PS 2.8-33 485 ~275 (1375) 2.5-3.1
SiC HP 32-33 655 ~520 (1375) 4.5
SiC PS 3.1-32 700 ~700 (600) 4.8
SiC RB 2.7-28 300 ~300 (600) 4.4
AlLSiCy PS 2.89 297.1 w7 6.2

(1300)
C/SiC-SiBC PS 2.2 276 440 (1200) 45-48
ZrBy/SiC HP 5.24 546 460 (1600) 45-638

2.2.2.1 Sintering and densification of a- and B-SizN4

Sintering is a very important step in the ceramic manufacturing and densification process, which is a
process governed by atomic diffusion. Atomic bonds are activated by thermal energy and allow particles
to rearrange at high temperatures, leading to consolidation in loosely packed bodies through mass
transport mechanisms. In general, mass transport occurs by a variety of mechanism, such as diffusion
mechanism and viscous flow. The supplement of thermal energy, diffusion or viscous flow are the
primary mechanisms, depending on the material to be densified. The sintering process and physical

changes are shown in Table 2. 4.

Si3N; is a highly covalently bonded compound with very low diffusivity. The diffusion coefficients of
nitrogen atoms and silicon atoms in the volume or at the grain boundaries of Si3zN4 are extremely low,
which are Dy ~ 6.8x1071%m?2-571 and Dg; ~ 0.45x 1072 m?-S71 | respectively [5]. As
aforementioned sintering mechanisms, the sintering densification is a mass transport process via volume
or grain boundary diffusion. The higher sintering temperature is required to prepare a highly dense

material because diffusion is a thermally activated process. Densification of SisN4 by self-diffusivity
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starts at extremely high temperatures (>1850 °C), however, decomposition of SizN, already starts at

around 1650 °C [5, 171]. Therefore, the preparation of fully dense Si3Ns is very difficult by classical
solid-state sintering method. To date, liquid phase sintering using sintering additives and many different

sintering techniques have been developed to fabricate dense SizNa.

Table 2. 4 General stage during solid phase sintering.

Initial stage Intermediate stage Final stage
Neck growth Grain growth
Rearrangement of particles
Grain growth Discontinuous pore phase
Shrinkage Grain boundary
Neck formation
Continuous pore phase Pores elimination

The densification mechanism of liquid phase sintering of Si3N4 ceramics has been reported in detail by
the Kingery [175, 176], German [177], Petzow [178] and Ziegler [4]. which can be explained in three
steps. As can be seen from Fig. 2. 7, the first stage is particle rearrangement, which starts immediately
after the formation of liquid phase by the reaction of the sintering additive and the phases containing
oxygen, SiO; or oxynitride layers present on the particle surface of SizNs powder. The rapid densification
takes place due to the capillary force of the wetting liquid on the Si3N4 particles, and ca. 65% relative
density can be achieved by at this stage. The extent of the densification is influenced by many factors,
such as the morphologies (sizes and shape) of the particles, the level of external pressure and the amount
and viscosity of the liquid phase. The particle rearrangement process ceases because of the formation of
the particle bridges, and the second stage (solution-precipitation) begins to dominate the densification

process.

The driving forces of the solution-precipitation process are the higher solubility at the points of the
particle contact and the difference in the chemical potentials between small and large particles, resulting
in dissolution of small particles and precipitation on the surface of large particles [179]. The small a-
Si3N; particles are dissolved into the liquid phase during the solution-precipitation process, in which the
diffusion of silicon and nitrogen atoms and the breaking and reforming of Si—N bonds occur. This
instability of the a-SizN4leads to an improvement of the solution and thus an increase in densification.
This process also involves the phase transformation of a- and -Si3N4 due to the thermodynamically
unstable at this condition (e.g. 1400 ~ 1600 °C at 10 ~101 kPa N pressure). Moreover, the precipitation
and phase transformation are affected by the phase composition of the starting material. If the starting
material contains a large number of B-Si3Ns grains, the fine B-Si3Ny particles will start to dissolve

accompanied by the presence of solution, resulting in continuous precipitation on the surface of B-SizNy
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nuclei and the formation of the equiaxial $-Si3N4 grains. If there is a low concentration of f-SizNsnuclei

in the starting material, the supersaturated liquid phase is created locally, which lead to a homogeneous
nucleation and the formation of idiomorphic rod-like B-SizN4. In addition, B-Si3sN4 grains can also be
formed in situ under the supersaturation of nitrogen and silicon atoms in the liquid phase. However, due
to the different diffusion rates of Si and N atoms in liquids of different viscosities, therefore, the different
sintering additives will lead to the formation of various morphologies of f-Si3;N4, hexagonal equiaxed
B-SizN4 grains by AlbO; and elongated B-grain by Y.Os. The above process can be accelerated by
applying external pressure, such as hot-pressing, hot-isostatic pressing or spark plasma sintering, which

is helpful for the densification of Si3N4 and the enhancement of the mechanical properties.

Green compact Densified Si;N,
4 ‘u—Si3N4 ‘~
’ Elongated B-Si;N,

$i0,

Fine matrix grains
’ ] £

’ Intergranular phase

7-Si-Al-O-N

Formed liquid phase Dissolution-precipitation

Figure 2. 7 Schematic diagram of the densification mechanism of SizN4 ceramics using Al,O3 and Y>03

as sintering additives.

The final stage of liquid phase sintering is termed coalescence, which is dominated by solid state
sintering. In this stage, although the microstructural coarsening continues through diffusion, the further
rearrangement and densification are hindered because of the rigid SizNs solid skeleton. In this case, the
residual pores will expand suddenly if there is some entrained gas, resulting in swelling and a decrease
in densification. During cooling, the liquid silicate glass solidifies to amorphous or partially crystalline
phases, which are situated either at the grain boundaries in thin layers or at triple junctions. The thickness
of the grain boundary layer depends on the types of sintering additives rather than on the amount of
liquid phase, the increase in the amount of sintering additive leads only to an increase in the triple point
volume [180]. However, their high temperature applications are hindered because their intergranular
glassy phase softens at high temperatures causing grain boundary sliding leading to poor creep and
strength properties [7, 169, 181]. Therefore, the fabrication of dense bulk SisN4 ceramics without
sintering additives becomes of technological interest for the application of SisNs at elevated

temperatures and under harsh conditions.
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2.2.2.2 Synthesis of y-SizN4

v-SisNjy first reported by Zerr and Riedel in 1999 [1], was synthesized using laser heating techniques in
diamond anvil cells (LH-DACs) at pressures above 15 GPa and temperatures over 1873 K. HPHT
conditions are essential for the preparation of y-Si3Ny, and three methods have been developed so far: 1)
The first method is LH-DACs as first reported for the synthesis of y-SizsN4 [1, 182], but the size of
synthesized samples is usually in the order of 20 — 50 nm, which limits their characterizations and
applications. In order to investigate their properties, e.g. magnetic properties, electrical conductivity,
thermal and mechanical properties, the synthesis of large samples is required. ii) Therefore, the second
method, the multi-anvil press, was developed by Bridgman [183, 184], this method enables the synthesis
of samples with dimensions up to millimeters [25, 185]. iii) y-Si3sN4 can also be prepared by shock wave
synthesis (above 20 GPa) using a- or -SizN4powder and catalyst (copper powder) [27, 186-188], which
inevitably leads to the presence of impurities due to the use of the catalyst, and the yield is also limited

to ca. 80%. Therefore, a multi-anvil device is used to synthesize y-Si3Ns-based material in this work.
2.2.2.3 Mechanical properties of SizNs
2.2.2.3.1 Mechanical properties of o/B-SizNs

The mechanical properties of SizN4 ceramics are affected by various factors such as the compositions,
presence of pores, cracks and inclusions. Among these factors, porosity has a significant effect on
mechanical properties. As aforementioned, dense SizN4 ceramics can only be obtained by indirect
methods, such as sintering additives and external pressures, because of its low self-diffusivity and
decomposition temperature. Therefore, there are four typical types of SizsN4 ceramics according to
preparation methods: i) Reaction bonded SizN4 (RBSN); ii) Hot pressed SizsN4 (HPSN); iii) Sintered
Si3N4 (SSN); iv) Sintered reaction-bonded SizNs (SRBSN), which affects their resultant properties and
applications. RBSN is produced by direct nitridation of compacted silicon powder at about 1450 °C, and
the obtained product always contains porosity (ca. >10%) [4, 189, 190]. Besides, RBSN ceramics
inevitably exist structural defects because of unreacted Si or melting Si or silicides in Si3N4 matrix.
Therefore, the mechanical properties of the RBSN are inferior to those of the other types of SizN4, as
shown in the Table 2. 5. The advantage of RBSN is that it can produce complex shapes using various
forming methods with low cost, such as injection molding, slip casting, isostatic pressing, die pressing.
In order to prepare dense SizNjto utilize some of its outstanding properties, HPSN was developed in the
1960s and the first HPSN was prepared in 1961 using a small amount of MgO as an additive [191]. The
hot-pressed SizNy pellet is almost fully dense with excellent mechanical properties (Table 2. 5). SSN is
one of methods to prepare dense SizN4 ceramics, in which Si3Ny is densified by pressureless sintering
under N, atmosphere at around 1750 °C with the help of various sintering additives (Y»03, Al,O3, MgO,
Li,O et al.) [192, 193]. The mechanical properties of SSN are between those of HPSN and RBSN.
SRBSN is developed on the basis of RBSN to reduce the porosity of the SizN4 ceramic, thereby
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improving their mechanical properties. This is achieved by the addition of sintering additives, which

allows the RBSN to be further sintered after the reaction-bonding stage [194].

Table 2. 5 Physical and mechanical properties of Si3N4 [195-200].

Properties RBSN HPSN (YF:/MgO) SSN (Y203) SRBSN (Y203/A1:03)
Density (g/cm?) 2.8 3.2 3.2 3.26
Porosity (%) 77 1.5 2.93 2.0
Hardness (GPa) ~8 ~14.8 ~13 ~14
Fracture toughness
2.8 6.3 ~6.7 ~7.0
(MPa m'%)
Flexural Strength
288 760 665~1000 ~800
(MPa)
Young's modulus,
210 300 275 ~

E(GPa)

2.2.2.3.2 Mechanical properties of y-Si3Ny

First-principle calculations have shown that the shear and bulk modulus of y-Si;N4 are as high as 261
GPa and 312 GPa, respectively [201]. A shear modulus of 148 GPa and bulk modulus of 290 GPa were
obtained by experiments later [202]. The hardness of y-SizN4 was estimated to be between 30 and 43
GPa at the same time [202]. These mechanical properties are much higher than those of a- and B-Si3Na,
and comparable to those of the hardest known HPHT SiO,-stishovite, making it become the third hardest
material besides diamond and cubic BN. In addition, y-SisN4 shows the dominant direct electronic band
gap values that can span the whole visible wavelength region, and the value of the electronic band gap
and exciton binding energy are up to 4.8 + 0.2 eV and 333 meV, respectively, indicating that y-SizNy is
a prospective candidate for optoelectronic devices with chemical and mechanical stabilities, such as

lighting applications [203].
2.2.2.3.3 Factors affecting mechanical properties

The hardness of SizNs-based ceramics is mainly related to the phase composition because hardness is an
intrinsic property of the material. As shown in Table 2. 6, the hardness of y-Si3Ns is up to 30 GPa, and
the hardness of a-SizN4 and a-sialon is ca. 40% higher than those of B-SizN4 and B-sialon [204]. In
addition, nanostructuring of SizNs-based ceramics is a crucial way to keep its hardness by means of the

Hall-Petch effect: the hardness increases with decreasing grain size [205, 206].

The fracture toughness of Si;Ns-based ceramics depends not only on the composition of grain
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boundary/amorphous phase, but also on morphologies and grain sizes. There are also two fracture

models for Si3N4 ceramic system, transgranular and intergranular. In general, transgranular fracture and
intergranular fracture coexist, and which one dominates depends on the strength of the intergranular
phase and Si3sN; grains. High fracture toughness is associated with the interlocking bimodal
microstructures of fine-grained matrix and large elongated $-SizN4, which is similar to the toughening
mechanisms in whisker-reinforced composites, such as grain bridging, crack deflection, crack branching
and pull-out [169, 207]. However, these toughening mechanisms are only effective when the fracture
mode is intergranular. In addition, the weaker grain boundary can increase the fracture toughness of the
material. The strength of the grain-boundary phase is related to the local residual stresses [208].
Therefore, the ratio of intergranular fracture can be adjusted on basis of the residual stresses. The grain-
boundary phase is under tensile stress when the thermal expansion coefficient of the SizN4 grains is

lower than that of the grain-boundary phase [208], which lead to a higher fracture toughness.

Table 2. 6 Morphologies and mechanical properties of SizN4-based ceramics [25, 209].

Mechanical properties

Materials Morphology
Hardness (GPa) Kic (MPa-m'?)
a-Si3Ny Equiaxed 20£5 2.0£0.51
B-SizNy Elongated 15+1 ~6.0
a-sialon Equiaxed 18 -21 3.0-55
B-sialon Elongated 15-17 5.0-7.0
v-Si3Ny Elongated 36 £8 3.0-45

2.2.3 SizN4 ceramics with reinforcement phase

Si3N4 ceramic is undoubtedly one of the most important nonoxide structural ceramic materials that meets
the requirements of mechanical, electronic and microwave-transparent applications because of its
excellent properties, such as chemical stability, high mechanical strength and fracture toughness, wear
resistance, high modulus of elasticity, dielectric properties, and low thermal expansion [5-7]. However,
long-term structural and functional properties of Si;Ny are limited by its inherent brittleness, creep and
oxidation resistance. In order to improve the long-term reliability of Si3N4 ceramics under extreme
conditions, various SizN4-based ceramic composite systems, such as whisker-, fibre- or particulate-
reinforced SizN4, have been developed in the past decades [5, 169, 210-212]. In this Ph.D. work, boron
and transition metal (hafnium) as well as in situ formed compounds are used for the reinforcement phase

of SizN4-based ceramics. Thus, the introduction here focuses only on the particulate-reinforced SizNs-
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based ceramic composites.

Particulate reinforcements have attracted much attention due to their relatively easy processing, and the
reinforcement phase not only improves toughness but also other mechanical properties such as hardness,
strength and wear resistance [210]. Moreover, the introduction of the conductive phase in SizN4 matrix
can decrease the electrical resistivity, which can not only expand the functional applications of SizNy-
based composites but also enable the materials to be manufactured to complex shapes by electrical
discharge machining. Many nitrides/carbides of transition metals such as Group IV (Ti, Zr and Hf),
Group V (V, Nb and Ta) and Group VI (Cr, Mo, and W), known as ‘metallic ceramics’, were used as
reinforcement phase to modify the microstructure of SizsN4 [210]. Although they have covalent, ionic
and metallic bonds, their conductance is through electrons rather than ions, leading to similar or even
higher conductivity than those of the corresponding metals. The chemical compatibility of
reinforcements with the Si3N4 matrix is to be considered when selecting a compound to prepare
particulate-reinforced SizN4-based ceramics. In general, nitrides have better compatibility with Si3N4
than carbides. Furthermore, chemical reactions always occur between Si3N4 matrix and most of carbides
during the sintering process, which inevitably introduces impurities. For example, Peni et al. reported
that a gradient of reaction products, composed of TiCo s No s and SiC crystals, were detected in reaction
product regions around TiC grains [213]. In contrast, TiN is stable at that temperature, which is also
confirmed by the thermal dynamic calculations [214] and other experimental research [215, 216].
Therefore, among these various reinforcement systems, nitrides-reinforced Si3Ns have been widely

investigated and reported in the last decades.

One example is the investigation of the microstructure and mechanical properties of TiN/SizNy
composites. The fracture toughness of the Si3N4 matrix improved by 30% with the addition of TiN. This
result revealed that TiN particles played an important role in the toughening effects of TiN/Si3Ns
composites, most of the microcracks exhibited transgranular modes and cleaved along preferred
directions with large deflection angles [216]. The investigation emphasizes the enormous potential of
the nitrides-reinforced Si3N4 for structural applications. Another example is the ZrN/SizN4 composites
prepared by SPS, and the tribological and mechanical properties of the as-obtained materials were
investigated [217]. When the ZrN content increased to 84%, the tribological properties of the
consolidated ZrN/SizN4 composites increased substantially with increasing the ZrN content due to the
lubricating capability of ZrN, and the hardness was up to 17 GPa. These results showed that ZrN/SizNy
composites can be recommended for use in friction applications under dynamic loads. Moreover, Guo
et al. reported the studies of the microstructure and electrical properties of TiN/SisN4 composites
fabricated by powder processing routes (HP and SPS) [218]. The electrical resistivity of the dense
TiN/Si3N4 materials is significantly lower than that of the pure SizN4 ceramics due to the presence of
TiN grain size and crystallized grain boundary phases. Although nitrides-reinforced SizN4 systems have

been studied systematically to date, most of them were prepared by the conventional powder-based route.
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As aforementioned, advanced ceramics with nanostructures and complex shapes cannot be produced by

powder technology, which limits their technical applications. Therefore, it is necessary to explore and
develop new methods to prepare SizN4-based ceramic nanocomposites for their structural and functional

applications.
2.2.4 Polymer-derived SisNs-based ceramic nanocomposites

Polysilazane and its various derivatives, an organosilicon-based polymer with the general formula
[SiR1R»-N],, are prominent precursors for the fabrication of SiCN or SizsN4 ceramics. The synthesis of
polysilazane precursors is mostly performed by aminolysis with different primary amines or by
ammonolysis reactions of chlorosilanes [219]. The synthesis route reported by Kriiger and Rochow in
1964 [220] laid the foundation for the synthesis and application of high-performance polysilazane
precursors. Since then, a series of pioneering works have been devoted to the synthesis and optimization
of high molecular weight polysilazane, and a number of different synthetic routes for polysilazanes have
been developed and reported. Among the most classic and commonly used methods are aminolysis [221,
222], ammonolysis [223, 224], dehydrocoupling [225, 226], hydrazinolysis [227, 228] and ring-opening
polymerization [229-231]. Ammonolysis and aminolysis are the major approaches for producing
commercially available polysilazanes due to the positive reactivity of chlorosilanes and the low cost of
ammonia (amine). The basic synthesis pathway of polysilazanes is shown in Figure 2. 8, Si-N bonds are
formed by the reaction of N-H bond with Si—Cl bond. Furthermore, the Si—-H/N-H groups of
polysilazanes could further react with each other (N-H/Si—H) to enhance the degree of condensation
reaction and crosslinking. Furthermore, these Si—-H/N—H groups can be used as functional groups for
further chemical modification with different organometallic compounds to produce SizN4-based or

SiCN-based ceramic composites.

A lysi Aminolysi
R H mmonolysis El{ minolysis R R
| +NH + H,NR’ ||
si-N— — s g L, Si— N
| ,  -NH(CI | - H,NR’CI | 1
R R R

R, R’ = Me, Ph, Vinyl, etc

Figure 2. 8 Basic synthesis pathways of polysilazanes via ammonolysis and aminolysis.

Perhydropolysilazane (PHPS) is an ideal precursor for the synthesis of polymer-derived SizN4-based
ceramics due to its reactivity, carbon-free Si—N chain and high yield. Nowadays, various SizNs-based
ceramic nanocomposites based on the modification of PHPS have been discovered and reported.

Iwamoto et al. investigated the crystallization and microstructure evolution of titanium-modified PHPS
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precursors [60], where tetrakisdimethylaminotitanium and titanium tetra-isopropoxide TiX4

[X=N(CH3),, OCH(CH3),] were used as Ti sources. Ti-modified polymers presented amorphous
structure at temperature up to 1400 °C, while the pure PHPS started to crystallize a-SisN4 at 1200 °C.
Additionally, TiN particles smaller than 100 nm were observed in the polytitanosilazane-derived
Si3N4/TiN ceramics made of PHPS and Ti(N(CH3),)4, indicating that this route is suitable to produce
TiN nanoparticle-dispersed Si3Ns ceramics. Based on this work, in situ controlled growth of TiN in
amorphous Si3N4 was reported by Bechelany et al [21], in which the final ceramic consisted of 3 —5 nm
TiN nanocrystals dispersed in an amorphous SisNs matrix and exhibited compositional and
nanostructural homogeneity. The resultant TiN ceramic refinement and microstructural uniformity were
attributed to the modification of PHPS with Ti(N(CHs))s at the atomic level. Furthermore, additive- and
crack-free monoliths was prepared by warmpresseing attributing to the high degree of crosslinking and
low weight loss of the precursors, and the resultant ceramic nanocomposite exhibited hardness value as
high as 25.1 GPa. In further work of this research group, the influence of volume fraction of TiN on the
high temperature crystallization behavior of polytitanosilazane-derived amorphous SiTiN ceramics was
investigated in the temperature range from 1000 to 1700 °C under N, atmosphere (Figure 2. 9) [232,
233]. The results revealed that TiN firstly nucleated in amorphous SiTiN ceramics at 1400 °C for all the
resultant SiTiN ceramics. However, the onset of the Si3Ny crystallization temperature and TiN crystallite
growth are strongly dependent on the molar Si:Ti ratio fixed in the polytitanosilazane level, which are
shifted to higher temperatures (> 1400 °C) with increasing the volume fraction of TiN in the amorphous

Si3N4 matrix.
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Figure 2. 9 Schematic diagram for the preparation of TiN/Si3N4 nanocomposite powder and bulk samples

from polytitanosilazanes [232].

A series of pioneering work for the fabrication of Si3Ns-based ceramic nanocomposites using another
transition metal to chemically modify PHPS is carried out in Prof. Riedel’s group. A novel SiHfN
ceramic was prepared via ammonolysis of a single-source precursor which was synthesized by the
chemical reaction of PHPS with tetrakis(dimethylamido) hafnium(IV) (TDMAH) [19, 234]. The
investigation of its high-temperature behavior concerning crystallization and phase separation revealed
that the incorporation of hafnium in silicon nitride suppresses the crystallization of pure PHPS and phase
transformation of a-SizN4to B-SizNa. In further work, amorphous bulk SiHfN ceramic with prospective
mechanical properties was prepared via a resource-efficient low-temperature molding method (warm-
pressing). Hardness and Young’s modulus show a significant improvement compared to most of the
reported amorphous and polycrystalline Si3Ns-based ceramics. Furthermore, a C/SiFeN(O)-based
ceramic paper decorated with in situ generated hierarchical 1D nanostructures was fabricated upon heat
treatment of a cellulose-base paper modified with a Fe-containing precursor synthesized from PHPS and
iron(Il) acetylacetonate (Fe(acac),) [235]. The SiFeN(O) ceramic with a PHPS: Fe(acac), weight ratio
of 95:5 exhibits outstanding resistance against crystallization up to 1400 °C. Additionally, vanadium-
containing PHPS-based single-source precursors were prepared upon chemical modification of PHPS
with various amounts of vanadium(IV) oxide acetylacetonate (VO(acac),) [236]. The SiVN(O) ceramic

obtained by single-source precursor pyrolysis under ammonia at 1000 °C showed ceramic
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nanocomposites consisting of VN nanograins (ca. 1 — 5 nm) embedded in an amorphous SiN(O)-based

matrix. The comparison between SiVN(O) and the aforementioned similar SIHfN/SiTiN shows that the
type of metal introduced into amorphous SisNs strongly affects its crystallization kinetics. These
investigations provide a guideline for the future design and fabrication of further complex
amorphous/ternary/multinary SisNs-based ceramic composites based on the system SiMN with M =

metal or transition metal (i.e., Fe, V, Hf, Zr, Ta).
2.3 Scope of the work

The above introduction and literature review indicate the possibility for the preparation of SizNs-based
ceramic composites without sintering aids by the PDCs route in combination with warm-pressing and
the HPHT method. In addition, these methods also show obvious advantages in the fabrication of
ceramic nanocomposites with intriguing mechanical and functional properties. Therefore, the main
objective of this Ph.D. work is to synthesize Hf/B-containing SisNs-based ceramic nanocomposites, and
to explore the effects of preparation conditions (e.g. temperatures, pressures etc.), crystallization process
and nanostructures on the mechanical properties and oxidation resistance. Based on the above

motivation, the whole Ph.D. thesis is divided into three parts.

(1) Bulk amorphous SiHfN ceramics were prepared by in situ consolidation of preceramic polymer
powders via warm-pressing followed by densification via pressureless ammonolysis and annealing.
The critical issues concerning gas evolution and crystallization inducing bloating and cracking were
addressed by TGA and SEM. Furthermore, the mechanical properties of the resultant amorphous

SiHfN ceramics were evaluated via nanoindentation and Vickers hardness measurements.

(2) y-SisN4/Hf3N, ceramic nanocomposite was prepared by single-source-precursor route and HPHT
method as well as in-situ energy-dispersive X-ray diffraction (ED-XRD) using synchrotron radiation.
The phase evolution of the single-phase amorphous Si-Hf-N precursor under high pressure was
assessed by in situ ED-XRD. Moreover, the hardness and fracture toughness of the y-SizN4+/Hf3N4

ceramic nanocomposite were also investigated for future industrial applications.

(3) The single-source-precursor synthesis and polymer-to-ceramic conversion of the B/Hf modified
PHPS were characterized by FTIR, XPS and TGA. The influence of boron and hafnium
incorporation on the crystallization of SiHfBN ceramics was investigated via XRD and TEM.

Finally, the oxidation behavior of bulk SisN4+/HfBNi.x ceramic nanocomposites was analyzed.
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3 Cumulative part of the thesis

Within the cumulative part of this Ph.D. thesis, the major research work reported in publications 1 — 3
are summarized and discussed. The first part (Chapter 3.1) focuses on the preparation and mechanical
properties of additive-free amorphous bulk SiHfN ceramics fabricated by in-situ consolidation of
preceramic polymer powders via warm-pressing. This work provides a new and advanced strategy for
the preparation of monolithic amorphous SiHfN ceramics using polymer precursors, which is a major
step forward from powder to monolith in practical applications, especially for SisNs-based materials. In
Chapter 3.2, a novel high-pressure y-SizN4+/Hf3N4 ceramic nanocomposites was prepared by the PDC
route and HPHT method as well as in-situ ED-XRD using synchrotron radiation. The resultant y-
Si3N4/Hf3N4 ceramic nanocomposites exhibited a comparable hardness and higher fracture toughness
than that of y-Si3N4, which provides a reliable and feasible route for the synthesis of superhard y-Si3Ns-
based composites for practical applications. Finally, the characterization of single-source-precursor
synthesis, polymer-to-ceramic transformation of the B/Hf-modified PHPS as well as crystallization
resistance and microstructure of the as-prepared ceramics is conducted carefully in Chapter 3.3.
Furthermore, high temperature oxidation behavior of the resultant SisN4/HfBxN;.x ceramic monoliths
was assessed. The works in Chapter 3.1, 3.2 and 3.3 open a new strategy to prepare additive-free
polycrystalline Si3N4- and amorphous SizsNs-based ceramic (nano)composites, which is also a guideline
for the future fabrication of further complex ternary and multinary ceramics based on the SiMN system

(M = metal or transition metal).
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3.1 Polymer-derived SiHfN ceramics: from amorphous bulk ceramics to high temperature resistant

ceramic nanocomposites

The content of this Chapter is published in:

1. Li W, Li F, Yu Z, et al. Polymer-derived SiHfN ceramics: From amorphous bulk ceramics with
excellent mechanical properties to high temperature resistant ceramic nanocomposites[J]. Journal of

the European Ceramic Society, 2022, 42(11): 4493-4502.

This chapter presents an advanced and resource-efficient low-temperature molding strategy for
preparing bulk amorphous SiHfN ceramic with excellent mechanical properties, i.e., in-situ
consolidation of preceramic polymer powders via warm-pressing. The obtained sample exhibits open
porosity as low as 2.35% via subsequent pressureless ammonolysis and annealing of green body.
However, additional closed pores are present according to the ratio of skeletal density and true density.
The critical reasons concerning the formation of closed pores were carefully discussed based on cross-
linking reaction and springback mechanism. Furthermore, the mechanical properties of the resultant
bulk amorphous SiHfN ceramic show a significant improvement in comparison to most of the reported
amorphous and polycrystalline SisNs-based ceramics. In addition, the high-temperature microstructural
evolution reveals that the introduction of hafnium into Si3N4 suppresses the transformation from a-Si3;Ny

to B-Si3Ny at high temperatures (1700 °C) and improves their high-temperature stability.
3.1.1 Experimental procedures
3.1.1.1 Synthesis and ammonolysis of the SiHfN precursors

The single-source precursor for the preparation of the SiHfN ceramics was synthesized using
commercially available perhydropolysilazane (PHPS, 20 wt.% solution in di-n-butyl ether, AZ
Electronic Materials GmbH, Germany) and tetrakis(dimethylamido) haftnium(IV) (TDMAH, =99.99%,
Sigma-Aldrich, Germany). Anhydrous toluene (Merck, Germany) was used as reaction solvent. All
manipulations of the chemical synthesis were performed under argon atmosphere (argon-filled
Glovebox and Schlenk technique) to keep inert conditions. The chemical modification of PHPS with
different hafnium contents was reported in our previous work [19], in which the synthesis process was
carried out through the following steps: 1 g TDMAH was dissolved in 5 mL anhydrous toluene, and
then the resulting brown and transparent solution was added dropwise into a solution of 11.25 g PHPS
(2.3 g pure PHPS) under stirring at room temperature. The reaction mixture was constantly stirred with
flowing argon for 6 h at ambient temperature, and a milky white gel-like product was obtained.
Subsequently, the solvent and low molecular weight by-products were removed in a vacuum (1072 mbar)
at 50 °C for 5 h. The as-obtained SiHfN precursor was ground and sieved in an Ar-filled glovebox to

avoid contact with air or moisture. The sieved fine powders were introduced (ca. 1.0 g) into the pressing
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mold and then heated to 110 °C for 1 h in the warm press at a pressure range of 80 — 200 MPa. Pellets

with the typical dimension of approximately @ 20 mm were prepared after slowly deloading during
cooling to RT. Afterwards, the green bodies were transferred into a horizontal Schlenk tube under the
protection of inert atmosphere in a glovebox. The tube was pumped three times under vacuum and
refilled with high-purity ammonia (NHz >99.98 %, Air Liquide, H,O < 200 wt. ppm) before heating.
The as-obtained pieces were ammonolyzed at 1000 °C for 2 h at a heating rate of 30 °C/h under a
constant flow of ammonia (1.5 L/h), and then cooled down to RT at 60 °C/h. In order to increase the
density, ammonolyzed samples were subsequently annealed at 1300 °C, 1500 °C, and 1700 °C for 2 h
at a heating rate of 60 °C/h under a constant flow of N in a high-temperature graphite furnace (GT&AT,
Advanced Technology, USA), and then cooled down to RT at 100 °C/h. These three groups are denoted
as SiHfN-13, SiHfN-15, and SiHfN-17, respectively.

3.1.1.2 Characterization

The phase compositions of the ceramic samples were determined with a STADI P powder diffractometer
(STOE & Cie GmbH, Germany, Mo Kal radiation source) in transmission geometry. The refinements
of the obtained XRD patterns were performed using the General Structure Analysis Software-11 (GSAS-
II) software package [237]. The peak shape was fitted by using pseudo-Voigt profile functions and 10
background coefficients were fitted using Chebyschev-1 functions. Thermogravimetric analyses (TGA)
were carried out by a thermal analysis device (STA 449F3 Jupiter, Netzsch, Germany) in flowing
ammonia atmosphere (10 vol.% Ar in NH3; Ar >99.999 %, Tyczka Industrie-Gase GmbH, purified by
Entegris Gatekeeper GPUS IX p(0O2) < 100 ppt, p(H20) < 100 ppt; NH3 >99.999 %, Air Liquide, purified
by Entegris Gatekeeper GPUS YX p(0O2) < 1 ppb, p(H20) < 1 ppb) from room temperature to 110 °C
for 2 h, and then heated to 1000 °C at the heating rate of 5 °C/min. The measurements were corrected
for the buoyancy. The surface morphology of the annealed samples was investigated with a Philips XL.30
FEG high-resolution scanning electron microscope (FEI Company, Hillsboro, Oregon, USA), coupled
with an energy-dispersive X-ray (EDX) spectroscope (Mahwah, New Jersey, USA). Transmission
electron microscopy (TEM) in combination with the selected area electron diffraction (SAED) technique
was done on a JEM-2100 microscope (JEOL Ltd, Tokyo, Japan) at an acceleration voltage of 200 kV
(wavelength 152.51 pm) to investigate the generated microstructure and phase composition of the SIHfN
ceramics. Carbon and nitrogen/oxygen contents of the SIHfN ceramic powder ammonolyzed at 1000 °C
were measured using a LECO C-200 (LECO Instrumente GmbH, Moénchengladbach, Germany) and a
LECO TC-436 analyzer, respectively. The elemental analysis of the SiHfN pellets annealed at high

temperatures was performed by EDX.
3.1.1.3 Mechanical properties

The as-prepared pellets were finally polished with 1/4 pm polycrystalline diamond powder on a felt

cloth and subsequently cut into a rectangular shape with a dimension of 4 x 3 x 2 mm?® for measurements
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of the mechanical properties. The skeletal density and open porosity of the annealed monoliths obtained

at 1300 °C were determined using the water immersion method (Archimedes’ method) according to the

following equations:

Ps = mdeZO/(md - mww) (1)

P (%) = (mw - md)/mw — Myw % (2)

where, ps and py, o are the skeletal density and density of water, P (%) is open porosity. m, is the dry

weight of the pellets. The pellet was vacuumed in deionized water until no more bubbles appeared within
10 min, and the weight of the wet pellet (m,,,) was obtained, while m,,,,, amounts the weight of the pellet
immersed in water. All samples have been dried at 60 °C for 24 h before the measurements. Furthermore,

the true density is measured by pycnometer method using ethanol as medium based on Eq. (3).
pr =mpy/(My +m — M) 3)

where p; is the true density, p, is absolute ethanol density (0.78945 g/cm? at 20 °C), M; is pycnometer
weight filled with absolute ethanol, m is the sample mass, and M, is the pycnometer mass added the
SiHfN-13 powder into the pycnometer. By repeating the above measurements for 5 times, the true

density of the SiHfN-13 powder is analyzed to be 3.42 g/cm’.

Vickers hardness measurements were performed on an AHVD-1000XY microindenter (Shanghai Jvjing
Precision Instrument Manufacturing Co., Ltd., China) with a diamond Vickers point under a load of 9.8
N held for 15 s. For additional nanoindentation studies, the samples were glued onto an aluminum holder
and then fixed on the stage for the nanoindentation measurements using an iNano device
(Nanomechanics Inc., Oak Ridge, TN, USA). For each sample, 9 random indentations were performed
on the polished surface using a Berkovich tip (Synton-MDP AG, Nidau, Switzerland), and the maximum
load was 50 mN at a strain rate of 0.2 uN s™!. The recorded load-displacement curves during both loading
and unloading were analyzed using the built-in software package based on the model proposed by Oliver
and Pharr [238]. The machine compliance and tip area function were calibrated by a fused silica

reference sample.
3.1.2 Results and discussion
3.1.2.1 Fabrication of bulk SiHfN ceramic

The polymer-to-ceramic transformation of the PHPS and Hf-modified PHPS precursor were
investigated via TGA/DTA measurements. As demonstrated in the TGA/DTA curves (Figure 3. 1), the
original PHPS shows a ceramic yield of 83.0 wt% at 1000 °C for 2 h under ammonia, while the ceramic

yield of the SiHfN precursor can be significantly raised up to 97.4 wt% by the addition of hafnium. The
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exothermic peaks at ca. 110 °C and 200 °C, respectively, shown in Figure 3. 1 indicate typical cross-

linking reactions assigned to dehydrocoupling and transamination, along with bond redistribution and
thermal decomposition. In the temperature range from RT to approximately 110 °C, PHPS exhibits a
minor weight loss of 0.3 wt%, while the SiHfN precursor presents a weight loss of 1.3 wt%. As the
temperature increases to approximately 200 °C, the weight loss of PHPS is as high as 13.9 wt%, while
the SiHfN precursor shows a slight change of 0.44 wt%, indicating that the cross-linking reaction
temperature of the original PHPS is much higher than that of the SiHfN precursor. High cross-linking
reaction temperature is detrimental for the preparation of dense bulk materials as cross-linking is usually
accompanied by decomposition and gas evolution. Interestingly, the SiHfN precursor exhibits an
obvious weight gain in the temperature range from 200 °C to 400 °C, while PHPS always shows a
weight loss. According to our previous study [19], the Hf-modified PHPS leads to a significant increase
in the nitrogen content in the resultant SiHfN ceramics due to the reaction of the polymeric precursor
and ammonia. In reactive ammonia atmosphere, excess silicon remaining in the PHPS precursor can be
terminated by NH3s, and the obtained NHy-terminated Si easily reacts with TDMAH to form Si-N-Hf
linkages at around 300 °C [239, 240]. However, the terminated NHy in the pure PHPS-derived ceramic
will be decomposed without the formation of further linkages, resulting in a continuous weight loss.
Therefore, the Hf-modified PHPS does not only enhance the cross-linking reaction of the polymer, but
also significantly increases the ceramic yield. The weight loss at temperatures beyond 400 °C (Figure 3.
1b) is attributed to transamination reactions between NH/NH, and the NMe, dimethylamido ligands,
and the removal of carbon or carbon residues by the reaction with ammonia [241, 242]. Additionally,
the cross-linking degree of the precursor can be significantly improved if higher pressures are applied
during the warm-pressing process. These results indicate that the highly cross-linked SiHfN precursor
can be prepared at a temperature range between 100 °C and 200 °C. The density of green bodies prepared
at 100 MPa pressure and at 110 °C, 150 °C, and 200 °C was measured. Accordingly, there is no change
in the density values of samples warm-pressed at 110 °C and 150 °C. The green body derived at 200 °C
is delaminated after the mechanical demolding (Figure 3. 2). Consequently, the temperature for warm-
pressing is fixed at 110 °C, being most energy-efficient, and the influence of the pressure of the warm-

pressing step on the density and mechanical properties is further investigated.
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Figure 3. 1 TG (black lines), DTA (blue lines), and temperature (red lines) curves of (a) original PHPS

and (b) SiHfN precursor under flowing ammonia/argon atmosphere (90 vol.% NH3).
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Figure 3. 2 Optical images of SiHfN green bodies prepared at 100 MPa, 110 °C, and 200 °C.

The open porosity and skeletal densities of the SIHfN specimens annealed at 1300 °C are presented in
Figure 3. 3. It can be seen that the open porosity and skeletal density are strongly affected by the pressure
applied during warm-pressing. The open porosity initially decreases, and the minimum open porosity is
as low as 2.35 % at a pressure of 120 MPa. However, the relative density of the SiHfN-13 ceramic
warm-pressed at 120 MPa amounts to 84% according to the ratio of skeletal density and true density,
indicating that additional closed pores are present. The open porosity increases to 19.65 % if pressures
up to 200 MPa are used during warm-pressing, and the reasons will be presented in combination with
SEM studies. Meanwhile, the skeletal densities of the samples show the opposite variation trend as the
open porosity. The “theoretical density” of the amorphous SizsN4 has seldom been reported because its
composition, especially the hydrogen content, is difficult to determine and to estimate and has a
significate effect on the density of amorphous Si3N4. Undoubtedly, the skeletal density of the amorphous
matrix is lower than that of the corresponding crystalline counterpart. Therefore, the amorphous SiHfN
specimen shows a low density (2.84 g/cm?) as compared to the theoretical density of crystalline SisN4

(3.2 g/cm®). Indeed, the warm-pressing method developed here is of excellent advantage in terms of the
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synthesis of SizNs-based ceramics in amorphous form, via a simple process at low temperature, low

porosity, and without sintering additives.
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Figure 3. 3 Open porosity and skeletal density of SiHfN ceramics annealed at 1300 °C as a function of

pressure applied during warm-pressing.

The densification of samples warm-pressed at various pressures is investigated by analyzing the polished
surface of the SiHfN samples, and SEM micrographs are shown in Figure 3. 4. According to XRD results
presented in Figure 3. 7, it is worth to note that all samples show no crystalline phase, indicating that
the SiHfN samples remain amorphous even at high temperatures up to 1300 °C. A few separated micron-
sized pores are found in the pyrolyzed samples (Figure 3. 4a, b, ¢, d) warm-pressed under 80 and 100
MPa. The specimen obtained under 120 MPa shows almost complete densification, without open pores
and cracks (Figure 3. 4e, f). The sample prepared at higher warm-pressing pressures (> 120 MPa)
exhibits pores and cracks (see Figure 3. 4g, h, 1, ], k, 1), in comparison to the pyrolyzed sample warm-

pressed at 120 MPa.
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Figure 3. 4 SEM micrographs taken with 15 kV accelerating voltage of SiHfN samples produced at

1300 °C warm-pressing at 110 °C and under different pressure loads as follows: (a, b) 80 MPa, (c, d)
100 MPa, (e, f) 120 MPa, (g, h) 160 MPa, (i, j) 180 MPa, and (k, 1) 200 MPa.

We assume that there are two reasons for the formation of pores and cracks, which are discussed as
follows: 1) Densification of the warm-pressed samples at high pressures prevents the effluence of
gaseous by-products from inside to the surface during further ammonolysis, leading to the formation of
pores and cracks; ii) A springback mechanism when releasing the pressure in uniaxial warm-pressing of
the precursor is the second reason, resulting in defects (pores and cracks) at higher pressures due to the
formation of pressure gradients during pressing [243]. Figure 3. 5 summarizes the densification process
of the cross-linked SiHfN precursors by cold and warm-pressing. During the cold pressing, particle
arrangement and particle sliding occur via physical force to gradually consolidate the samples. With
respect to the warm-pressing densification process, further particle arrangement and particle sliding are
triggered due to the inner- and inter-particular cross-linking reactions and the plastic deformation of the
polymeric precursor. The sample is deformed to a dense green compact, and then the deformation is
fixed by increasing the holding time. However, the warm-pressed samples undergo a significant
springback when the pressure and temperature exceed critical values. Therefore, the densification
exhibits a turning point at a pressure of 120 MPa as presented in Figure 3. 3, and the springback will
occur at 160 MPa after unloading pressure and lead to a counterproductive effect on the densification.
In addition, as can be seen from the EDX elemental mapping of the annealed SiHfN ceramic shown in
Figure 3. 4 A, Si, N, and Hf elements are distributed homogeneously in the amorphous structure without

obvious agglomeration. Elemental composition obtained from EDX is shown in Table 3. 1, indicating
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that the SiHfN-13 sample is a ceramic with a composition of Si1.0o0.06Hf0.05:0.01N1.3020.1000.320.08. Carbon
element can no longer be detected, in agreement with the ammonolyzed ceramic powder at 1000 °C
(0.01 wt%). However, the oxygen content in the SiHfN-13 pellets (8.66 = 2.09 wt%) is higher than
oxygen contents of the ammonolyzed ceramic powder at 1000 °C (2.03 £ 0.46 wt%), which is inevitably
caused during the process of warm-pressing and polishing in the air. Therefore, oxygen is mainly present

on the surface of the sample, which is also verified by the following XRD results.

Cold Particle
Pressing Sliding

Warm Plastic

Pressing \yDeformation

- Cross-linking and plastic
deformation associated
with shrinkage via viscous
Holding flow [87].

1h

=

Ammonolysis

Gas releases and further
shrinkage forming a dense
3D SiHfN network.

) B (C)

Figure 3. 5 (A) Elemental mappings of the SiHfN ceramic prepared via warm-pressing of the precursor
at 120 MPa and subsequent annealing at 1300 °C. (B) Schematic diagram of the preparation principle
of high-density SiHfN ceramic: The first step corresponds to the cold pressing of the polymer. The
second step is the controlled warm-pressing of the SiHfN precursors into a green body, and the final step
corresponds to the pressureless ammonolysis of a representative disk-shaped SiHfN specimen. (C) Basic
suggested principles involved in the warm-pressing procedure from polymeric precursor to dense SiHfN

ceramic [87].
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Table 3. 1 Elemental composition of the annealed SiHfN ceramics.

Composition (wt%)
Sample Empirical formula
Si Hf N (0] C
_ 49,68+ 14.77+ 3351+ 2.03+ Si1.000.06Hf0.05:0.01N1.3520.16
SiHfN (1000 °C) 0.01
3.16 2.72 3.84 0.46 00.070.02Co0.0005

46.81+ 13.93+ 30.60+ 8.66* Si1.00+0.06Hf0.0520.01

SiHfN-13 -
2.98 2.07 3.34 2.09 N1.3120.1400.32:0.08
4539+ 11.56+ 31.97+ 11.08 Si1.000.12Hf0.0410.01

SiHfN-17 -
5.31 3.19 421  £3.77 N1.41£0.1900.43:0.15

3.1.2.2 Crystallization and thermal behavior

In order to investigate the crystallization and thermal behavior of the SiHfN-based ceramics annealed at
different temperatures, XRD, TEM, and surface changes of the ceramics were measured and recorded,

and the results are shown in Figures 3. 6 — 3. 10.

Figure 3. 6 Optical images of SiHfN ceramic specimens: (a) SiHfN-13, (b) SiHfN-15, and (c) SiHfN-
17.

Optical images of the SiHfN ceramics after annealing at different temperatures are displayed in Figure
3. 6. The samples degrade uniformly, and their surface gradually becomes rougher with increasing

annealing temperature, which is illustrated below.
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Figure 3. 7 (a) XRD patterns of the SiHfN ceramics annealed at 1000 °C, 1300 °C, 1500 °C, and 1700 °C;

Rietveld refinements of the XRD patterns of (b) SiHfN ceramic and (¢) PHPS-derived Si3N4 annealed
at 1700 °C.
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XRD patterns (Figure 3.7) and TEM images combined with SAED patterns (Figure 3. 9a, b) reveal that

the SiHfN ceramic obtained at 1000 °C is mainly X-ray amorphous. While with increasing annealing
temperature up to 1300 °C, the ceramic sample shows a weight loss of 0.81 wt% (Figure 3. 8), and the
XRD pattern remains X-ray amorphous as that of the sample at 1000 °C (Figure 3. 7). The corresponding
SAED (inset in Figure 3. 9¢) pattern also proves that the SiHfN ceramic is amorphous, which further
verifies the conclusion drawn from the XRD pattern. Therefore, further densification of the annealed
pellet has occurred at 1300 °C rather than a phase transformation. Interestingly, the high-resolution TEM
(HRTEM) image (Figure 3. 9d) of the SiHfN ceramic shows a small amount of HfN nanoprecipitations
embedded within an amorphous SiHfN-based matrix, indicating that crystallization takes place at
1300 °C starting from Hf-containing regions, which is not visible from the XRD pattern shown in Figure

3.7.

1840.1 MPa N,

-
N
" 1

Weight Loss (wt%)
© o

: T : : T : T : T :

1300 °C 1500 °C 1700 °C
Figure 3. 8 Weight loss of the SiHfN-13, SiHfN-15, and SiHfN-17 ceramic samples after annealing at
different temperatures in 0.1 MPa N,.

The weight loss of the sample amounts 3.13 wt% (Figure 3. 8) when the annealing temperature is raised
to 1500 °C, which is attributed to the decomposition of amorphous SiNy-rich regions, SiNyx = x Si + N»
(weight loss) [244]. Characteristic reflections of a-Si3Na, B-Si3N4, and HfN are found in the XRD pattern
(Figure 3. 7). Furthermore, nanocrystalline a-SisN4 segregations and HfN nano-grains (ca. 10 nm) are
also observed in HRTEM and SAED micrographs (Figure 3. 10a, b), which is consistent with the XRD
results and confirms that the X-ray amorphous SiHfN ceramic converts into HfN/Si3N4 nanocomposites

undergoing phase separation and crystallization at 1500 °C. The slight weight loss of 3.13 wt% indicates
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the high temperature resistance of the HfN/Si3sN4 ceramic nanocomposites [245]. It is worth noting that

the diffraction intensity of B-SisNs is quite weak, indicating that almost no o-Si3Ns to B-SizNy

transformation takes place at 1500 °C, the reason is discussed in more detail below.

Figure 3. 9 TEM images of SiHfN annealed at 1000 °C (a and b) and at 1300 °C (¢ and d); (b) and (d)
are high resolution micrographs magnified from (a) and (c), respectively; the inset in (a) and (b) is the

SAED images; the inset in (d) is the FFT image from the selected area.

A weight loss of 16.76 wt% (Figure 3. 8) is measured after annealing the sample at 1700 °C in 1 bar
nitrogen atmosphere. The weight loss here is likely ascribed to a partial decomposition of SizNs4 (cf.,
Si3Ns = 3 Si + 2 Ny) at higher temperature (=1650 °C) [171], which results in pores and a decrease of
the SiHfN ceramic density. It can be evidently seen from the XRD pattern in Figure 3. 7 that the rather
sharp reflections concentrated at 2 Theta = 15.60°, 18.03°, 25.61°, 30.13°, and 31.50° correspond to the
(111), (200), (220), (311), and (222) lattice planes of HfN, respectively, which means that HN nanodots
(ca. 50 nm) are well-crystallized after annealing at 1700 °C. The XRD pattern of the SIHfN-17 sample
analyzed by Rietveld refinements (Figure 3. 7, Table 3.2 and 3. 3) shows that the predominant phase in
the ceramic is a-SizsNs (71.3 wt%), and the rest is related to B-Si3Ny (14.3 wt%) and HfN (14.4 wt%).
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The weight fraction of HfN determined by Rietveld refinements is consistent with the elemental analysis

result (Table 3. 1) obtained by EDX (12.5 wt%). The refinements of the XRD pattern of the ceramic

derived from PHPS at 1700 °C (Figure 3. 7c) reveals a phase composition composed of a-SizN4 (76.4
wt%) and B-Si3zNs (26.3 wt%). It is well documented that the phase transformation from a-Si3Ns4 to -
Si3Ny starts at ~1650 °C, and is basically completed at ~1700 °C [246-248]. Therefore, we assume that
the addition of Hf has a remarkable effect on the phase transformation, suppressing the formation of -
Si3N4 at high temperatures. Additional evidence is supplied by HRTEM and SAED micrographs (Figure
3. 10c, d). The (202) lattice plane of a-SizN4 can be found in the SAED micrograph (inset in Figure 3.
10c). Lattice fringes with a distance of 0.26 nm and 0.67 nm are analyzed in Figure 3. 10b, corresponding
to the (111) lattice plane of HfN (JPCDS card no. 00-065-4298) and the (100) lattice plane of a-SizN4
(JPCDS card no. 00-071-0623), respectively, in agreement with the XRD results. No -SizNs4 is found
in the sample annealed at 1500 °C in the TEM image.

Table 3. 2 Results of the Rietveld refinements.

Parameter 0-Si3Ny B-Si3Ny4 HfN
Space group P3ic P63/m Fm3m
a(A) 7.767(2) 7.62(1) 4.5978(3)
c(A) 5.631(1) 2.869(1) ~
V(A% 294.17(9) 144.467(3) 97.20(2)
Ryp (%) 9.988
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Figure 3. 10 TEM micrographs of SiHfN-15 (a and b), b) is a high-resolution image enlarged from a)
and SiHfN-17 (c and d), d) is a high-resolution image magnified from c); the inset in (a) and (b) is a
SAED image; the insets in (b) and (d) are FFT images from the selected areas.
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Table 3. 3 Refined structural parameters.

Sample Atom x ¥ z Usso (A?)
Si(1) 0.519(6) 0.427(5) 0.638(4) 0.1113
Si(2) 0.165(2) 0.916(2) 0.441(2) 0.0101
N(1) 0.572(9) 0.915(11) 0.49(3) 0.1781
0-SizNy
NQ) 0.334(7) 0.022(9) 0.70(1) 0.0338
NQ3) 0.66(6) 0.33(3) 0.66(2) 0.0614
N(4) 0 0 0.49(2) 0.0046
Si(1) 0.762(5) 0.158(5) 0.25 0.0820
B-SisN, N(1) 0.037(5) 0.330(7) 0.25 0.0199
NQ) 0.66(6) 0.333) 0.25 0.0373
Hi(1) 0 0 0 0.0100
HN
N(1) 0.5 0.5 0.5 0.0266

3.1.2.3 Mechanical properties

The investigation of crystallization and thermal behavior reveals that high annealing temperatures (=
1500 °C) inevitably cause the SiHfN ceramic to decompose by producing gas reducing the density of
SiHfN ceramics. The SEM analysis indicates that pores and cracks are formed as the warm-pressing
pressure increased to 200 MPa (Figure 3 .4k, 1). Consequently, the investigation of the mechanical
properties is focused on specimens prepared at warm-pressing pressures of 80 MPa, 100 MPa, 120 MPa,
160 MPa, and 180 MPa and subsequently annealed at 1300 °C. Random nano-hardness and Young’s
modulus of SiHfN samples are determined by means of nanoindentation tests and calculated from their
load-displacement curve, as shown in Figure 3. 11. It can be seen that all the scattered points of the
sample prepared at 120 MPa during warm-pressing almost fall onto the same region with a mean
hardness of 17 GPa and Young’s modulus of 185 GPa. However, the nano-hardness and Young’s
modulus of the other specimens show a relatively large dispersion of values. The closed pores, defects
and cracks formed inside the SiHfN ceramics should be the most possible reason for the largely scattered

data of nano-hardness and Young’s modulus, because they can interact with the indentations and either
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directly or indirectly affect the measured hardness and Young’s modulus values. In addition, another
mechanism affecting the nano-hardness and Young’s modulus can be attributed to the presence of
internal stresses in the SiHfN ceramics, owing to the thermal expansion mismatch of the amorphous

Si3N4 matrix and partially crystallized HfN particles.
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Figure 3. 11 Evolution of the nano hardness and Young’s modulus obtained from 9 nanoindentation tests

on SiHfN samples produced at 1300 °C after warm pressing at different loads.

The Vickers hardness of the SiHfN ceramics was also investigated by microindentation with the load
setting to 9.8 N and the results are shown in Figure 3. 12. The Vickers micro-hardness exhibits an
increasing trend up to a warm-pressing pressure of 120 MPa, and then decreases. Average maximum
Vickers hardness of 19.6 GPa is achieved in SiHfN specimen prepared at 120 MPa, which shows a
similar trend to the variation of skeletal density. Hence, the Vickers hardness value is also affected by
the presence of porosity and induced defects. In addition, a comparison between this work and other
recorded amorphous and polycrystalline SizNs-based ceramics is summarized and shown in Figure 3.
13. It can be seen that the as-prepared SiHfN ceramic exhibits outstandingly higher nano and Vickers
hardness than most of the previously reported SizN4-based ceramics [21, 22, 194, 246, 249-257], which
may provide a valuable guidance in the preparation of dense and additive-free Si3Ns-based ceramics.
Notably, TiN@a-Si3N4 ceramic prepared under the same condition shows higher hardness than that of
HfN@a-Si3N4 ceramic due to the higher theoretical hardness of TiN (23.6 GPa) [258] compared with
HN (15.3 GPa) [258].
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Figure 3. 12 Effect of the pressure applied during warm-pressing on the Vickers hardness of SiHfN

ceramics.
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Figure 3. 13 Comparison of the Vickers hardness and nano hardness of the amorphous SiHfN-13 ceramic

prepared by warm-pressing at 120 MPa and reported silicon-based bulk ceramics.

3.1.3 Conclusion

In the present study, additive-free amorphous bulk SiHfN ceramics were successfully fabricated by in
situ consolidation of preceramic polymer powders via warm-pressing followed by ammonolysis and

annealing. Investigation of the warm-pressing conditions shows that temperature and pressure have a
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significant influence on the consolidation of the polymer powders, the subsequent polymer-to-ceramic

conversion process, and the density of the obtained SiHfN ceramics. Although warm-pressing at 150 °C
and 200 °C and high loads (> 120 MPa) promotes further cross-linking and improved densification of
the green bodies, cracks are formed due to the lack of pores for degassing of volatile species and
byproducts during the final ammonolysis. The optimum densification condition is achieved at 110 °C
under 120 MPa during warm pressing. The microstructural investigation of the SIHfN ceramics reveals
that the crystallization of the amorphous SiHfN ceramic begins at 1300 °C starting from Hf-containing
regions. The SiHfN ceramics annealed at 1500 °C and 1700 °C convert into HfN/a-Si3sN4 and HfN/a-
Si3N4/B-Si3N4 nanocomposites, respectively. In addition, the impact of pressure during warm-pressing
of the green samples on the mechanical properties of the obtained amorphous bulk SiHfN ceramics has
been investigated. The highest mechanical properties of the SiHfN ceramic are obtained by warm
pressing of the preceramic polymer at 120 MPa and subsequent annealing of the green sample at 1300 °C.
Its open porosity, Vickers hardness, nano hardness, and Young's modulus are found to be 2.35 %, 19.6
GPa, 17 GPa, and 185 GPa, respectively. These values show a significant improvement in comparison
to most of the reported polymer-derived amorphous and polycrystalline SizN4-based ceramics. Therefore,
the present work indicates that amorphous bulk SisNs-based ceramic nanocomposites with prospective

mechanical properties can be prepared via the PDC route.
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3.2 Hard and Tough Novel High-Pressure y-SisN4/HfsN4 Ceramic Nanocomposites

The content of this Chapter is under review:

2. Li W, Yu Z, Wiehl L, et al. Hard and Tough Novel High-Pressure y-SisN4/HfsNs Ceramic

Nanocomposites [J]. Journal of Advanced Ceramics, Available online: 08 May 2023.

In this chapter, the structural evolution of the amorphous SiHfN precursor and its crystallization to y-
Si3N4/Hf3N4 ceramic nanocomposites under HPHT is firstly assessed by in-situ synchrotron energy-
dispersive X-ray diffraction measurements at ~19.5 GPa in the temperature range from 990 °C to
1920 °C. The optimal condition for the formation and stability of the y-Si;N4/Hf3Ns ceramic
nanocomposites was determined to be 19.5 GPa and 1500 °C. Then, the investigation of the mechanical
properties of the resultant y-SisN4/Hf;N4 nanocomposites reveals that the y-SisNa/Hf3N4 (6.98 MPa m'?)
ceramic nanocomposite exhibits a significant improvement in fracture toughness than that of pure y-

Si3N4 (3.5 MPa m'?) without sacrificing the hardness of the material.
3.2.1 Experimental methods
3.2.1.1 Single-source-precursor synthesis and ammonolysis

Hf-containing single-source precursor for the preparation of the SIHfN based ceramic was synthesized
upon the chemical modification of the commercial perhydropolysilazane solution (20 wt% of PHPS in
dibutyl ether, Merck, KGaA, Germany) by tetrakis(dimethylamido) hafnium (IV) (TDMAH, = 99.99%,
Sigma-Aldrich, Germany) with a weight ratio of TDMAH/PHPS = 30/70 [19]. Anhydrous toluene
(Merck, Germany) was used as the reaction solvent. The synthesis of the single-source precursor was
performed under an argon atmosphere using the standard Schlenk technique. The synthesis process was
carried out through the following steps: the brown and transparent solution of 1 g TDMAH dissolved in
5 mL anhydrous toluene was added dropwise into a solution of 11.5 g PHPS (2.3 g pure PHPS) with
constant stirring at room temperature for 6 h until a milky white gel-like reaction mixture was obtained.
Then, the product was heated up to 50 °C for 2 h followed by vacuum drying (10—2 mbar) for 5 h to
remove the solvent and low molecular weight by-products yielding a colorless solid precursor. The as-
synthesized SiHfN precursor was ground and sieved in an Ar-filled glovebox to avoid contamination
with air and moisture. The sieved fine powders were placed in an alumina boat and then transferred into
a horizontal Schlenk tube under the protection of Ar atmosphere. Afterwards, the tube was pumped three
times under vacuum and refilled with high-purity ammonia (NH3 > 99.98 %, Air Liquide, H,O < 200
wt. ppm) up to atmospheric pressure. The sample was ammonolyzed at 1000 °C for 2 h at a heating rate
of 50 °C/h under a continuous flow of ammonia (1.5 L/h) and then cooled down to room temperature at

a rate of 60 °C/h. The as-ammonolyzed specimen was used as raw material for the subsequent high-
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pressure experiments.

3.2.1.2 High-pressure synthesis including in-situ ED-XRD

High-pressure high-temperature (HP-HT) experiments were carried out using a Hall-type six-ram large
volume pressure (LVP) (mavo press LPQ6 1500-100; Max Voggenreiter GmbH, Germany) at the
beamline P61B at DESY, Hamburg [259]. Tungsten carbide second stage anvils (32 mm Fujilloy TFO08)
with a truncated edge length of 4 mm were used to compress a 10 mm edge length MgO octahedron
(Cr203-doped). The MgO octahedron assembly was used as pressure transmitting medium along with a
hBN-TiB; cylindrical heater. Further details about the assembly can be found elsewhere [259]. The
obtained precursor powder was hand-pressed into a hole in a metal disc (h = 1.4 mm, ¢ =1.8 mm) inside
the glovebox and then placed into an h-BN tube to avoid contact with air or moisture. The assembly was
first compressed to the target pressure at room temperature and then heated stepwise to a target

temperature.

HP-HT in-situ energy-dispersive X-ray diffraction (ED-XRD) used to investigate the crystallization
behavior of the SiHfN ceramic. Prior to the experiments, the Ge-detector position was determined to be
5.009° using LaBs standard (NIST SRM 660c) and diffracted X-rays from the sample were collected in
the energy range of 20 — 160 keV. ED-XRD patterns were recorded during heating at different
temperatures up to 1920 + 20 °C (based on a calibrated power-temperature relationship), after the
temperature had reached a steady state during each heating step. The main phases were identified with
the help of a program called PDIndexer [260]. The temperature dependence of the SizN4 and Hf3N4
lattice parameters was determined using the program GSAS-II [237].

In-situ ED-XRD was also used to monitor the pressure in real-time inside the octahedron assembly using
the MgO pressure marker (run #BT448, 19.5 = 0.5 GPa). In order to investigate the mechanical
properties of the obtained y-SisN4/Hf3N4 ceramic nanocomposites, an additional synthesis experiment
was carried out without X-rays at a calibrated pressure and temperature (run # HH547, ~20 GPa and

~1500 °C). The sample recovered in run #HH547 was used for further characterizations.
3.2.1.3 Characterization

The synthesis and the crosslinking process of the single-source precursors were analyzed ex situ by
Fourier transform infrared (FTIR) spectroscopy on a Varian IR-670 spectrometer (Agilent Technologies,
USA), using attenuated total reflection (ATR) mode in the range of 500 — 4000 cm'. High-resolution
angle-dispersive X-ray diffraction (AD-XRD) of the recovered samples was performed at the high-
energy beamline P02.1 (60 keV, A = 0.207 A) of PETRA 111, DESY, Hamburg. Quantitative phase
analysis was made by Rietveld refinement, using the program GSAS-II [237]. The instrumental profile
parameters were calibrated with a LaB¢ standard material. The surface of the recovered sample was

coated with gold for the measurements of the microstructure and chemical composition using a scanning
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electron microscope (FEI Company, Hillsboro, Oregon, USA) equipped with an energy-dispersive

detector (EDX, Mahwah, New Jersey, USA). Carbon and nitrogen/oxygen contents of the SiHfN
ceramic pyrolyzed at 1000 °C were measured using a LECO C-200 (LECO Instrumente GmbH,
Monchengladbach, Germany) and a LECO TC-436 analyzer, respectively. The content of silicon and
hafnium was analyzed by EDX. The lamella for the transmission electron microscopy (TEM)/scanning
transmission electron microscopy (STEM) measurements was prepared using a Jeol JIB-4600F focused
ion beam (FIB) instrument. To investigate the micro-structure of the recovered sample (#HH547),
transmission electron microscopy (TEM) images (some also at high resolution, HRTEM) were acquired
along with selected area electron diffraction (SAED) patterns using a JEM ARM 200F microscope. The
acceleration voltage was 200 kV. The Vickers hardness of the polished sample was measured for each
applied load from 0.49 N to 19.6 N using a diamond indenter (FV-700B, Future-Tech, Japan), and the
loading time was kept at 15 s. At least five indentations were repeated and averaged to ensure the
reliability of the results. The impression diagonals and the crack length were measured by SEM for the

calculation of the fracture toughness [25, 261].
3.2.2 Results and discussion
3.2.2.1 Single-source precursor synthesis and pyrolysis

The PHPS chemically-modified with TDMAH was investigated by FTIR spectroscopy. FTIR spectra of
the dried pristine PHPS as well as after its reaction with TDMAH and of the obtained amorphous SiHfN
ceramic are shown in Figure 3. 14. The absorption bands at 3372 and 1171 cm™' (N-H), 2137 cm™!
(Si—H), and 840 — 1030 cm™! (Si—N-Si) are characteristic for the dried pure PHPS. The FTIR spectrum
of unreacted TDMAH exhibits typical C—H absorption bands at 2766, 2822, and 2948 cm™'. The
absorption bands at 932 and 1251 ¢m™! are assigned to Hf-N—C vibrations [239]. The intensity of the
N-H and Si—H absorption bands of the PHPS decreases after the chemical modification, indicating that
the reaction with TDMAH occurred at the Si—H/N—H groups of PHPS. Based on the reported literatures
[65, 239, 240] and our previous work [19], PHPS with Hf-modified N—H and Si—H bonds leads to the
formation of N—Hf at N centers and Si—N—Hf linkages, which is accompanied by the release of HNMe,
and CH4. The absorption peaks of the N—H and Si—H bands completely vanish after pyrolysis at 1000 °C,

which indicates that complete polymer-to-ceramic transformation has been achieved.
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Figure 3. 14 FTIR spectra of TDMAH, dried PHPS, SiHfN precursor, and SiHfN ceramic obtained after

pyrolysis of the precursor at 1000 °C in ammonia.

The ceramic yield of the SiHfN ceramic pyrolyzed at 1000 °C under ammonia is as high as 97.86 wt%
(Figure 3. 15a). In the temperature range from room temperature to 245 °C, the SiHfN precursor shows
a weight loss of 1.7 wt%, which is attributed to the volatilization and decomposition of low-molecular-
weight oligomers, and also accompanied by cross-linking reaction assigned to dehydrocoupling.
Interestingly, the TG curve of SiHfN precursor presents a mass gain of 1.1 wt% in the temperature
ranging of 245 °C—417 °C. The weight gain is mainly related to the formation of Si-N-Hf linkages by
the reaction between NHx-terminated Si and TDMAH in the reactive ammonia atmosphere, leading to
the increase in the nitrogen content [239, 240]. At temperatures beyond 417 °C, the SiHfN precursor
exhibits a gradual weight loss, which is ascribed to the transamination reaction and removal of carbon
residues by the reaction with ammonia [241, 242]. The elemental analysis of the as-obtained SiHfN
ceramic revealed a composition of Si (49.68 wt%), Hf (14.77 wt%), N (33.51 wt%), O (2.03 wt%) and
C (0.01 wt%), demonstrating that the Hf-modified PHPS leads to a significant increase in the nitrogen
content in comparison with the pure PHPS (ca. 25 wt%). Based on the analytical data, a respective phase
composition of 0.3 SizNs + 0.05 HfN + 0.07 SiO; is calculated according to the empirical formula of
Si.00Hf0.0sN1.3500.07 by neglecting the carbon contamination. The Si:Hf ratio of the pyrolyzed SiHfN
ceramic amounts ca. 21:1, which is close to the molar ratio used for the synthesis of the SiHfN precursor.

According to our previous investigation [19], the modification of PHPS with TDMAH was limited in
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the SiHfN system due to the steric hindrance and reactivity, which is consistent with our work. In
addition, the XRD pattern shown in Figure 3.15b reveals that the as-obtained SiHfN ceramic is X-ray
amorphous. Therefore, it has to be considered that during the subsequent high pressure and high
temperature treatment of the amorphous SiHfN ceramic phase transitions will occur to form a-Si3Na, -

Si3N4, and y-Si3Ny, as well as HfN and Hf3Na.
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Figure 3. 15 (a) TG (black line) and DTA (blue line) curves of SiHfN precursor under flowing
ammonia/argon atmosphere (90 vol.% NHs). (b) XRD patterns of the SiHfN sample pyrolyzed at

1000 °C under ammonia atmosphere.
3.2.2.2 Structural evolution of the SiHfN ceramic at HP-HT

A selection of ED-XRD patterns recorded at 19.5 (+0.5) GPa and at different temperatures in the range
from room temperature to approx. 1920 °C (£ 20 °C) are shown in Figure 3. 16. At 990 °C only intense
fluorescence lines of Hf and Pb (from detector shielding materials) were observed, indicating that no
crystalline phase is formed in the amorphous SiHfN ceramic up to this temperature, which is in
agreement with our XRD results of the synthesized amorphous SiHfN ceramic (Figure 3. 15b). Starting
at ~1090 °C, Bragg-reflections of y-SisN4 and ThsPs-type Hf3N4 appear and grow in intensity on further
heating. In addition, some reflections of -Si3Njy are visible at the beginning, which disappear on further
heating. Under these conditions, B-Si3N4 transforms into the stable y-phase. There are no further
structural changes in the XRD patterns up to ~1570 °C, which reveals that the y-SisN4+/Hf;N4s composite
is thermodynamically stable up to ~1570 °C. Based on this observation, the synthesis conditions of
around ~1500 °C and ~20 GPa are selected to prepare a y-SisN4s/Hf3N4 ceramic nanocomposite in an
additional experiment (#HH547). This sample is used for further analysis of the microstructure and

mechanical properties.
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Figure 3. 16 Sequence of ED-XRD patterns, showing the phase transformation of the SiHfN ceramic at
19.5 (20.5) GPa: (a) on heating in the temperature range of 990 °C — 1920 (£ 20) °C; (b) on holding the

maximum temperature of 1920 °C during a time range between 200 and 1900 s.

Above this temperature, some new peaks appear and gradually strengthen with increasing temperature

up to ~1920 °C, whereas the diffraction peaks of ThsPs-type Hf3N4 gradually weaken and completely

vanish at that temperature. It is obvious that a mixture of crystalline phases has been formed in the
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temperature range from 1640 °C to 1920 °C. In order to investigate the phase transformation of ThsPs-

type Hf3N4, the temperature was kept constant at ~1920 °C for about half an hour and a series of ED-
XRD patterns were acquired during this time, which are shown in Figure 3. 16b. It can be observed that
ThsPs-type Hf3N4 disappears after about 1000 s, and the diffraction peaks of rocksalt-type HfN show up
at the same time, indicating the decomposition of Hf3N4 into rocksalt HfN. ED-XRD patterns of the
sample after quenching the temperature at high pressure and decompression indicate that the phase
transition of Hf3N4 into rocksalt HfN is irreversible because the decomposition reaction tends towards
the stable phase. An additional XRD measurement (Figure 3. 17) of the recovered sample (#BT448)
showed a mixture of y-SizN4 and HfN and only a tiny fraction of remaining Hf3N4 (0.1 wt%). The refined
phase fractions are SizN4 : HIN =47 wt% : 6.6 wt%, corresponding to an atomic ratio of Si : Hf =29 :
1, similar to the result from elemental analysis of the precursor (Si : Hf = 21 : 1). The rest of the phase

fractions are the capsule material c-BN, which could not be completely separated from the samples.
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Figure 3. 17 Rietveld refinement of the AD-XRD powder pattern of SiHfN sample recovered from the
HP-HT experiment after completing the ED-XRD measurements (The final residual is wR = 7.3 %).

As illustrated the phase diagram in Figure 3. 18, the amorphous SiHfN phase separates along the tie line
into y-SisNs and Hf;N4 at ~20 GPa and ~1090 °C. At temperature far beyond 1570 °C, Hf3N4
decomposes along the tie line into rock salt-type HfN and N, according to equation (4), which is then in

thermodynamic equilibrium with y-SizNa.
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Figure 3. 18 Thermodynamic guideline for the synthesis of high-pressure nitride nanocomposites in the

ternary SiHfN system.
3.2.2.3 Characterization of the y-SizN4/Hf3sN4 composite

An AD-XRD powder pattern of the recovered sample #HH547 was measured using synchrotron
radiation. Rietveld refinement (Figure 3. 19) showed essentially two phases, namely y-Si3N4 and Hf3N4
and some small reflections of a yet unidentified third phase, resulting in a residual of wR = 9.6%. The
refined phase fractions are Si3Ns : HfsNg = 24.4 wt% : 2.7 wt%, corresponding to an atomic ratio of Si :
Hf = 38:1. Other reflections are from the capsule material c-BN, which could not be completely
separated from the sample. This value is larger than that of the result from elemental analysis of the

precursor (Si: Hf = 21:1), suggesting that the unknown third phase is rich in Hf.
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Figure 3. 19 Rietveld refinement of the y-SisN4+/Hf3N4 composite, recovered from a HP-HT experiment
at ~20 GPa and ~1500 °C.

The TEM images and SEM-EDS analysis of the resultant y-SizN4/Hf3N4 ceramic nanocomposite
synthesized at ~20 GPa and ~1500 °C are shown in Figure 3. 20 and Figure 3. 21, respectively. Fig. 3.
20a and g indicate that the Hf3N4 grains/particles identified by the significant darker contrast are
homogeneously dispersed in the y-Si3Ns matrix. The microstructure of the y-SizsN4/Hf3N4 ceramic
nanocomposite has been studied through TEM images and SAED patterns as shown in Figure 3. 20b
and Figure 3. 20c to identify the two phases. The SAED patter\n with zone axis [001] in Figure 3. 20b
shows the face-centered cubic lattice of the large y-SizN4 single crystal visible in the image and two
representative reflections, (4 0 0) and (2 2 0), are denoted in the SAED pattern. The corresponding lattice
spacings are 0.193 nm and 0.274 nm. The SAED image taken from the whole region in Figure 3. 20c
exhibits a polycrystalline aggregate composed of HfsN4 and y-SizNs. Furthermore, in the HR-TEM
image (Figure 3. 20e and f), the lattice plane (3 1 1) of y-Si3N4 and the lattice plane (2 1 1) of Hf3N4 are
also identified by the d-values of 0.233 nm and 0.274 nm, respectively. In addition, the existence of
Hf3N4 in the y-SisN4 matrix can also be clearly seen from Figure 3. 20c, d, e and f. In Figure 3. 20f,
dispersed Hf3N4 nanocrystallites are embedded in micron sized Si3Ns-particles. Furthermore, nanopores

and amorphous interphase between Hf3N4 and y-SizsN4 were observed as shown in Fig. 5g-i.
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500 nm

Figure 3. 20 TEM images of the y-SisN4/Hf3N4 nanocomposite synthesized at ~20 GPa and ~1500 °C.
(a) TEM image of a typical microstructure of the y-SisN4s/Hf;Ns nanocomposite. (b) TEM image
acquired from a, the inset is a SAED image taken from the red box region. (c) TEM image and
corresponding SAED image. (d) TEM image shows grain boundaries between Hf3N4 and y-Si3Na
crystals. (¢) HR-TEM micrograph magnified from the red box area in d, showing lattice fringes from an
imperfect y-SizN4 single crystal with some embedded nanospheres of Hf3N4. (f) HfsN4 nano particles
embedded in y-SizN4. (g) TEM image obtained from the white circled area in image a, the white arrows
represent nanopores. (h) HR-TEM image shows the interaction relationship between y-SisNa, Hf3Ny4

nanograins and nanopores. (i) HR-TEM micrograph magnified from the interphase area.
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Figure 3. 21 SEM graph and elemental mappings of the y-SisN4/Hf;N4 ceramic nanocomposites,

indicating homogeneous Si, Hf, and N elemental distributions.
3.2.2.4 Mechanical properties

Vickers hardness and fracture toughness of the y-SizN4/Hf;Ns nanocomposites were measured at
indentation loads from 0.49 N to 19.6 N on a polished surface. As can be seen from Figure 3. 22, the
Vickers hardness and the fracture toughness of y-SisN4/Hf3N4 decrease with increasing load. Although
the Vickers hardness of Hf3N4 (18.7 GPa) [262] is lower than that of y-SizN4 (43 GPa) [2, 263], an
average hardness value of 27.8 £ 2.0 GPa for the y-SizN4+/Hf3N4 composite is achieved at an applied load
of 9.8 N, which is comparable to the Vickers hardness of y-SizNa, stishovite SiO» (33 GPa) [264, 265]
and y-GesNy4 (28 GPa) [266], and is much higher than that of the experimental and theoretical hardness
values of transition metal nitrides, such as Hf3Ny4 [262], Zr;Ny4 [262, 267], NbN [268], y-MoN [269],
HfN [268], and ZrN [268].
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Figure 3. 22 Hardness and fracture toughness of the y-SisN4/Hf3N4 nanocomposite as a function of
indentation loads in the range of 0.49 N—19.6 N. The inset is a representative SEM indentation image

showing cracks under an indentation load of 19.6 N.

No cracks are observed from the indentation trace (Figure 3. 23 a, b, c) when the applied load is less
than 2.94 N. Therefore, the fracture toughness (Figure 3. 22) of the vy-SizN4/Hf3N4 ceramic
nanocomposite at 2.94 N, 4.9 N, 9.8 N, and 19.6 N is estimated based on the relation between indentation
load and the radius/length of cracks. The fracture toughness decreases with increasing indentation load
showing an average value of 6.93 MPa-m'?, which is twice as much as that of pure y-SisNs (3.5
MPa-m'!?) [25]. The toughening mechanism of y-SisN4/Hf;N, ceramic nanocomposite is discussed in
terms of the transgranular fracture mode [270, 271] as can be seen from Figure 3. 23d. Moreover, the
presence of nano-sized grains in the y-SizsN4/Hf3N4 composite can cause an increase of the fracture

toughness due to crack deflection and bridging of the composite with low-stiffness interface [272].
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Figure 3. 23 SEM image of the indentation and cracks at 9.8 N, yellow arrows indicate transgranular

cracks. Insets are the simulation path of crack propagation (The hexagons show the grain, and the red

color represents the crack).

In order to comprehensively evaluate the Vickers hardness and the fracture toughness of the y-
Si3N4+/Hf3N4 nanocomposite, a comparison with other hard materials is compiled and shown in Fig. 7
[25, 273-288]. Accordingly, the resultant y-SisN4/Hf3N4 ceramic composite exhibits both high hardness
and fracture toughness simultaneously, which is an excellent trade-off between hardness and fracture
toughness compared to most other materials. Therefore, the high-pressure y-SizsN4/Hf3N4 nanocomposite

is considered to be a potential candidate material for cutting tool applications.
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Fig. 7 Vickers hardness and fracture toughness of the y-SisN4+/Hf;N4 nanocomposite (load: 9.8 N) in

comparison with reported hard materials.
3.2.3 Conclusions

Within the present work, the phase transformation of amorphous SiHfN ceramic prepared by the PDC
route under HPHT conditions is investigated by means of synchrotron X-ray diffraction measurements.
The results provide clear guidance for the preparation of high-pressure y-SizN4/Hf;N4 and y-SizN4/HfN
ceramic nanocomposites. Based on in-situ XRD analysis, the y-SisN4s/HfsN4 ceramic nanocomposite is
obtained at ~1500 °C and ~20 GPa. At temperatures beyond 1500 °C under the same pressure, the Hf3N4

phase decomposes to hafnium mononitride and a y-SisN4+/HfN composite is formed.

The fracture toughness of the resultant y-Si;N4/Hf3N4 ceramic nanocomposite (~7 MPa m'?) exhibits a
significant improvement over pure y-SisN4 (3.5 MPa m'"?) without sacrificing the hardness of the
material. Characterizations by means of XRD, SEM, and TEM proved that the enormous enhancement
(2 times) in the fracture toughness has to be discussed in terms of synergetic effects of nano-scale
composite (y-SizNs < 200 nm, Hf3Ns <X 50 nm) and transgranular fracture mode. In addition to the
unique combination of high hardness and high toughness, the y-SisN4+/HfsN4 nanocomposite can be
operated in extreme environments and at elevated temperature as the two individual high pressure nitride

phases y-SisN4 and Hf3N4 have been shown to be high temperature resistant.
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3.3 Single-source-precursor derived bulk  SisN4#/HfBxN1.x ultra-high temperature ceramic

nanocomposites

The content of this Chapter is published in:

1. Li W, Du H, Tian C, et al. Single-source-precursor derived bulk SisN4#/HfBxNix ceramic
nanocomposites with excellent oxidation resistance [J]. Zeitschrift fir anorganische und allgemeine
Chemie., 2022.

In this chapter, the SiHf(B)N single-source precursors with varied compositions were synthesized by
chemical modification of PHPS with TDMAH and BMS. The chemical reactions between Si—H and
N-H groups of PHPS and BMS and TDMAH were confirmed by FT-IR and XPS. Then, the polymer-
to-ceramic transformation of the single-source precursors was investigated via the cross-linking and
pyrolysis by TGA/DTA, FTIR and XPS. Subsequently, the conversion of amorphous to crystalline
reveals that the modification with hafnium and boron not only increases the ceramic yield of the final
products but also efficiently improves the high-temperature stability of the PHPS-derived SizN4 against
crystallization greatly. Finally, the oxidation behavior of the resultant SiHf(B)N ceramics was

investigated, and the effect of B/Hf incorporation on the oxidation resistance was carefully discussed.
3.3.1 Experimental procedures
3.3.1.1 Synthesis and pyrolysis of the single-source precursors

All chemical synthesis processes were carried out under purified argon atmosphere (Argon-filled
Glovebox and Standard Schlenk technique) to keep inert environment, and anhydrous toluene (Merck,
Germany) was used as a reaction solvent. Commercially available PHPS solution, TDMAH, and BMS
were used as the starting materials to synthesize Hf/B- containing single-source precursors. The
modification of PHPS with different TDMAH contents was reported in our previous work [19], in which
the optimized ratio of TDMAH and PHPS was determined to be 3:7. Therefore, for the synthesis of
Hf/B-modified single-source precursors, the weight ratio of TDMAH to PHPS was set to 3:7, and the
amount of BMS added to the Hf-modified PHPS was adjusted according to B/Hf molar ratios of 2:1,
5:1, 10:1. The synthesized single-source precursors are denoted as BHPSY (Y is the B/Hf molar ratio).
Here, a typical synthesis process of the BHPS2 was carried out as follows: 1 g TDMAH dissolved in 10
mL anhydrous toluene was added dropwise into a solution of 11.25 g PHPS (2.3 g pristine PHPS) with
stirring at room temperature for 2 h. Then, a solution of BMS (2.4 mL, 25 mmol) in anhydrous toluene
(10 mL) was added dropwise into the mixture of TDMAH and PHPS under stirring at = —78 °C (dry
ice/acetone bath). The mixture was stirred at = —78 °C for 2 h and then naturally warmed up to room
temperature. After continuous stirring for 24 h, the synthesized mixture was heated at 80 °C for 3 h

followed by vacuum drying (102 mbar) at 50 °C for 5 h to yield the solid single-source precursor BHPS2.
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The resultant BHPSY single-source precursors were warm-pressed at 110 °C and 120 MPa. In order to

investigate the polymer-to-ceramic transformation of the warmpressed BHPSY pellets and the high
temperature behavior of the resulting SiHfBN ceramics, the obtained precursor was transferred into a
horizontal Schlenk tube and pyrolyzed at 1000 °C for 2 h at a heating rate of 50 °C/h under NHj3
atmosphere, and then cooling down to room temperature at 100 °C/h. Subsequently, the as-pyrolyzed
specimens were annealed at 1300 °C, 1500 °C and 1700 °C for 2 h in N, atmosphere. In the subsequent
discussion, the synthesized precursors and the annealed SiHfBN ceramics are denoted as expressed in

Table 3. 4.

Table 3. 4 Composition, preparation temperatures and notation of the synthesized BPSZX, BHPSY
precursors and SiHfBN-based bulk samples.

Notation Samples Molar ratio Temperature (°C)

BHPS2 2:1 (B:Hf) 80
BHPSY BHPS5 5:1 (B:Hf) 80
BHPS10 10:1 (B:Hf) 80

SiHfBN2 1000 2:1 (B:Hf) 1000

SiHfBN 1000 SiHfBN5 1000 5:1 (B:Hf) 1000

SiHfBN10 1000 10:1 (B:Hf) 1000

SiHfBN2 1300 2:1 (B:Hf) 1300

SiHfBN 1300 SiHfBN5 1300 5:1 (B:Hf) 1300

SiHfBN10 1300 10:1 (B:Hf) 1300

SiHfBN2 1500 2:1 (B:Hf) 1500

SiHfBN 1500 SiHfBN5 1500 5:1 (B:Hf) 1500

SiHfBN10 1500 10:1 (B:Hf) 1500

SiHfBN2 1700 2:1 (B:Hf) 1700

SiHfBN 1700 SiHfBN5 1700 5:1 (B:Hf) 1700

SiHfBN10 1700 10:1 (B:Hf) 1700

3.3.1.2 Characterization

The synthesized single-source precursors and their cross-linking process were analyzed by means of
attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy in the range of 550 —
4000 cm™' on a Varian IR-670 instrument (Agilent Technologies, USA). The polymer-to-ceramic
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transformation of the BPSZX precursor was characterized by means of thermogravimetric

analysis/differential thermal analysis (TGA/DTA) in flowing nitrogen atmosphere with an STA 449C
Jupiter (Netzsch Gerdtebau GmbH, Germany) in situ coupled with a mass spectrometer (MS, QMS 403C
Aéolos, Netzsch Gerdtebau GmbH, Germany). The polymer-to-ceramic conversion of the BHPSY
precursor was recorded by a thermal analysis device (STA 449F3 Jupiter, Netzsch, Germany) in flowing
nitrogen and ammonia atmosphere (10 vol.% Ar in NH3; Ar >99.999 %, Tyczka Industrie-Gase GmbH,
purified by Entegris Gatekeeper GPUS IX p(O2) < 100 ppt, p(H20) < 100 ppt; NH; >99.999 %, Air
Liquide, purified by Entegris Gatekeeper GPUS YX p(0O,) < 1 ppb, p(H.O) < 1 ppb) from room
temperature to 110 °C for 2 h, and then heated to 1100 °C at a heating rate of 5 °C/min. The
measurements were corrected for the buoyancy. The phase identification of the ceramic samples was
performed on a powder X-ray diffraction diffractometer utilizing Mo Ko/ radiation source (STOE &
Cie GmbH, Germany) in transmission geometry. Transmission electron microscopy coupled with the
selected area electron diffraction technique were done on a JEM-2100 microscope (JEOL Ltd, Tokyo,
Japan) under an acceleration voltage of 200 kV to investigate the microstructures and phase distribution
of the Si(Hf)BN ceramics. The chemical bonding of the BHPSS precursor and samples heat-treated at
different temperatures (25 °C, 400 °C and 1000 °C) were characterized by in-line UHV integrated XPS
(SPECS) with a hemispherical energy analyzer (PHOIBOS 150, Focus 500 with XR50M) at a pressure
<5 x 107! mbar. Monochromatized Al Ko line (1486.74 €V) was used as the X-ray source. Survey
spectra were recorded with a pass energy of 25 eV and a step width of 1 eV, and detailed spectra were
recorded with 10 and 0.05 eV, respectively. The obtained spectra were analyzed with the software
CasaXPS to employ Shirley background correction and Gaussian-Lorentzian peak fitting, adjusting the

binding energy position, peak intensity, and full width at half maximum values.
3.3.1.3 Oxidation tests

The monolithic StHfBN samples prepared by warm-pressing of the precursor powder and subsequent
pyrolysis of the green body were polished with diamond paste to um roughness, and the polished
samples were ultrasonically cleaned in acetone and dried at 100 °C for 24 in an oven. The skeletal density
and open porosity of the pellets were determined by the Archimedes method. The oxidation behavior of
SiHfBN 1700 monoliths was performed in a muffle furnace at 1500 °C. The oxidation times of the
monolithic samples amounted from 1 h to 50 h and the weight changes were measured with an analytical

balance (with an accuracy of £0.01 mg) at specific interval times.
3.3.2 Results and Discussion
3.3.2.1 Synthesis of the single-source precursors

The FTIR spectra of BMS, pristine PHPS, and the obtained boron modofied PHPS (BPSZX, X is molar
ration of Si:B) precursors are shown and compared in Figure 3. 24. Typical absorption bands of N-H

(1120, 3302 cm™), Si-H (2159 cm™), and Si—-N-Si (830 — 1050 cm™") groups are expectedly shown in
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the FTIR spectrum of PHPS. With the addition of BMS into PHPS, the N-H and Si—H groups of PHPS

and the B-H (2391 cm™) groups of BMS are consumed, while B-N groups (1315 ¢m™) are formed
simultaneously, as shown in the spectra of BPSZX precursors. Hence, dehydrocoupling reactions
between the N-H (Si-H) and B-H groups are proposed as reaction mechanisms and are shown
schematically in Figure 3. 25. Unlike the N-H groups, which are reacted in a high amount, only a small
number of the Si—H groups are involved in the modification process. It was reported by Hapke et. al
[289] that the reaction of Si—H groups is affected by steric hindrance during the chemical modification
of the PHPS. Additionally, the existence of B-H (1091 cm™) groups in BPSZ1 and BPSZ2 reveals that
the silazane-bonded B-H groups have not been completely reacted. The C—H vibrations (2786 — 2995

cm™!) detected in the spectra of the BPSZX samples stem from the residual solvent dibutyl ether.

N-H  C-H

——————

Si-H B-N

Intensity (a.u.)

M
BMS ! W
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Figure 3. 24 FTIR spectra of BMS, pristine PHPS, BPSZ5, BPSZ2 and BPSZ1.
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Figure 3. 25 Proposed pathway of the reaction of PHPS with TDMAH and BMS.

Based on the above investigation of SiHfN (chapter 3.1 and 3.2) and SiBN precursors, a series of
SiHfBN precursors with different B/Hf molar ratios were synthesized and investigated by means of FT-
IR and XPS. The FT-IR spectra of TDMAH, pristine PHPS, BMS, as well as the synthesized BHPSY
precursors are shown in Figure 3. 26. In the FT-IR spectrum of PHPS, typical absorption bands related
to Si-H (2159 cm™), N-H (1120, 3302 cm '), and Si-N-Si (840 — 1050 cm™!) groups are expectedly
observed. The absorption bands at 1088 cm ™' and 2260 — 2534 cm ™! are characteristic vibrations of BMS

and are assigned to B-H units. The peaks appearing at 940 and 1246 cm™!

are related to the stretching
vibration modes of Hf—N—C in TDMAH. As can be seen from the spectra of the BHPSY precursors, the
intensity of the peaks related to Si—H and N—H groups becomes smaller with the addition of BMS and
TDMAH into PHPS, while the peak intensity of B-N (1315 cm™") gradually increases. Furthermore, the
presence of the B-N peak (401.8 e¢V) in the XPS spectra (Figure 3. 27¢) of the N Is line also confirms
that B atoms exist in the N substitutional sites of Si—N [290], indicating that dehydrocoupling reactions
occur between N-H and Si—H groups of PHPS and B—H of BMS. Additionally, in the Si 2p XPS
spectrum (Figure 3. 27d), a signal at 222 eV is assigned to rich silicon in precursor [19], which is
consistent with the reported results and plays a great role in the polymer-to-ceramic transformation. The
disappearance of absorption bands related to B—H groups as well as to Hf—~N—C bonds in the BHPSX
precursors (Figure 3. 26) indicates that all B—H groups of BMS and all Hf-N—C groups of TDMAH are
involved in the reaction. The weaker bands at 2786 — 2995 cm™! in the FT-IR spectra (Figure 3. 26) are

ascribed to C—H vibrations of sp® carbon of the methyl groups in TDMAH. C-N, C—C and C-NH units
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are also found in the XPS spectra of the C 1s signal (Figure 3. 27b) [14]. This residual carbon source is

attributed to the residual solvent toluene and dibutyl ether, and is removed after pyrolysis under NHj; as

discussed in the next section.
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Figure 3. 26 FT-IR spectra of BMS, PHPS, TDMAH, and BHPSY precursors.
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Figure 3. 27 XPS spectra of BHPSS5 precursor (a) B 1s; (b) C 1s; (c) N 1s; (d) Si2p.
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The reaction between PHPS and TDMAH and BMS is schematically shown in Figure 3. 25 and is based

on spectroscopic studies [19, 291]. Similar chemical reaction of both Si—H and N—H groups with BMS
and the hafnium amido complex was reported in our previous work [291]. Unlike the N—H groups, only
a small amount of the Si—H groups react (see Figure 3. 26), which is discussed in terms of steric

hindrance [19, 291].
3.3.2.2 Polymer-to-ceramic conversion

The polymer-to-ceramic transformation of the BHPSY single-source precursors was investigated by
means of TGA/DTA and FT-IR measurements. As shown in the TGA/DTA curves (Figure 3. 28), the
BHPSY precursors exhibit four regions of mass changes. The first two steps from RT to =~ 200 °C show
an overall weight loss of 4.8 wt%, while the third step, 200 to =450 °C, is characterized by a significant
increase in mass up to ca. 107 wt%. The last step at temperatures beyond 400 °C corresponds to the
ammonolysis resulting in the final ceramic yield, which amounts 100.4 wt%, 100.8 wt% and 101.6 wt%

for the BHPS2, BHPSS and BHPS10 precursors, respectively.
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Figure 3. 28 TG (a), DTA (b) and temperature vs time curves of the BHPSY precursor under flowing

ammonia/argon atmosphere (90 vol.% NH3)

The weight loss of 2.8 wt% in step 1 and 2 is ascribed to the evaporation of residual solvent, moisture
and unreacted organic chains. Additionally, the exothermic peaks at ca. 110 °C (Figure 3. 28b) indicate
typical dehydrocoupling cross-linking reactions with bond redistribution and thermal decomposition,
leading to additional weight loss. However, the weight loss of BHPSY precursors at = 200 °C is lower
than that of the Hf- and B-free PHPS (13.9 wt%), which is considered to be related to the higher degree
of cross-linking of the Hf- and B-modified precursor. The cross-linking reactions are supported by the
FT-IR spectra (Figure 3. 29), where the N-H and Si—H absorption peaks almost vanish with increasing
temperature up to 400 °C. The exothermic peak and mass gain in step 3 should be due to the reaction of
the polymeric precursor with ammonia. In reactive ammonia atmosphere, excess silicon found in PHPS
is terminated by NHy-groups which readily react with TDMAH to form Si—N—Hf linkages at around
300 °C [239]. The XPS spectrum (Figure 3. 30) of the SiIHfBNS sample heat-treated at 400 °C shows
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that all expected bonds such as C-N, C—C and C—NH for carbon, N—C, N-B and Si—N for nitrogen and

Si—N and elemental Si for silicon were detected, indicating that polymer-to-ceramic transformation

requires higher heat treatment temperature.
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Figure 3. 29 FT-IR spectra of BHPS5 annealed at different temperatures.
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Figure 3. 30 XPS spectra of SIHfBNS sample heat-treated at 400 °C (a) B 1s; (b) C 1s; (c) N 1s; (d) Si
2p.
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The weight loss in the last step is ascribed to transamination and polycondensation reactions with the

release of volatile dimethylamine and ammonia [241]. The disappearance of C signals in the C 1s XPS
spectrum (Figure 3. 30) of the obtained ceramics provides clear evidence that carbon is totally consumed
during pyrolysis in the presence of ammonia. In Figs. 31a and 31c¢, the B 1s and N 1s XPS spectra exhibit
a prominent chemical signals at 191.1 eV and 399.9 eV, respectively, which are attributed to Hf bonded
to B and N [292]. Furthermore, the ceramization process is supported by the FT-IR spectra (Figure 3.
29), where the absorption peaks of Si—-H and N-H completely vanish beyond 600 °C and 800 °C,
respectively. The final ceramic yield of BHPSX is around 100.5 wt%, which is higher than those of the
pristine PHPS (78 wt%), boron-modified PHPS (93 wt%) and hafnium-modified PHPS (97 wt%). The
significant improvement of the ceramic yield has been associated with the presence of HfNy and BNy
regions, which are more stable concerning their decomposition than that of the SiNx regions [19]. In
addition, the HfNx- and BNx-phases are discussed to encapsulate the SiNx-rich regions and suppress

their decomposition [41].
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Figure 3. 31 XPS spectra of SiHfBN5 sample pyrolyzed at 1000 °C (a) B 1s; (b) C 1s; (c) N 1s; (d) Si
2p.

3.3.2.3 Microstructural characterization

3.3.2.3.1 XRD analysis
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The high temperature behavior with respect to crystallization, phase composition as well as
microstructural evolution of the heat-treated SIHfBN specimens at 1000 °C, 1300 °C, 1500 °C and 1700 °C
was investigated via a combination of XRD and HRTEM. In Figure 3. 32, XRD patterns of the SIHfBN
ceramics obtained upon pyrolyzing/annealing at different temperatures are presented. All of the BHPSY
precursors pyrolyzed at 1000 °C and subsequently annealed at 1300 °C in nitrogen are predominantly
X-ray amorphous (Figure 3. 32a, b). The SiHfBN ceramics with a molar ratio of B:Hf = 5 and 10 in the
feed, still remain X-ray amorphous at 1500 °C, while crystallization of the SIHfBN2 1500 ceramic is

significantly advanced, showing broad, low-intensity reflections of a-Si3N4 (Figure 3. 32c¢).
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Figure 3. 32 XRD patterns of SiHfBN ceramics upon heat treatment in the temperature range of
1000—1700 °C under different atmospheres: (a) 1000 °C (NH3), (b) 1300 °C (N>), (c) 1500 °C (N>), (d)
1700 °C (N>).

As the annealing temperature is raised up to 1700 °C, all the amorphous SiHfBN samples undergo
crystallization processes and phase separation. Figure 3. 32d represents the XRD patterns of three
SiHfBN samples with different B:Hf ratio. They all show reflections from the dominating phase a-SizNa,
whereas the amount of B-Si3Ny is small and only the strongest 3-Si3Ny reflections are visible as tiny
peaks (indicated in the lower pattern of Figure 3. 32d). Additional reflections, not attributed to one of
the Si3Ns polymorphs, are visible in the 26 ranges around 15°, 17°, 25°, and 30°, representing the
contribution of Hf containing phases, which show an increase in intensity with increasing B:Hf ratio

with respect to that of 0-SizsN4. A quantitative phase analysis of the SIHfBN2 1700 XRD pattern by
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Rietveld refinement, using GSAS-II [237] allowed to identify a mixture of three cubic NaCl-type phases

(space group Fm-3m) with lattice parameters of 4.515 A, 4.546 A, and 4.598 A. They are attributed to
ternary Hf(B, N) phases, solid solutions of rock salt-type HfN and HfB, with different B:N ratio. The
observed range of lattice parameters compares well with the reported values for HfN with a = 4.526 A
[293] or a = 4.5101 A [294] and for HfB with a = 4.65 A [295] or a = 4.62 A [296]. The resulting
Rietveld refinement is shown in Figure 3.33. The intensity distribution in the region of the Hf(B, N)
reflections shows some fine structuring, which cannot be described by just one Hf(B, N) phase with a
corresponding larger line width. This finding indicates an inhomogeneous B/N distribution across the
sample. The refined phase fractions of a-Si3Na, B-Si3N4, and Hf(B, N)-1/ -2/ -3 are analyzed to amount
88.0/5.3/2.7/2.5/1.5 wt%, wR = 7.1 %.
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Figure 3. 33 Rietveld refinement of SIHfBN2 1700 XRD pattern.
3.3.2.3.2 TEM characterization

The crystallization behavior and microstructural development of SiHfBNS prepared under different
temperatures ranging from 1000 °C to 1700 °C are also supported by means of TEM investigations along
with SAED (Figure 3. 34 and Figure 3. 35). In accordance with the XRD results (Figure 3. 32), the
samples SIHfBNS5 1000 and SiHfBNS5 1300 are amorphous as shown by the featureless SAED pattern
of the TEM images (Figure 3. 34).

After annealing at 1500 °C, contrast variations in Figure 3. 35a indicate that phase separation in sample
SiHfBNS takes place at 1500 °C, where small crystals of HfBxN.x were found to be homogeneously
dispersed throughout the matrix. Lattice fringes of the poorly crystallized HfBxN.x nanograins can be
identified in the high-resolution image in Figure 3. 35b. Although SisN4 crystallites were not visualized
in Figure 3. 35b and in the XRD patterns in Figure 3. 32¢, the SAED pattern (Figure 3. 35a) shows also

the presence of 0-Si3N4. These observations indicate that the SiHfBN5 ceramic undergoes phase
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separation starting from Hf-containing regions at 1500 °C.

100 nm

5 1/nm

Figure 3. 34 TEM images of the SiHfBN 1000 (a and b) and SiHfBN 1300 (¢ and d) bulk ceramics; (b)
and (d) are high resolution images magnified from (a) and (c), respectively; the inset in (b) and (d) is

the SAED images.

The TEM images of the SiIHfBN5 sample annealed at 1700 °C show the presence of HfBxN . crystals
embedded within crystalline o/B-Si3N4 nanoparticles, which are distinguished by their dark (HfBxNi)
and light contrast (a/pB-Si3N4). Lattice fringes of the well-crystallized HfBxN .« and o/B-Si3N4 nanograins
are displayed in the high-resolution images (Figure 3. 35d), in which the distances of 0.25 nm and 0.67
nm correspond to HfB«Nix and the (100) lattice plane of B-Si3N4, respectively, which is consistent with
the XRD results. Furthermore, the lattice plane of o/B-SisN4 and HfBiN . are also found in the SAED

images (inset in Figure 3. 35¢).
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Figure 3. 35 TEM images of bulk SIHfBN 1500 (a and b, b is a high-resolution image enlarged from a)

and SiHfBN_1700 (c and d, d is a high-resolution image magnified from c); the insets in (a) and (c) are
SAED images; the insets in (b) and (d) are FFT images from the selected areas.

3.3.2.4 Oxidation resistance

The oxidation behavior of bulk SisN4/HfBiNi.« specimens annealed at 1700 °C was investigated. The
open porosity and skeletal density of the monolithic samples prepared by warm-pressing of the precursor
powder and finally heat-treated at 1700 °C are 12.6, 12.9, 14.4 % and 2.67, 2.62, 2.55 g-cm™ for
SiHfBN2 1700, SiHfBN5 1700 and SiHfBN10 1700, respectively. The bulk SisN4/HfBNi
specimens were oxidized in static air at temperature up to 1500 °C for 50 h, and the mass change with
the variation of oxidation times is shown in Figure 3. 36. All samples undergo a rapid mass gain in the

initial 10 h. The mass gain decreases with increasing molar ratio of boron in the feed, Si3N4/HfBNi«
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ceramic nanocomposite with a molar ratio of B:Hf=10:1 shows the lowest weight change with only

2.57%, the SiIHfBNS5 1700 and SiHfBN2 1700 samples show higher weight gain up to 4.37% and

4.31%, respectively. The oxidation of SiHfBN ceramics does not conform with a parabolic oxidation

behavior, which relates to the presence of open porosity in the investigated bulk samples.
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Figure 3. 36 Weight changes with the variation of oxidation times for bulk SiHfBN 1700 samples at
1500 °C.

In order to investigate the effects of hafnium and boron on the oxidation behavior of the Si3N4/HfB«N.
x ceramic nanocomposites, the oxidized specimens were analyzed by means of XRD, and the XRD
patterns are presented in Figure 3. 37. For all oxidized SisN4+/HfBxN.x samples, SiO,, HfSiO4 and HfO,
were analyzed, indicating that the oxidation of the HfBxNi« phase has an important contribution to the
oxidation behavior of SisN4/HfBNi.« ceramics [297]. The formation of HfSiOj is caused by the reaction
between HfO, and SiO», which is expected to enhance the oxidation resistance [298-300]. The oxidation
of Si3N4 and HfBxN| « results in the formation of SiO; scale and liquid B,Os at high oxidized temperature,
respectively [301, 302]. The SiO,-B»0s glass (i.e., borosilicate) was reported to form between a low-
viscous B>O; [303] and high-viscous SiO, glass [304], leading to a dense and continuous protective
layer. The SiBO glass plays a role as a barrier against the inward diffusion of O, more effectively than

that of liquid HfO, and B,Os [305, 306]. Therefore, the oxidation resistance of the SisN4/HfBiN
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ceramics takes advantage of the formation of HfSiO4, B,O3 and SiO,. However, no diffraction peaks of

boron-containing crystalline phases were detected in the XRD patterns [20, 307]. This is because that
boron is mainly located in HfBxNx and homogeneously dispersed within the Si3Ns matrix. In addition,
B-»0:; is at the outer surface of the borosilicate layer, which is preferentially evaporated at temperature >
1200 °C, resulting in the measured outer surface consisting predominantly of SiO,, HfSiO4 and HfO,

[301, 308].

. % HfO, ¢ SiO, « HfSIO,

ot o Le A ® o. °
SIHFBN10_1700

MWMWNMWW,

SiHfBN5_1700

([

Intensity (a.u.)

SiIHfBN2_1700

. . — .
10 20 30 40 50 60 70 80 90
2 theta (°), Ka

Figure 3. 37 XRD patterns of bulk SiHfBN 1700 samples oxidized at 1500 °C in static air.
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HfB, N, _,
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Figure 3. 38 Quaternary isothermal phase diagram SiHfBN with the two-phase subsystems, SizN4, HfN,
HfB and BN. The analyzed crystalline ternary HfBN phase is part of the three-phase field Hf, N and B
with compositions located on the tie line marked in red between NaCl-type HfB and HfN.

3.3.3 Conclusion

In the present study, SiBN and SiHfBN ceramics were prepared from novel single-source precursors,
which were synthesized by the reaction of PHPS with TDMAH and BMS. The polymer-to-ceramic
transformation of the single-source precursors shows that the incorporation of hafnium/boron
significantly enhances the ceramic yield. The as-prepared BPSZX-derived ceramics are shown to
possess remarkable resistance against crystallization in comparison to PHPS-derived boron-free SizNs
ceramics. The resultant SIHfBN samples annealed in N, at temperatures in the range of 1300 — 1700 °C
are found to undergo a phase conversion of the amorphous SiHfBN into nanostructured SizN4/H{BN .«
composites. These results indicate that the conversion of the amorphous SiHfBN into SizN4/HfBN«
ceramic nanocomposites is thermodynamically controlled (Figure 3. 38), thus providing a route to
prepare single-phase amorphous or multi-phase crystalline stable materials with tailored compositions.
Moreover, bulk SiHfBN samples were successfully prepared by warm-pressing of the precursors at 110 °C
and 120 MPa and subsequent pyrolysis of the obtained green bodies. The SiBN powders and bulk
SiHfBN 1700 samples show improved oxidation behavior due to the formation of Si0,-B,O; glass.
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4 Conclusions and outlook

4.1 Conclusions

Within the scope of this Ph.D. work, four types of SisNs-based ceramic nanocomposites (1. HIN@a-
Si3N4, 2. HfN/SisNa, 3. y-SisNa/Hf3N4, 4. SisNs/HfBNi.x) were synthesized by heat treatment of
corresponding Hf-containing single-source precursors which were synthesized by chemical
modification of PHPS with tetrakis(dimethylamido) hafnium(IV). Moreover, additive-free HIN@oa-
Si3Na4, Si3N4/HfBxNi« and y-SizsN4/Hf3sN4monoliths were fabricated by warmpressing and high pressure
high temperature technique, respectively. The resultant SiHf(B)N ceramic nanocomposites were provn
to exhibit promising mechanical properties and oxidation behavior due to the nanocomposite formation

and unique microstructure. Several detailed findings are now summarized here.

® Additive-free bulk HfN@a-SizNs ceramic nanocomposite in which HfN nanocrystallites are
homogeneously embedded in amorphous SisNs were prepared by in situ consolidation of
preceramic polymer powders via warm-pressing followed by densification via ammonolysis and
annealing. The critical issues concerning gas evolution and crystallization inducing bloating and
cracking are addressed as follows: 1) The warm-pressed samples with high density prevents the
effluence of gaseous by-products from inside to the surface during further ammonolysis, resulting
in the formation of pores and cracks; ii) A springback mechanism when releasing the pressure in

uniaxial warm-pressing of the precursor causes cracks at higher pressures.

® The Vickers hardness and nano hardness of the resultant amorphous bulk SiHfN ceramics are 19.6
GPa and 17 GPa, respectively, which is comparable to most of polycrystalline SizNs- and
amorphous SizNs-based ceramics. But the densification method in this work, warm pressing, is a
resource-efficient low-temperature molding method compared with liquid phase sintering, hot-

pressing (HP) or spark plasma sintering (SPS).

® In situ ED-XRD assessment of the phase evolution of the single-phase amorphous Si-Hf-N
precursor under high pressure determined the optimal conditions (19.5 GPa and 1500 °C) for the
formation and stability of y-SisN4/Hf3N4 ceramic nanocomposites. y-SisN4/Hf;Ns ceramic

nanocomposite was prepared from an amorphous Si-Hf-N precursor at 20 GPa and 1500 °C.

® The fracture toughness of the resultant y-SisN4/Hf3Ns (6.98 MPa m'?) ceramic nanocomposite
exhibits a significant improvement over pure y-SisN4 (3.5 MPa m!?) without sacrificing the
hardness of the material, which is an excellent trade-off between hardness and fracture toughness

compared to most other hard materials.

® The single-source precursors of B/Hf-PHPS were synthesized by modification of PHPS with

TDMAH and BMS. The chemical reaction to form the single-source precursor was confirmed by
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FT-IR and XPS, in which both Si-H and N-H groups of PHPS react with BMS and TDMAH. The

investigation of the polymer-to-ceramic transformation indicates that the ceramic yield of B/Hf-

modified PHPS is up to 100 wt% after pyrolysis at 1000 °C under ammonia.

®  Si;N4/HfBNi ceramic nanocomposites were fabricated after annealing of the amorphous SiHfBN
ceramic at 1700 °C under nitrogen. The found ternary HfBxN;.« phase was determined to be a solid
solution of rock salt-type HfN and HfB by XRD, Rietveld Refinement and TEM, which are

homogeneously dispersed in the Si;N4 matrix.

® The oxidation behavior of the obtained SisN4/HfBN;.x monoliths was investigated at 1500 °C.
Incorporation of boron and hafnium into SisNs matrix substantially enhanced the oxidation
resistance of the SisNs-based ceramics, which is ascribed to the decreased self-diffusion coefficient
due to the formation of rigid B-N and Hf-N bonds in the Si—N network, which leads to the

formation of HfSiO4, B,O3 and SiO» oxidation protective layer.
4.2 Outlook

During the course of this Ph.D. work, a systematic study of SiHf(B)N ceramics derived from suitable
single-source precursors was carried out. Numerous useful information about single-source-precursor
synthesis, polymer-to-ceramic transformation, microstructural evolution as well as mechanical
properties and oxidation behavior was collected, which can provide some inspiration and guidance for

future research. An outline for future works is recommended below.

» Additive-free bulk HIN@a-Si3N4 ceramic nanocomposite was prepared by a resource-efficient
low-temperature molding method, warm-pressing. Although open porosity of the obtained
ceramic is as low as 2.35%, its relative density amounts to 84%, indicating that additional
closed pores are present. To avoid the formation of closed pores should be further investigated

in order to improve the mechanical properties.

» Binary y-SisN4/Hf3N4 ceramic composites with excellent mechanical properties have been
discovered using the polymer-derived ceramic route and high pressure-high temperature
synthesis methods. In addition, several new groups of Bragg-reflections were observed to
appear and disappear in different temperature regions by in-situ energy dispersive XRD, which
could not be correlated with known phases and are candidates for possible ternary SiHfN
compositions or solid solutions with the general composition (Si(1-x/Hfx)3:Ns. Thus, the detailed

analysis of these possible new phases should be pursued in the future.

»  Amorphous SiBN ceramic powders exhibit an improved oxidation resistance compared with
reported amorphous silicon nitride. However, preparing dense and additive-free SiBN
monoliths is still a great challenge due to its low self-diffusion and has not been studied in

detail yet, which deserves further study.
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» The oxidation mechanism of SizN4/HfB«Nix ceramic nanocomposites was analyzed and

ascribed to precipitation of HfSiOy4 into borosilicate. However, a quantitative and qualitative
analysis of the presence of B,0s in the Si0,-B»O; glass (i.e., borosilicate) layers is still lacking
due to the low sensitivity of most characterization techniques to light elements. This issue
could be further investigated by advanced techniques (e.g., XPS and secondary ion mass

spectrometry).

»  Single-source-precursor derived SiHf(B)N ceramics exhibited excellent mechanical properties
and oxidation resistance. Thermal properties such as thermal shock resistance, thermal
expansion and thermal conductivity should be investigated as the obtained SiHf(B)N ceramics
are potential material candidates, which can be applied at high temperature beyond 1000 °C

up to 1500 °C.
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