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Abstract

The development of hard and tough materials remains a great challenge in materials science.
The nature demonstrates that the high-pressure polymorphs of highly abundant bulk materials
formed deep in the earth’s interior or in extra-terrestrial planets are frequently those with the
highest mechanical resistance. The most famous example is diamond, which is synthesized
for many industrial applications. Even harder nano-polycrystalline diamond can be fabricated
through the reduction of the grain size of polycrystalline materials. Grain size refining is not
only a known hardening mechanism; it can also improve the fracture toughness and the optical
properties of polycrystalline ceramics consisting of intrinsically transparent crystals. However,
exploring the mechanisms responsible for these improvements requires the fabrication of poly-
crystalline materials with certain controls on the grain size down to the nanometer scale. The
synthesis of related materials, although challenging, has been successfully implemented by
time-controlled tempered high-pressure crystallization from glass.
In the current study, this approach is applied to the synthesis of nano-polycrystalline ceram-
ics from glass starting materials, using a state-of-the-art high-pressure high-temperature tech-
nique at pressures above several GPa and temperatures above 1200 K. Most of the starting
glasses were prepared by an aerodynamic levitation furnace from simple and highly available
oxide compounds, namely silica, alumina, and disodium oxide. The chemical composition and
the structure of the synthesized materials were determined by electron probe microanalysis,
synchrotron radiation diffraction, and scanning electron and transmission electron microscopy
combined with electron dispersive X-ray spectroscopy. The fabricated dense polycrystalline
ceramics reproducibly exhibit average grain sizes from the micro- to few tens of nanometers
and very small grain size variation. The reduction in grain size results in the material reinforce-
ment and greatly improved optical transparency of the synthesized ceramics, which consist of
intrinsically birefringent crystals. The latter together with pores represent the main sources of
light scattering in polycrystalline materials.



In particular, nanocrystalline ceramics composed of triclinic Al2SiO5-kyanite monocrystals are
highly transparent for visible light, and indicate to have a relatively high optical density and
low chromatic dispersion. This is noteworthy because most of the transparent polycrystalline
ceramics are restricted to cubic crystals and, so far, have not be produced in the same quality
when composed of the more common crystals of low symmetry. All of the synthesized ceramics
are hardened and toughened in contrast to the transparent brittle single crystals and glasses that
are mainly used in photonic applications.

However, due to the restrictions of high-pressure processing, the samples are quite small; in-
creasing their size would be favorable for many practical applications.
Hence, a part of this study describes the implementation and calibration of a high-pressure
high-temperature synthesis configuration introduced at the P61B Large Volume Press - Extreme
conditions (LVP-EC) beamline, Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Ger-
many. This setup allows the synthesis of up to cm-sized samples and hence could open doors to
establishing this technique for industrial applications.
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Zusammenfassung

Die Entwicklung von harten und bruchzähen Materialien bleibt eine große Herausforderung
in den Materialwissenschaften. Die Natur zeigt, dass Hochdruck-Polymorphe von reichlich
vorhandenen Geomaterialien, die im Inneren der Erde oder in extraterrestrischen Planeten ge-
formt werden, häufig die mechanisch widerstandsfähigsten Materialien sind. Das prominenteste
Beispiel ist der Diamant, welcher heutzutage für viele industrielle Anwendungen hergestellt
wird. Künstlich hergestellter nano-polykristalliner Diamant weist durch die Verringerung der
mittleren Korngröße einen noch höheren Härtegrad auf. Kornfeinung ist nicht nur ein bekan-
nter Härtungsmechanismus, sondern kann zusätzlich auch Bruchzähigkeit sowie die optischen
Eigenschaften von polykristallinen Keramiken, die aus intrinsisch transparenten Kristallen beste-
hen, verbessern. Allerdings benötigt die Erforschung der Mechanismen, die verantwortlich für
die Verbesserung dieser Eigenschaften sind, die Herstellung von polykristallinen Keramiken mit
gezielter Kontrolle der Korngröße bis in den Bereich einiger Nanometer. Die anspruchsvolle
Synthese solcher Materialien kann zum Beispiel durch die Hochdruckkristallisation von Gläsern
bei zeitgesteuerten Tempern erzielt werden.
Dieser Ansatz wird angewendet, um nano-polykristalline Keramiken aus Gläsern, die als Start-
material dienen, mit einem dem Stand der Technik entsprechenden Hochdruck-Hochtemperatur-
Verfahren herzustellen. Dabei wurden Drücke von mehreren GPa und Temperaturen von über
1200 K während der Synthese aufgebracht. Die meisten Startgläser wurden in einem aero-
dynamischen Levitationsofen aus häufig vorkommenden Oxiden (Silizium-, Aluminium-, Na-
triumoxid) synthetisiert. Die chemische Zusammensetzung und Struktur wurde durch Elektro-
nenstrahlmikroanalyse, Synchrotron-Röntgenbeugung sowie Raster- und Transmissionselektro-
nenmikroskopie (in Kombination mit energiedispersiver Röntgenspektroskopie) bestimmt. Die
auf diese Art und Weise hergestellten verdichteten polykristallinen Keramiken weisen so repro-
duzierbare mittlere Korngrößen vom Mikro- bis zum Nanometer Bereich auf und haben eine
geringe Korngrößenvariation.



Die Reduzierung der Korngrösse führt zur Materialverfestigung und zu einer deutlichen Ver-
besserung der optischen Transparenz der Keramiken, die aus intrinsisch doppelbrechenden
Kristallen bestehen. Letzteres ist zusammen mit Poren einer der Hauptgründe für Lichtstreuung
in polykristallinen Materialien. Vor allem die nanokristallinen Keramiken - hauptsächlich beste-
hend aus triklinen Al2SiO5-Kyanit Einkristallen - sind hochtransparent für sichtbares Licht und
deuten weiterhin auf eine hohe optische Dichte und geringe chromatische Dispersion hin. Diese
Entdeckung ist sehr interessant, da transparente polykristalline Keramiken sich hauptsächlich
auf kubische Kristalle beschränken und bisher nicht in der gleichen Qualität aus den häufig
vorkommenden Kristallen mit geringerer Symmetrie hergestellt werden können. Alle syn-
thetisierten Keramiken sind härter und bruchzäher im Vergleich zu Einkristallen und Gläsern,
die meistens für photonische Anwendungen, wie zum Beispiel optischen Linsen, zum Einsatz
kommen.

Ein Nachteil der angewendeten Hochdrucksynthese ist allerdings die geringe Probengröße. Da-
her würde die Erweiterung des Probenvolumens während der Synthese dieses Verfahrens für
viele praktische Anwendungen durchaus interessant werden.
Das abschließende Kapitel dieser Arbeit handelt von der Entwicklung und Kalibration einer
Hochdruck-Hochtemperatur-Konfiguration, die vor kurzem an der P61B Large Volume Press -
Extreme conditions (LVP-EC) beamline, Deutsches Elektronen-Synchrotron (DESY) in Ham-
burg, eingeführt wurde. Dieser Aufbau ermöglicht die Herstellung von bis zu cm-großen Proben
und könnte daher dieses Verfahren für die industrielle Anwendung etablieren.
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Introduction

The evolutionary success of mankind is closely coupled to the development of novel materials
[1]. Of these materials, polycrystalline ceramics have traditionally been among the most widely
used, since earthenware and natural stones are predominantly made of polycrystalline ceram-
ics [2, 3]. Ceramics are sub-divided into oxide- and non-oxide ceramics and can be defined
as inorganic, nonmetallic, and typically polycrystalline compound materials between metal-
lic and nonmetallic elements [4]. The most common are SiO2-Al2O3-based oxide ceramics
made of the following highly abundant rock-forming mineral raw materials [4, 5]: kaolinite –
Al2Si2O5(OH)4, quartz – SiO2, and feldspar (solid solutions between KAlSi3O8 orthoclase –
NaAlSi3O8 albite – CaAl2Si2O8 anorthite). Modern technical ceramics also include non-oxide
ceramics such as carbide and nitride ceramics (e.g., silicon carbide – SiC, tungsten carbide –
WC, silicon nitride – Si3N4, and boron nitride – BN) [1, 6]. Ceramics are known for their ex-
cellent hardness and high thermal and electrical resistance. The localized, strong and mostly
ionic bonding causes low electrical and thermal conductivity but contributes to the extreme
brittleness of ceramics [7]. Today, polycrystalline ceramics are designed to satisfy a variety of
requirements as high-tech materials; they also continue for example to substitute critical raw
materials as defined, for exmaple, by the EU Raw Materials Initiative in 2014 [8]. In nature,
the high-pressure and high-temperature (high-PT, i.e., several GPa exceeding 1000 K) mineral
polymorphs formed under extreme conditions in the earth’s interior or by meteoric impact of-
ten exhibit superior mechanical properties [9, 10]. Thus, the advances of high-PT techniques
that were mainly developed in the earth sciences to investigate high-PT minerals have led to
an increasing interest in extreme-condition material syntheses [1, 10, 11]. The transition from
graphite to diamond at high-PT conditions is a famous example [12], and meanwhile synthetic
diamonds are produced industrially; most recently, even polycrystalline diamonds with superior
properties have been produced at ultrahigh pressure [9, 13]. While temperature enhances the
reaction kinetics [14], pressure positively affects the coordination number and the density of
phases [15] allowing for strong intra-crystalline atomic framework bonding, which results in a
unique mechanical strength [1, 16, 17].

Apart from intra-crystalline bonding, the physical properties of polycrystalline ceramics are af-
fected by the sample microstructure [18–20], that is, by the size, size distribution, and shape of
grains, grain boundaries and pores; impurities and the degree of non-periodic statistical homo-
geneity [3]. Regarding several polycrystalline ceramics, it has been shown that the microstruc-
ture can positively affect the physical properties, for example, the hardness, fracture toughness,
and optical transparency [21, 22]. Hence, designing the microstructure is the key for targeting
improved properties of polycrystalline ceramics effectively. This is beginning to be imple-
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mented through high-PT synthesis from glass, which has recently allowed for the fabrication
of polycrystalline ceramics with enhanced properties owing full densification and nanometer-
sized grains of high-PT phases [23]. For example, nano-polycrystalline diamond [9] and nano-
polycrystalline ceramics of Ca3Al2Si3O12 grossular garnet (average grain size ∼50 nm) up
to 50% harder [23] than the respective single crystals were synthesized at 12–25 GPa and
2573–2773 K, and 15 GPa and 1473–1873 K, respectively. The high-PT SiO2 phase stishovite
(average grain size ∼150 nm) seven times tougher (KIc ∼13 MPam1/2) [10, 24] than single
crystal stishovite was synthesized at 15 GPa and 1473–1873 K. These materials were fabri-
cated by a state-of-the-art high-PT synthesis. In particular, the study by Irifune et al. (2016)
on grossular garnet revealed that the high-PT synthesis from glass allows for a certain ad-
justment of the grain size down to the nanometer scale by time-controlled tempering under
high pressure. The mechanism of hardness improvement due to a reduction of grain size in
polycrystalline materials can be explained by the Hall-Petch effect [25, 26], through which
dislocation movements are hindered by the grain boundaries. Since most hard materials are
brittle, advancing the fracture toughness of polycrystalline materials through special designs
of the microstructure has received increasing attention [10, 27–29]. The involved mechanisms
for reinforcement are explained by whiskers [30] caused by, for example, acicular crystals; by
interlocking phases in composites [31, 32]; or by fracture induced amorphization, for example,
of nano-polycrystalline SiO2 stishovite [10, 24]. The latter is a transformation toughening at the
nanoscale activated in nanocrystalline bulk SiO2 stishovite [10]. Tensile stress at the crack tip
causes solid-state amorphization that accompanies significant volume expansion (60%–95%),
which produces compressive stress against crack extension [10, 33]. However, the exploration
of bulk ceramics with average grain sizes below ∼100–150 nm is very limited due to the chal-
lenges of processing nanocrystalline ceramics [21]. Hence, there are only few existing studies
reporting the synthesis of nanocrystalline ceramics with an average grain sizes below 100 nm.

The microstructure of polycrystalline materials can positively affect not only the mechanical
properties, but also the optical transparency [19–22]. Consequently, transparent polycrystalline
ceramics are becoming increasingly popular as a mechanically durable material for photonic
applications, for example, as active media in high-energy lasers, scintillating devices, or as op-
tical lenses [34–38] in preference to the commonly used single-crystal and glass technology.
Transparent polycrystalline ceramics can be superior alternatives to single crystals and glasses
[39]: the basic raw materials of many ceramics are non-critical, low-cost, and highly available.
Ceramics show high doping and shaping flexibility and can be produced with greatly improved
mechanical properties compared to single crystals and glasses [22, 39]. In addition, transparent
ceramics can cover a wide range of optical density that is desirable for optical applications.
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Commonly, polycrystalline ceramics are opaque due to the strong contrasting refractive indices
of the constituent phases, which cause light to scatter in the polycrystalline body [39]. This
applies not only to grain boundaries, pores, and other secondary phases in polycrystalline ce-
ramics but also to optically anisotropic non-cubic crystals themselves [3]. When light enters
optically anisotropic non-cubic crystals, it is refracted into two rays with different velocities
[40]. This phenomenon is called double refraction, or birefringence, and it weakens the op-
tical transparency [39]. The high optical transparency of polycrystalline ceramics composed
of intrinsically transparent crystals can be obtained when the microstructure impedes the pres-
ence of light-scattering centers. One prerequisite for obtaining high optical transparency is the
attainment of low porosity by high densification [19, 20, 40]. Meanwhile, this strategy is rou-
tinely used to fabricate highly transparent non-composite polycrystalline ceramics consisting of
non-birefringent cubic crystals. Such ceramics are commercially established, for example, for
laser applications [34–36] (Nd- or Yb-doped Yttrium-Aluminium-Garnet – YAG, Y3Al5O12),
transparent armors [41] (MgAl2O4), optical lenses [37, 42, 43] (ZrO2, γ-AlON or Lu3NbO7),
or scintillators [44, 45] (BaF2 or Eu3+-doped Lu2O3). Apart from cubic crystals, some studies
have shown unexpected high optical transparency for polycrystalline ceramics of birefringent,
optically uniaxial (two different refractive indices) crystals of low- to sub-micrometer grain
size, for example, of hexagonal hydroxyapatite [46], trigonal alumina [19, 22], and orthorhom-
bic BaAl4O7 [39]. Transparent non-cubic alumina, mostly produced by pressing and sintering
or by spark plasma sintering, has been extensively investigated and shows a positive correlation
between hardness and optical transparency when the grain sizes are in the submicrometer range
[19, 22]. The relationship between crystal size and the optical transparency of non-porous poly-
crystalline ceramics is well described by light-scattering models [19, 47], which are experimen-
tally verified on trigonal alumina and are based on the Rayleigh-Gans-Debye light-scattering
theory [48]. These models [19, 47] predict that transparent polycrystalline materials consisting
of randomly orientated crystals, even with a larger birefringence than those of alumina, can be
transparent if the grain sizes are in the nanometer range and the porosity is close to zero.

The possibility of certain control of grain size down to the nanometer scale by the high-PT con-
version of glass-starting material into fully dense nano-polycrystalline ceramics [10, 23] makes
this high-PT synthesis strategy ideally suited to investigate the effects of grain size on the phys-
ical properties (e.g., hardness, fracture toughness, and optical transparency) of polycrystalline
ceramics. The "adjustment" of the grain sizes of this high-PT conversion from glass follows
the classical nucleation theory [49], according to which the crystal nucleation rate increases
with the degree of the glass phase’s "metastability", that is, by the large negative difference of
the Gibbs free energy (∆G). As ∆G is the driving force of the glass-crystal transition [50],
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the crystallization kinetics increase with temperature, but ∆G, and thus the nucleation rate, de-
creases. However, high nucleation rates, that is, the number of nuclei per volume, are required
to obtain nano-polycrystalline materials from glass. This problem can be overcome at high pres-
sure. For most of the compressible crystalline phases, such as most crystals and (undercooled)
liquids, the liquidus temperature increases with pressure. Therefore, the absolute ∆G values for
the glass-crystal transition, and thus the nucleation rate, also increase with pressure. Based on
homogeneous nucleation, just reaching the point of (nearly) full crystallization, grain sizes are
preferably controlled by the nucleation rate than by the growth kinetics until recrystallization
becomes significant. Depending on the material’s thermodynamic properties and phase transi-
tion kinetics, the tempering at high pressure thus allows for certain controls of ∆G and thus
of the nucleation rate and consequently of the grain size within a certain PT-time frame. Once
total crystallinity is attained, the recrystallization processes upon sustained tempering should
result in an increase of grain sizes, but more slowly due to the retarded diffusion processes at
high pressure [51].

The effect of grain sizes, in particular down to the tens of nanometer scale, where in theory
both the Hall-Petch relationship effects in a maximum hardness [52] and polycrystalline ceram-
ics even those consisting of significant birefringent non-cubic crystals should become highly
transparent [19, 22], could not be systematically studied so far by common synthesis meth-
ods for polycrystalline ceramics. Related investigations would improve not only our knowl-
edge about creating the optical and mechanical properties of polycrystalline ceramics but also
our understanding of why certain combinations may fail. Hence, the main part of this work
deals with the synthesis and characterization of polycrystalline nanostructured ceramics. The
aim is to produce those ceramics with a certain variation of grain sizes by high-PT synthe-
sis from glass-starting material of highly available raw substances. Different polycrystalline
(composite) ceramics consisting of crystals of various crystallographic systems (cubic, tetrago-
nal, trigonal, monoclinic, and triclinic) are fabricated to study the influence of crystallographic
and microstructure constraints on the physical properties. The high-PT conversion from the
following bulk material into composite ceramics was chosen as a strategy to improve fracture
toughness, either by promoting fracture-induced amorphization, for example, from tough SiO2

– stishovite [10, 24], or by whisker reinforcement due to the commonly acicular Al2SiO5 –
kyanite combined with phase interlocking by Al2O3 – corundum (α-alumina):

• SiO2-Al2O3 glass to corundum (α-alumina) and stishovite at 15.6 GPa and 1573–2173 K

• SiO2-Al2O3 glass to kyanite and corundum (α-alumina) at 10 GPa and 1273–2273 K

Since natural jadeite is known for its distinguished fracture toughness [53, 54], complementary
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syntheses are performed using high-PT induced dissociation of NaAlSi3O8 – bulk albite glass
to NaAlSi3O8 – jadeite and SiO2 polymorphs:

• NaAlSi3O8 glass to jadeite and stishovite at 10–15.6 GPa and 1273–2173 K

A further synthesis was performed to test whether incorporation of aluminum and oxygen can
even enhance the mechanical and optical properties of the even very hard and moderately trans-
parent cubic γ-Si3N4 [11] recently fabricated by Nishiyama et al. (2017):

• Nano-polycrystalline high pressure cubic γ-SiAlON ceramic from SiAlON nanopowder
at 15.6 GPa and 1973–2073 K

Since for high-PT syntheses the possible maximum sample size is limited and decreases with
pressure, extending the sample volume, e.g., from ∼10 mm3 of the aforementioned high-PT

synthesis to larger sizes is desired to offer a more practical application of high-PT synthesis
in the future. Recently, a novel designed high-PT configuration has been introduced at the
P61B Large Volume Press - Extreme Conditions (LVP-EC) beamline at Deutsches Elektronen-
Synchrotron (DESY) in Hamburg that facilitates sample volumes close to cm2 size at pressure
up to several GPa. The implementation and PT-calibration of this configuration and first suc-
cessful syntheses runs are presented and an outlook into future in situ X-ray diffraction material
analyses at high-PT conditions experiments using this Large Volume Press at DESY is provided.

This thesis is organized as follows:

• Chapter 1: Detailed descriptions are provided of the starting material syntheses and
the high-PT treatment to nano-polycrystalline materials using multi-anvil large volume
presses. Furthermore, all the used analytical techniques for the characterization of the
synthesized materials are given. These include the investigations on the crystallographic
and microstructure as well as the determination of the material properties, for example,
Vickers hardness, fracture toughness, optical transparency, and dispersion of the refrac-
tive index.

• Chapter 2: Polycrystalline ceramics synthesized under high-PT with micron- to nano-
sized grains are shown with respect to their mechanical and optical characteristics. This
chapter includes the synthesis of materials from high-pressure glass (Al2O3-SiO2 and
NaAlSi3O8) crystallization and from SiAlON starting powder.

• Chapter 3: The implementation and calibration of a cubic 6-6 high-PT configuration at
the new 6-rams LVP installed at the P61B LVP-EC beamline at DESY is considered in
detail. First successful runs of large sample syntheses are highlighted and an outlook into
future in situ X-ray diffraction under high-PT conditions experiments is shown.
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1 Material synthesis and characterization

1.1 Material synthesis

The introduced challenges in the fabrication of nano-polycrystalline materials requires particu-
lar emphasis on the preparation of starting material, for example, in an aerodynamic levitation
furnace, followed by a well-directed high-PT synthesis design. Both aspects are considered in
this chapter, including different approaches for the starting material preparation and detailed
insights into the applied high-PT technique.

1.1.1 Preparation of the starting materials

Glass synthesis in an aerodynamic levitation furnace
Starting materials for the experiments with the Silicon–Alumina–Oxides were synthetic glasses
of Al2O3-SiO2 composition prepared by container-less processing in an aerodynamic levitation
furnace [55] installed at the Institute of Industrial Science, Tokyo Japan (leading scientist Dr.
Atsunobu Masuno). One advantage of container-less processing is the prevention of crystal-
lization fostered by energetically favored crystal nucleation on the container walls. However,
the synthesis of glasses with high amounts (> 30 mol%) of Al2O3 in bulk form remains chal-
lenging, because of their high melting temperatures and low glass-forming ability [56]. Fig-
ure 1-1 illustrates the principle of container-less vitrification using the levitation furnace [55].

Fig. 1-1: Principles of the melting process using the
aerodynamic levitation furnace. Schematic illustration
of the concept of container-less processing in an aero-
dynamic levitation furnace (modified from Masuno et al.
2008, [57]).

The starting glasses were prepared by
homogenizing a 1:1 molar mixture of
analytical grade alumina (α-Al2O3) and
quartz (SiO2) powder in an alumina mor-
tar. Next the mixture was pelletized
by hydrostatic pressing and heating at
1323 K for 12 h in air. Pieces from these
pellets were melted by CO2 laser heating
in the aerodynamic levitation furnace in
oxygen gas flow. The melt was quenched
rapidly by stopping the heating allow-
ing its transformation to a homogeneous
glass sphere. The so produced starting
glass spheres were 2.3–2.5 mm in diam-
eter.
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Glass synthesis in platinum-rhenium crucible at high-temperature
Synthetic bulk glasses of NaAlSi3O8 (albite) composition1 were used for the experiments with
the sodium aluminosilicate system. Amorphous SiO2, γ-Al2O3 and NaCO3 powders served as
raw materials. Before the glass synthesis, SiO2 and Al2O3 powders were dried at 1073 K for
12 h and the NaCO3 powder at 473 K for 12 h to evaporate adsorbed water. A stoichiometric
NaAlSi3O8 mixture of the substances was homogenized for 20 min using a shaker. Afterwards,
the mixture was ground to ∼2 µm grain size along with acetone in an agate mortar and dried
again at 383 K. Subsequently, charged into capped platinum (90%) – rhenium (10%) crucibles,
50 g of the powder was vitrified by using a muffle furnace set to the following heating program:
heating (I) from room temperature to 1273 K with a heating rate of 323 K/h and a dwell time
of 1 h at 1273 K; (II) from 1273 K to 1573 K, 1173 K/h heating rate, 3 h dwell time at 1573 K;
(III) from 1573 to 1873 K, 1173 K/h heating rate, 4 h dwell time at 1873 K. After the heating
process, the melt was rapidly quenched in a water bath. The so-formed glass fragments were
ground and vitrified again by melting directly at 1873 K and subsequently cooling more slowly
under air to avoid thermal fracturing. Cylinders with a diameter of 2.5 m were drilled out of the
glass by using a diamond coated hollow drill. The glass cylinders were then polished at both
circle planes to 1.2 mm thickness.

Fabrication of Si3N4-AlN powder
Starting powders were commercially available AlN (Tokuyama, Chiyoda, Japan, nominally
> 97 wt% AlN and < 3 wt% Al2O3, 2.50–2.68 m2/g specific surface area, 1.07–1.17 µm mean
particle diameter) and α-Si3N4 powders (SN-E10, Ube Industries, LTd., Ube, Japan, nominally
< 95 wt% of α-Si3N4 and < 2 wt% oxygen, 9–13 m2/g specific surface)2 [11]. A mixture of
3.65 wt% AlN and 96.35 wt% α-Si3N4 was homogenized in an alumina mortar consistent with
a 1:1 molar proportion of Al and O according to stoichiometric calculated AlN and Si23N30O to
Si23AlON31 (oxygen content due to the small amounts of oxygen in the starting powders). The
mixed powder was dried in an oven at 423 K for > 48 h.

1NaAlSi3O8 glass preparation was mainly performed at the University of Tübingen (Experimental Mineralogy,
group leader Prof. Dr. Marcus Nowak).

2The starting α-Si3N4 powder was also used for the experiments in the study of Nishiyama et al. 2017.
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1.1.2 High-pressure and high-temperature synthesis of polycrystalline materials

In total 40 syntheses of polycrystalline materials were performed by direct high-pressure and
high-temperature (high-PT) conversion from the oxide glass starting materials (Al2O3-SiO2 and
NaAlSi3O8) or from the starting powder (Si23AlON31). The pressure and temperature condi-
tions varied between 10–15.6 GPa and 1273–2273 K. The high-pressure syntheses were per-
formed with three kinds of multi-anvil Large Volume Presses (LVPs) which use hydraulically
operated ram(s), either a single ram (26 syntheses) or six rams simultaneously (14 syntheses),
transferring the pressure onto a set of anvils (Walker-type module) which finally pressurize the
sample inside. These presses can be characterized in the following way:

• Two types of a uniaxial Kawai-type 1000 tons large volume hydraulic press, namely: (i)
mavo press LPR 1000 - 400 installed at Deutsches Elektronen-Synchrotron (DESY) in
Hamburg, Germany, and (ii) mavo press LP 1000 - 540/50 installed at Kiel University
(Christian-Albrechts-Universität zu Kiel), Germany

• A multi-anvil apparatus employing six hydraulic rams, namely: mavo press LPQ6 - 1500
/ 100 installed at Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Germany

The operation modes and setup of the syntheses are described in the following sections. More-
over, a part of the thesis deals with the implementation and calibration of the newly installed
6-rams LVP at the P61B Large Volume Press - Extreme Conditions (LVP-EC) beamline; espe-
cially the 6-6 cubic configuration will be described in more detail in chapter 3.

Uniaxial Kawai-type multianvil apparatus
26 experiments were performed at 10 and 15.6 GPa by two Kawai-type multi-anvil presses.
The pressure is generated by a 1000-ton large-volume uniaxial (one ram) hydraulic ram (1 in
Fig. 1-2a) and transduced to the sample by an arrangement of multi-anvils within the Walker-
type module (2 in Fig. 1-2a). The Walker module, designed by David Walker [58], includes
six first-stage anvils in the shape of a split cylindrical wedge. The anvils are surrounded with
a Teflon®coating of the module wall to prevent friction and attain electrical insulation. The
Walker module configuration presents the first stage of pressure intensification. The six first-
stage anvils (3 in Fig. 1-2a) enclose the second-stage anvils, composed of eight tungsten carbide
(WC) cubes (4 in Fig. 1-2b) as shown assembled within the lower three of the first-stage anvils
(the green materials are epoxy insulation plates, and the yellow is tape fixing the thermocouple
wires). This 6-8 multi-anvil configuration allows for isostatic pressurization [59].
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Fig. 1-2: Kawai-type 1000 tons Large Volume Press (LVP). Photograph of the Large Volume hy-
draulic uniaxial Press installed at DESY in Hamburg and (b) working principle using the Walker-type
module with 6 first stage anvils (edited from Huppertz 2011, [60]).

Six hydraulic ram multi-anvil apparatus
A multi-anvil Large Volume Press using six hydraulic rams (6-rams LVP; Fig. 1-3a) was used
for 14 experiments at 10 and 15.6 GPa. This press is newly installed at DESY in Hamburg
(beamline P61B in PETRAIII extension project) and is still in setup mode (beamline manager:
Dr. Norimasa Nishiyama until 2016; since 2017 Dr. Robert Farla). It is the first 6-rams LVP in a
synchrotron facility [61]. Its advantages over single rams are the better access of the synchrotron
beam to the sample, larger sample volumes and the ability to study deformation processes by
µm-monitoring of ram displacements [62]. Fig. 1-3 illustrates the main units of the 6-rams
LVP. The press is coordinated via a control module (a). The hydraulic station placed on the
top of the press contains six high pressure stations (Fig. 1-3 I-VI) with sensors for a precise
pressure monitoring where each has one controlled servo gear motor, a ball-type linear drive,
and a plunger cylinder (Fig. 1-3 I-VI) [63]. Each of the stations drives one hydraulic ram.
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Fig. 1-3: Technical illustration of the 6-rams Large Volume Press (LVP). The main parts of the LVP
are: (a) control panel, (b) hydraulic station, (c) multi axis stage, (d) press frame with the first stage anvils,
and (e) first stage anvils. The figure is modified from original of Sonntag 2017, DESY.

The position of the pistons (at low pressures) is adjusted by four low-pressure pumps (Fig. 1-3
1-4). The press frame has 4x4 frame plates made of steel (42CrO4) in opposite arrangement.
This arrangement (c) contains the six hydraulic synchronizing cylinders with a double-piston
guide that double-acts with an internal distortion lock [63]. All of them have a 500-ton capacity
at an oil pressure of 600 bar maximum [61]. Integrated laser displacement sensors allow the
adjustment of the rams’ positions independently with an accuracy of 0.1 µm. The six first-
stage anvils are fixed to each of the hydraulic rams (first stage of the pressure multiplication).
Six sensor units, one for each piston, are installed with the sensors’ reading module, located
together with the first-stage anvils at the press frame. The absolute position of the first stage
anvils is then monitored relative to the press frame and the frame’s elastic deformation as a
function of oil pressure [62]. When operating in the synchrotron beam, the sample position
can be adjusted relative to the beam by moving the whole press via a multi-axis stage, allowing
the three-dimensional orthogonal translation of ± 100 mm in each direction (x, y, and z) and
rotation around the z-axis (Φ ± 30◦) [62]. The X-rays will pass the apparatus along the x-
axis. The six hydraulic rams of 500-ton transduce the pressure over six outer tungsten carbide
anvils and the inner tungsten carbide (WC) first-stage anvils to the pressure medium. This
occurs either by eight first-stage anvils with the pressure medium in octahedral configuration
(6-8 configuration; Fig 1-4b) or by six first stage-anvils with the pressure medium in cubic
configuration (6-6 configuration; Fig. 1-4c). More details can be found in the manual [63].
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Two types of anvil-assembly can be compressed using the first stage anvils with an edge length
of 60 mm [61]:

• 6-8 anvil assembly with tungsten carbide (WC) anvils with an edge length of 32 mm

• 6-6 anvil assembly with WC anvils with truncated edge length of 15 mm (20 mm cube
for pressure medium)

Fig. 1-4: 6-rams Large Volume Press (LVP). Photograph of the 6-rams LVP installed at DESY in Ham-
burg (left). Two compression types for the 6-rams LVP: (a) 6-8 configuration using octahedral pressure
medium (b) 6-6 configuration using a cubic pressure medium (modified from original of Sonntag 2017,
DESY). (1) Hydraulic stage, (2) 6 first stage anvils, and (3) hydraulic rams.

The displacement calibration of the hydraulic rams ensures a uniformly compressed volume.
Cupper block compression tests (leading engineer Stefan Sonntag) were performed between 50
and 600 bar oil pressure at every 50 bar for the ram positioning (Fig. 1-5a-b). The deformation
of the cubic space after compression was evaluated by measuring the face-to-face distances (one
vertical and two horizontals) of the recovered cupper blocks. Independently of the oil pressure,
the deviation from the cubic geometry was observed to be less than ten micrometers [61].
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Fig. 1-5: Displacement calibration of the LVP. (a) Principle of elastic frame bending test [61]. (b)
Copper cubes before and after compression at 50 bar and 600 bar. (c) Geometric deviation of the copper
cube at different loads [64]; "equal displacement": no correction, all anvils are controlled with the same
displacement; "equal oil pressure": hydraulic pressure of all the cylinders is equal due to the correction;
"corrected": corrections of the first stage anvils results in hydrostatic deformation of the cube. Note:
the mean value of the deviations in Hor.1-Ver. and Hor.2-Ver. ratio is shown for better illustration. (d)
Measured values and polynomial fit (Sonntag 2018, pers. comm.). (e) Corrections of ram positions
under high load to ensure no large deviations of the rams (note: the two ratios are shown and not the
mean value).
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Figure 1-5c illustrates the geometric deviations of the cupper blocks at different loads. The LVP
is elastically deformed during compression, horizontally more than vertically. As a result, the
deformed copper cube is extended in the horizontal plane. Therefore, the displacements of the
lateral anvils are corrected using a polynomial 7th order [61]:

P (x) =
n∑
i=0

aix
i (1-1)

This ensures that the copper cube has equal dimensions in all three spatial axes after the com-
pression.

High-PT experimental setup
The materials’ syntheses were performed using the 6-8 configuration with an octahedral pres-
sure cell. The experimental setup is exactly the same for the two Kawai-type presses as well as
the 6-rams press, as described in the following. The final pressure-transducing anvils generate
an octahedral space left for the sample and the surrounding pressure media. These anvils consist
of eight tungsten carbide (WC) cubes with truncated corners (Fig. 1-6), forming the octahedral
space when the eight cubes settle to a single cube. Since at constant ram force the effective
working pressure increases with the decrease of the pressure-transduced area, the range of ef-
fective pressures depends on the truncated edge length (TEL) of the second-stage WC anvils
(Table 1-1).

Table 1-1: Anvil geometry and resulting size of the octahedral pressure medium used for the synthesis
runs

octahedron size OCT (mm) TEL (mm) max. P (GPa) sample ø (mm)
14 M 14 7 16 2-3
14 M 14 8 14 2-3
18 M 18 11 12 2-4

Pyrophyllite gaskets [65] are mounted on the truncated edges, working as sealing of the high-
pressure chamber and as friction bearings between the anvils. These gaskets prevent direct
contact and thus damage of the anvils and act as force absorbers in case the anvils’ front faces
get too close.

Temperature is generated by internal resistance heaters placed inside the octahedral pressure
cell. The current thus flows through the internal heater (here, lanthanum chromite) surrounding
the sample. The choice of the heater materials, such as metals (Ta, Re, Pt), graphite, LaCrO3,
or BN+TiB2, depends on the desired pressure and temperature conditions. The resistance of
these materials ranges from a few ohms (e.g., for metals) to ∼1 ohm (e.g., for LaCrO3) [62].
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An internal circuit is precluded by isolating the surface behind the gaskets with Teflon®, which
ensures the current flux through the furnace. After the assembly, epoxy plates were fixed to
the six outer surfaces (see Fig. 1-6 right) both for electrical insulation between the first- and
second-stage anvils and for the smooth positioning of the anvil packages. The two plates at the
top and bottom are slotted for each of the heater copper plate electrode contacts.

Fig. 1-6: Setup of the octahedral 6-8 configuration. Eight tungsten carbide anvils with truncated edges
enclose the octahedral pressure medium (edited from original Sonntag 2017, DESY).

An external DC power supply (EA-PS 9040-510 3U, dataTEC) serves as the generator with an
output supply of ∼0 to 40 kW (DC output voltage: ∼0 to 40 V; output current: ∼0 to 510 A)
allowing for heating up to ∼2700–2800 K [62]. The furnace resistance is measured during
compression, and the heating cycle (close/open) is adjusted accordingly by an integrated relay.
Monitoring the furnace resistance is required to validate the precision of the output power-
temperature calibration with respect to the type of high-PT cell assemblage.

High-PT cell assembly
A magnesia octahedron doped with 5% Cr2O3 serves as the pressure medium (Fig. 1-7). The
high melting point and the softening at high temperature of magnesia allow quasi-hydrostatic
pressurization. The alloying with Cr2O3 reduces the thermal conductivity and thus reduces
thermal gradients along the sample. The furnace is a lanthanum chromite (LaCrO3) (Nikita
Corp., Osaka, Japan) sleeve surrounding the sample and the inner MgO pressure medium and
inserted into the outer MgO pressure medium octahedron. For the electrical contact to the
second-stage anvils, two molybdenum (Mo) disks are placed at the top and bottom of the furnace
being in contact with Mo rods connecting the furnace to the tungsten carbide anvils and thus
closing the circuit. The rods are surrounded by zirconia (ZrO2) cylinders working as thermal
insulator. Depending on the preference to close the experimental system and the desired PT-
conditions, the sample material is commonly enclosed by a precious metal capsule (e.g., Pt, Au,
AuPd).
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Fig. 1-7: High-pressure cell for the octahedral
pressure medium. The sample encapsulated in
Pt is surrounded by MgO. LaCrO3 serves as the
resistance heater, Mo secures the electrical con-
tact to the top and bottom anvil and ZrO2 acts as
a thermal insulator.

For the synthesis runs, the starting glass spheres
were bilaterally polished to flat surfaces until
the sample thickness was 1.2 mm. The polished
glass spheres were encapsulated with platinum
foil and embedded into a cylindrical pure sin-
tered magnesia sleeve with magnesia lids at top
and bottom. The sample assembly was dried for
2 h in an oil-free vacuum furnace (8 hPa, 423 K)
before the experiment. More details for the di-
mensions of all the cell parts can be found in
[66]. After the drying, the high-pressure cell
was assembled according to Figure 1-7, and
the high-pressure set-up was prepared accord-
ing to Figure 1-6 and Figure 1-2 or Figure 1-4
for the uniaxial or 6-rams press types, respec-
tively.

High-PT calibration of the octahedral pressure cell
The pressure inside the high-pressure cell is calibrated on well-known pressure dependent phase
transitions. Calibration runs were performed without external heating and using high-pressure
phase transitions of bismuth (Bi), zinc telluride (ZnTe), and zinc sulfide (ZnS):

• Bismuth (Bi) transitions [67, 68]: rhombohedral A7-type structure (Bi-I) to monoclinic
structure (Bi-II) at 2.55 GPa, to tetragonal structure (Bi-III) at 2.7 GPa, and to body-
centered cubic (bcc) structure (Bi-IV) at 7.7 GPa

• Zinc telluride transitions [69, 70]: zinc blende structure (ZnTe-I or LPP) to a cinnabar
structure (ZnTe-II or HPPI) at 9.6 GPa and to orthorhombic structure (ZnTe-III or HPPII)
at 12 GPa

• Zinc sulphide (ZnS) transitions [71]: zinc blende structure to rock salt structure at 15.6 GPa
(semiconductor-metal transition)

The phase transformation can be determined by changes in the electrical resistance recorded
during the compression. For these calibrations, the high-PT cell is modified according to Figure
1-8.
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Fig. 1-8: Pressure calibration assembly. Transect through the octahedral high-pressure cell assembly
used for the pressure calibration. (a) A thin Bi film is contacted to copper films. (b) A piece of the
pressure calibrant (ZnTe or ZnS) is placed between copper rods which are in contact to the WC anvils.

Pressure calibrations of the three LVPs were performed for all anvil configurations used (Table
1-1). Selected results of the calibration runs are shown in Figure 1-9. The uniaxial Kawai-
type LVP (Kiel University) is calibrated for the 14/8 geometry using bismuth (Bi) and zinc
telluride (ZnTe), respectively (Fig. 1-9a-b). Bi phase transformations occur at 2.55 GPa (Bi
I-II), corresponding to the sharp decrease at 90.5 tons load and at 7.7 GPa (Bi III-IV) attained at
289.5 tons load (Fig. 1-9a). The first ZnTe transition (LPP-HPPI) at 9.6 GPa is recorded by the
increase of the resistance at 375 tons load and the second transition at 12 GPa (HPPI-HPPII) by
the sharp resistance decrease at 580 tons load (Fig. 1-9b). The 14/7 geometry was employed at
the 6-rams LVP and the uniaxial LVP (DESY) (Fig. 1-9c-d). ZnTe transformations occurring at
9.6 GPa (LPP-HPPI) were attained at 255 bar and those at 12 GPa (HPPI-HPPII) at 320 bar oil
pressure. The semiconductor-metal transition of zinc sulphide (ZnS) at 15.6 GPa as indicated
by the sharp decrease in the electrical resistance is observed at an oil pressure of 423 bar. The
summarized results of the pressure calibration for the two geometries are depicted in Figure 1-9.
The uniaxial LVP installed at DESY is calibrated for the 18/11 and 14/7 geometry, respectively,
using Bi, ZnTe, and ZnS.
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Fig. 1-9: Results of the pressure calibration. Changes of the electrical resistance with the hydraulic
pressure. Results of (a–b) Bi and ZnTe pressure calibration for the 14/8 geometry [72] used at the
uniaxial LVP at Kiel University and (c–d) ZnTe and ZnS calibration for the 14/7 geometry at the 6-rams
LVP at DESY. Bi-I to Bi-IV correspond to the Bi polymorphs and LPP to HPPII to those of zinc telluride.
In ZnS, the zinc blende structure transforms to the rock salt structure at high-pressure. Load-pressure
relationships of (e) the 14/8 configuration [72] using the uniaxial LVP at Kiel University and (f) the
14/7 configuration using the 6-rams LVP. The uniaxial LVP at DESY was calibrated by Dr. Norimasa
Nishyiama (data not shown). Experimental data was fitted by P [GPa] = a(1− e−b·Load[tons]).
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Because the installation of a thermocouple to the high-pressure cell assemblage results in de-
creased space left for the sample, the temperature of the syntheses was not measured in situ

and required specific temperature calibration runs. Upon these runs, the heater output power
was calibrated against the sample temperature measured by a thermocouple (C-type, W95Re5-
W74Re26) located at the sample position with a similar, albeit sample-less, high-pressure cell
assemblage to that used for the experiments [73]. Results are shown in Figure 1-10.
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Fig. 1-10: Temperature-output power relationships. Output power dependence of the run tempera-
tures of the 14/8 geometry at 10 GPa [72] using the uniaxial LVP and of the 14/7 geometry at 15.6 GPa
using the 6-rams LVP. Experimental data was fitted by T[K]= To + a · P [W ] + b · P [W ]2 + c · P [W ]3.
(14/7: T0 = 21.5 K, a = 1.3, b = 0.0008, c = 3.9 e-7; 14/8: T0 = 31.1 K, a = 1.3, b = 0.0014, c = 7.0 e-7)

All the syntheses were performed at 10 and 15.6 GPa and temperatures between 1273 and
2273 K. Using the uniaxial LVP requires the insulation of the six outer anvils of the Walker
module with a Teflon®foil coating. A bench test was conducted before every experiment using
a calibration tungsten carbide cube (at 50 bar, 2 min holding) to ensure that the bottom anvils
were correctly disposed and to verify electrical insulation. For all syntheses, the pressure was
incrementally increased over 2 h to the final values (10 or 15.6 GPa) without heating. Next the
temperature was increased to 693 K at a heating rate of 50 K/min followed by a dwell time of
∼5 min to check for stable heater power output. Then the temperature was heated rapidly to
the target value within less than 10 s, holding for 30 min, followed by subsequent isobaric rapid
quenching to 673 K and final slow cooling and decompression to ambient conditions within
≥3 h. This path of cooling and pressure release successfully allows for sufficiently slow sample
relaxation to prevent failure and to enable the recovery of complete samples.
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1.2 Material characterization

This chapter explains the analytical techniques that were employed for phase identification and
chemical analyses, and to determine the physical properties of the synthesized materials. Phases
were identified by X-ray diffraction analyses. The chemical composition of the starting mate-
rials was determined by electron probe microanalysis (EPMA). The density of the material
synthesized at high-PT was determined by the Archimedes method. The microstructure was
characterized by scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). The mechanical properties hardness (HV ) and fracture toughness (KIc) were calculated
from Vickers microindentation tests. The optical light transmission and refractive indices were
measured by UV-Vis spectroscopy and ellipsometry, respectively.

1.2.1 Phase identification and chemical analysis

X-Ray diffraction
X-Ray diffraction (XRD) is a technique to determine the crystallographic structure of the sample
using the constructive interference of X-Rays that are elastically scattered by atomic layers in a
crystalline solid. Constructive interference–when waves impinge on a crystal and are diffracted–
is defined by the Laue conditions [74]:

~k − ~k′ = ~G (1-2)

The difference of the wave vectors of an incident X-ray ~k and of the respective scattered X-ray
~k′ must be equal to the reciprocal lattice vector ~G. This relationship is fulfilled by the Bragg’s
law [74]:

nλ = 2d sin Θ (1-3)

Where n is the integral multiple of the wavelength λ of incoming X-rays, d is the distance of
lattice planes, and Θ is the diffraction angle [74]. For more details, the reader is referred to the
literature [74, 75].

For a first identification of the recovered samples, X-ray observation was performed with an X-
Ray diffractometer with Cu-Kα radiation (MiniFlex-600, Rigaku, Japan) installed at Deutsches
Elektronen-Synchrotron (DESY) in Hamburg. A Cu X-ray tube was operating with a voltage
of 40 kV and a current of 15 mA. The diffractometer has a vertical type goniometer and NaI
scintillation detector. Scans were performed with a step size of 0.02◦ and a speed of 1◦ per 60 s
in the Bragg-Brentano Θ-2Θ configuration. Further analyses were done with a diffractometer
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(D8 Discover, Bruker AXS, USA) installed at the Institute of Geosciences, Kiel University,
Germany. This device was collecting data in the Bragg-Brentano Θ-Θ configuration using a Cu
X-ray tube at 40 kV and 40 mA. The step size was 0.037◦ and the speed was 1.48◦ per 60 s.

The synchrotron X-ray powder diffraction patterns of the samples were recorded at PETRA
III, station P02.1 [76] at DESY, Hamburg. The X-rays (60 keV, 0.20725 Å wavelength) were
monochromatized by a diamond and a silicon crystal (111 lattice) in Laue geometry. The in-
cident beam-size was 300 × 300 µm2 (i.e. 200 × 200 µm2 at the second measurement) and
the Debye rings of the sample were recorded by a two-dimensional area detector (XRD 1621;
PerkinElmer, Waltham, MA) at an exposure time of 10 s. The sample-to-detector distance
(750 mm and 1082 mm) and the detector orthogonality were calibrated on the diffraction pat-
tern of cerium dioxide powder.

Probe Microanalysis (EPMA)
Electron microprobe analysis is appropriate for the in situ chemical analysis of solid samples.
An accelerated and focused electron beam is scanned onto the sample surface [77]. The electron
beam-sample interaction generates derivative electrons and X-rays. Backscattered electrons
are useful, for example, for imaging the surface. X-rays are produced by inelastic scattering
impingement’s of the incident electrons with electrons in the inner shells of the atoms from
the specimen, resulting in an ejection of the inner-shell electrons from their orbitals. The so-
produced vacancies is filled by higher-shell electrons that cause emission of wavelength and
energy specific in form of X-rays characteristic for each element [78]. The generated electrons
or X-rays are collected by detectors and provide information about the topography or the chem-
ical compositions, respectively. A detailed description can be found in [77, 78].
The quantitative chemical composition of the starting glass was analyzed by an Electron Probe
Microanalyzer (JEOL JXA-8200, Akishima, Japan) installed at the GEOMAR, Helmholtz Cen-
tre for Ocean Research Kiel, Germany. Samples were measured for Si and Al at 15 keV accel-
eration voltage, 10 nA probe current and 5 µm beam size. Basalt glass was used as standard
(A-99, NMNH 113498-1); additionally Si and Al were cross checked by rhyolite glass refer-
ence (VG-568, NMNH-72854). The counting times on peaks and background were 10 s and
20 s, respectively. Data were processed by applying a CITZAF matrix correction [79] (JEOL
license 3.5). The resulting limits of quantification were 180 ppm for Si and 149 ppm for Al.
In total, 92 points were analyzed within two orthogonal profiles (each of 46 points, ∼2.3 mm
length, ∼50 µm step size) along nearly the entire sample diameter. Additional measurements
were performed with a EPMA (JEOL, JXA-8900 R, Akishima, Japan: 15 keV acceleration
voltage, 10 nA probe current, 5 µm beam size).
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Archimedes’ Principle and Density Determination
Density was measured using a buoyant weighing technique based on the Archimedes principle
[80]: When the sample is immersed in a liquid solution, the buoyant force acting from the
solution on the sample is similar to the gravitational force g of the mass of solution mf displaced
by the sample:

Fb = mfg = ρfV g (1-4)

V is the displaced volume and ρf the density of the immersion solution. The mass of samples
is measured in air m and immersed in the solution (toluene) mf . The density of the sample was
calculated by rearranging the former formula to ρ =

mρf
m−mf

. A SiO2-glass (literature density:
2.20 g/cm3 [81], measured density 2.255 ± 0.036 g/cm3) was used as external calibration stan-
dard.

1.2.2 Microstructure observation

Transmission- and scanning electron microscopy were used to analyze the microstructure of the
synthesized samples.

Scanning Electron Microscopy
In the scanning electron microscopy, the electron beam is generated by, for example, cathode or
field-emission gun and is focused on the sample via electromagnetic lenses [82]. The interaction
of the primary electrons with the bulk sample generates, for example, secondary electrons (SE),
backscattered electrons (BSE), or X-rays. Secondary electrons occur due to inelastic scattering
(ejection of low-energy electrons from the k-shell of the sample atoms) and are used to observe
the sample tomography. Elastic collisions of primary electrons with the specimen atoms partly
result in backscattering of the electrons (backscattered electrons), which thus obtain a broad
energy spectrum. These electrons bear information from deeper areas in the sample due to
their higher energy, but they are sensitive to the sample composition [82]. By energy dispersive
X-ray spectroscopy, the element specific characteristic X-rays can be used for qualitative and
quantitative analysis [78]. The following two scanning electron microscope were used:

• Field-emission scanning electron microscope operating at 10 kV (FESEM, Zeiss Ultra
Plus) installed at the Institute for Materials Science, Kiel University, Germany.

• Field-emission scanning electron microscope operating at 15 kV (FESEM, Joel JSM-
7000F) installed at Geodynamics Research Center, Ehime University, Japan.
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Transmission Electron Microscopy
Microstructural observations were implemented by transmission electron microscopy (TEM).
By TEM analysis, electrons accelerated to high energies (60–400 keV) and focused onto the
sample material allow to resolve the sample microstructure and crystal structure [83]. The
main components are the electron source, condenser lenses (focus the electron beam on the
sample), objective lenses (create image or diffraction pattern), intermediate and projector lenses
(magnification control) and detectors (e.g., CCD camera, EDX) [84]. TEM can be used for
recording electron diffraction (ED), similar to X-ray observation as well as for resolution of
nanometer-sized structures. The TEM techniques used in this study are briefly described in the
following [83–86]:

• Electron diffraction patterns provide information about the symmetry of the atomic ar-
rangement in the crystals and the interatomic spacings of selected parts when the crystal
satisfies the constructive interference of the Bragg conditions (elastic scattering). ED
patterns can be generated using the selected area electron diffraction (SAED) with a par-
allel beam. Normally, ED patterns show a bright central spot with transmitted unscattered
electrons (spots) and scattered electrons (rings) where the distribution belongs to the sam-
ple (i.e., single crystals: symmetrically arranged spots; polycrystalline materials: debeye
rings; and amorphous material: diffuse circles).

• Bright-field (BF) TEM images are recorded when an aperture is applied in the back focal
plane of the objective lens, so that only the direct beam can pass. The images emerge
by the attenuation of the beam due to the interaction with the sample. Both diffraction
contrasts and mass thickness contribute to the imaging, for example, crystalline samples
appear dark in Bragg condition and bright when not in Bragg condition.

• High-resolution (HR) TEM imaging is performed using both the diffracted and the trans-
mitted beam with a large aperture, which allows the investigation of the atomic structure
of the sample. The image is created by the interference of the coherently scattered elec-
tron waves of both beams (phase contrast). Fast Fourier Transformed (FFT) images from
the HRTEM mircographs can be used for the structure determination.

• Scanning TEM (STEM) images are created by scanning a focused convergent electron
beam over the sample in a raster. The image resolution depends on the diameter and
intensity of the electron beam. High-angle annular dark-field (HAADF) STEM uses in-
elastically scattered electrons at high angles detected by an annular dark-field (ADF)
detector.
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A convergent beam is also required to obtain a highly localized signal from the sample using an-
alytical TEM modes (e.g., EDXS, EELS). The beam can be fixed on a point in the STEM image
for energy-dispersive X-ray (EDX) spectroscopy or electron energy-loss (EEL) spectroscopy
observations. X-rays are generated due to the interaction of the beam with the specimen. Some
of the electrons are inelastically scattered resulting in a loss of energy that can be measured by
electron spectrometer (EELS). Three transmission electron microscopes (TEM) were consulted
for the microstructure observations:

• Transmission electron microscope (TEM) FEI Tecnai F30 G2 STwin (FEG, 300 kV, spher-
ical aberration coefficient Cs = 1.2 mm) installed at the Institute for Materials Science,
Kiel University, Germany. Elemental mappings of the samples were performed in scan-
ning TEM (STEM) mode using an EDX detector (Si/Li, EDAX).

• Two transmission electron microscopes JEM-2010, JEOL operating at 200 kV and in-
stalled at the Institute for Materials Science, Kiel University and at the Geodynamics
Research Center, Ehime University, Japan.

The focused ion beam (FIB) technique was used for the TEM specimen preparation. Thin FIB
lamellae were prepared with a thickness of ∼60 nm and were fixed on Cu TEM grids (Fig.
1-11). The preparation was performed by a FIB instrument (Helios NanoLab Dualbeam, FEI,
USA) operating at 30 kV with a Ga ion beam installed at the Kiel Nanolab, Institute for Mate-
rials Science, Kiel University, Germany. Additionally, thin foils were prepared, also with the
FIB technique at JEM9319FIB (JEOL) at 30 kV with a Ga ion beam, installed at Geodynamics
Research Center, Ehime University, Japan.

Fig. 1-11: Thin film prepared by focused ion beam (FIB) technique. FIB lamellae were prepared to a
thickness of ∼60 nm for transmission electron microscopy observation.
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Grain size determination
TEM images (bright-field TEM and HAADF-STEM) at lower magnifications were recorded
to yield the best possible statistic averages of the grain sizes. For samples with larger grains
(> ∼40 nm), the intercept method [23] was used on > 400 intercepts per sample. For samples
exhibiting grain sizes below 50 nm the grain sizes were estimated by a direct measurement of
more than 100 grains that appear in dark (satisfying with the Bragg condition) in a BF-TEM
image [11, 23]. This method was used in previous studies and gave a realistic size distribution.
In general, the individual grains of each component in the composites cannot be clearly differ-
entiated. SEM images of the fractures surfaces show intergranular fracture and equigranular
texture in the sample with grain sizes below 100 nm which indicates that the grain sizes of the
components are similar. Therefore, the average grain size was employed.

1.2.3 Characterization of the mechanical properties

Vickers microindentation tests are performed to measure the hardness and fracture toughness.
Indentation hardness measures the resistance of solid material to deformation induced by a
constant compression load. The fracture toughness is the resistance of solid material against
crack propagation induced by mechanical stress. The sample surface is indented by the tip of
a diamond with a pyramidal shape, producing an indentation trace and cracks that propagate
from the corners of the trace. The Vickers hardness HV can be calculated from the length of
diagonals of the indentation traces [87]:

HV = 2sin(Φ)
gL

2d2
= 1854.4

F

2d2
(1-5)

Φ is the apex angle of the pyramid (136◦), g (ms−2) is the gravitational acceleration, L (kg)
is the indentation load, d is the arithmetic mean of the two diagonals (m) of an indentation
trace (Fig.1-12), and F is the applied force (N). If the stress field produced by the diamond
tip cannot be degraded by elastic deformation, cracks occur in the proximity of the indents.
The sequence of the crack formation and extension is a function of the applied load [88]. The
empirical relation for the fracture toughness between crack length c (Fig. 1-12) and applied
force is described by the LEM model [89]:

KIc = ζ
E

H

1/2 F

c3/2
(1-6)

ζ is a calibration constant of 0.016 determined by Anstis et al. (1981) [90], E is the Young’s
modulus (GPa), and H is the Vickers hardness.
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Fig. 1-12: Vickers microindentation. (a) Schematic illustration of the indentation with a diamond tip
[91]. (b) Photograph of the indentation with cracks. The length of the indentation trace and the crack
length are given by 2d and 2c, respectively.

Hardness (HV ) and fracture toughness (KIc) measurements were carried out using a Vickers
indenter (HV-114, Mitsutoyo, Japan) at indentation loads of 29.4 and 49 N and using a micro-
hardness indenter (HM-221, Mitsutoyo, Japan) at an indentation load of 9.8 N. A hard steel
standard with 900 HV was used. Both indenters are installed at DESY in Hamburg. In addition,
a microhardness indenter (Leitz Durimet) installed at Delft University of Technology, Nether-
lands was used at indentation loads of 4.9, 9.8, and 19.6 N. The top and bottom surfaces of
the recovered samples were mirror-polished down to 1 m using diamond pastes. Three indents
were made at each indentation load. A representative value of HV from a recovered sample
was determined by calculating the arithmetic mean of HV values measured at the three different
indentation loads (P = 9.8, 29.4, and 49 N). The Young’s modulus of composites is required for
the estimation of the fracture toughness (KIc) from the length of cracks induced by the Vick-
ers indentation. The Voigt-Reuss-Hill (VRH) approximation [92] is often used to estimate the
elastic moduli of polycrystalline materials, which consist of randomly orientated monocrystals
(statistically isotropic polycrystalline materials) [93]. The classic models of Voigt and Reuss
are used to define, respectively, the upper bound (EV oigt

effect) and the lower bound (EReuss
effect) of a

material property, in this instance the Young’s modulus E:

EV oigt
effect =

N∑
i

fiEi and
1

EReuss
effect

=
N∑
i

fi
Ei

(1-7)

with fi as the volume fraction of the ith component with a hardness Ei. Previous studies [94]
reveal that the effective property of polycrystalline materials ranges between these two bounds
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and can be expressed by the Hill’s approximation [95]:

EHill
effect =

EV oigt
effect + EReuss

effect

2
(1-8)

The Young’s modulus of each composite is calculated from the previously reported elastic mod-
uli using the Voigt-Reuss-Hill average calculation.

1.2.4 Characterization of the optical properties

The optical real in-line transmission (RIT) [19] describes the portion of light passing through
the sample without being reflected, absorbed, or scattered. It is represented by the ratio of the
intensity of the transmitted light I to the intensity of the incident light I0:

T =
I

I0

(1-9)

The principle of the RIT measurement is illustrated in Fig. 1-13. The substantial difference
between the RIT setup and the configuration to measure the total forward transmission (Fig.
1-13b) is the non-use of an integrated sphere, which is commonly placed directly behind the
sample.

1 light source   4 polarizor   7 sample holder

2 slit    5 lense    8 mirror system

3 monochromator   6 sample   9 detector 

1
2

3
4 5

6

7 2
5 8 9

7

integrated sphere

detector(a)

(b)

Fig. 1-13: Schematic illustration of the light transmittance measurement. (a) Principle of the mea-
surement for (a) real in-line transmission (RIT) and (b) total forward transmission (TFT).

The real in-line transmission was measured by a modified spectrophotometer (Lambda 900
UV/VIS/NIR, PerkinElmer, USA) at the Institute of Material Sciences, CAU Kiel, Germany.
Light reflection was minimized by smoothly polishing the samples surfaces to ≤ 1 µm rough-
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ness. Since the thickness strongly affects the transmittance, the samples’ thickness was pre-
cisely adjusted to 0.8 mm allowing for the direct comparison of measured RIT values between
different samples. The incident light beam was adjusted to hit the centers of the sample sur-
faces perpendicularly. The small size of the samples (diameter of ∼2 mm) required self-made
aluminum sample holders to precisely position the samples relative to the incident light beam.
Pre-aligned tungsten-halogen and deuterium lamps served as the light source. The light was
monochromatized by a holographic grating monochromator. The wavelength accuracy was
± 0.08 nm in the UV/Vis range. Detectors were a photomultiplier in the UV/Vis wavelength
range and a PbS dectector (Peltier-cooled) in the near-infrared light range. The slit size before
the detector department was ∼1 mm and the distance between the sample and the detector (in-
cluding the mirror system) was selected such that all the light scattered < ∼1◦ was detected as
the RIT. An external standard quartz glass sample served for the improvement of the analytical
setup of the RIT measurements. The beam size on the sample was ∼0.12 mm2. The shown
RIT values are mean values of duplicate measurements, revealing reproducibility better than
2%RSD.

The refractive index and its wavelength dispersion are important parameters in optical science;
they determine the phase velocity of light in the medium as well as the refraction, reflection, and
diffraction at the medium surface [96]. Ellipsometry helps determine these optical constants by
analyzing the change in the polarization of the light reflected at a medium. The two parameters
determined by the ellipsometry measurement are: (i) the path difference ∆ between the p- and
s-polarized waves induced by the reflection, and (ii) the ratio of the amplitude diminutions Ψ,
where both are linked by the following equation [97]:

tanΨei∆ = ρ (1-10)

where ρ = RP

RS is the reflection coefficient and RP as well as RS are the intensities of the s-
and p-wave components after reflection. The dispersion of the refractive index of the recovered
samples was determined at room temperature by a spectroscopic ellipsometer (SENresearch
4.0, SENTECH Instruments, Germany) installed at SENTECH, Berlin. The light source was
a deuterium-halogen combination lamp and a Si CCD array detector was used for the light
detection. The spectral range was 190–1000 nm, and the incident angle of the light was 70◦.
The measurement uncertainty δn was estimated to be 0.01 due to the small sample sizes and the
surface roughness (0.003 for a ideal sample).
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2 High-pressure crystallization of polycrystalline ceramics of
highly abundant raw materials

This chapter focuses on the high-PT synthesis of polycrystalline composite ceramics from read-
ily available raw substances. The effect of the pressure- and temperature conditions (Fig. 2-1)
on the crystal polymorphism and on the microstructure of the fabricated polycrystalline ceram-
ics resulting in variations of the mechanical and optical characteristics will be demonstrated.
The major part deals with the high-pressure crystallization from Al2O3-SiO2 glasses to poly-
crystalline composites of α-alumina/stishovite and kyanite/α-alumina depending on the pressure
and temperature conditions (Fig. 2-1a). Subsequent to this, the fabrication of polycrystalline
jadeite/SiO2 (SiO2 = stishvovite or coesite depending on PT-conditions) composites from al-
bite (NaAlSi3O8) glass decomposition is presented (Fig. 2-1b). Conclusively, the direct high-PT

synthesis from starting silicon and aluminum oxynitride powders to non-birefringent polycrys-
talline cubic spinel γ-SiAlON ceramics is provided.
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Fig. 2-1: High-PT synthesis conditions superimposed in the pressure-temperature phase diagrams.
(a) P-T-dependent phase stabilities of the investigated systems: Al2SiO5 [98, 99], (b) NaAlSi3O8 [100],
and (c) Si3N4 [72] representative for the investigated SiAlON, where no direct phase stability data at the
investigated PT-conditions are available. The compression and heating paths of syntheses are shown by
the green and red lines, respectively. The essential conditions of the syntheses are marked by the red
dots.
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2.1 Silicon–Alumina–Oxides

Oxides of silicon and aluminum are the most and second-most abundant oxides in the Earth’s
crust, respectively. Due to their simple chemistry, the easy availability of the raw substances,
quartz (SiO2) and α-alumina (Al2O3), and the environmental sustainability, silicon–alumina–
oxide materials are ideally suited to demonstrate the strong potential of the high-pressure and
high-temperature controlled processing to obtain highly mechanically and thermally durable
transparent polycrystalline ceramics consisting of birefringent crystals.

2.1.1 Decomposition of kyanite into stishovite and alumina

Kyanite is the high-pressure polymorph in the Al2SiO5 system and crystallizes in the triclinic
system (space group P1̄). Kyanite is constructed as an arrangement of AlO6 octahedra and SiO4

tetrahedra [101, 102] (Fig. 2-2a). The chains of the AlO6 edge-shared octahedra are parallel to
the crystallographic c-axis and are cross-linked by alternating Si in tetrahedral (SiIV) and Al in
octahedral (AlVI) coordination [103].

Fig. 2-2: Crystal structures of (a) kyanite, (b) α-alumina, and (c) stishovite. Kyanite decomposes at
ultrahigh pressure to the simple oxides α-alumina and stishovite. Note: for kyanite in (a) similarities
in color intensity of the AlO6 octahedra illustrate identical crystallographic positions. Crystallographic
data of kyanite is from Yang et al. [104], of α-alumina from Finger and Hazen [105], and of stishovite
from Ross et al. [106].

Imposed by the edge-shared polyhedral framework, the mismatch of sizes between the AlO6 oc-
tahedra and the SiO4 tetrahedra within the polyhedral framework and the resulting close oxygen-
oxygen (O-O) distance leads to a distorted cubic close package of the O atoms, in which 10%
of the tetrahedral sites are filled by SiIV and 40% of the octahedral sites by AlVI [104]. Kyanite
decomposes into the oxide phases SiO2 stishovite and Al2O3 α-alumina at high-PT [107].
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The PT-dependence of this phase boundary is determined to be located at P (GPa) = 10.2 +
0.0016 T (K) [99]. α-Alumina crystallizes in the trigonal system with the space group R3̄c.
The O atoms from the AlO6 octahedra building blocks form a hexagonal close package with
Al filling two-third of the octahedral interstices and O one-third of the octahedral sides (Fig.
2-2b) [108]. Thus, the intra-crystalline bonding is of two-third ionic and one-third covalent.
Stishovite is a high-pressure SiO2 polymorph and crystallizes in the tetragonal system with
rutile structure (space group: P42/mnm). The crystal framework is made of SiO6 octahedra
connected over the opposing edges along the c-axis (Fig. 2-2c) [6]. The resulting oxygen sub-
lattice is largely distorted cubic face-centred rather forming a hexagonal close-package, where
50% of the octahedral sites are occupied by SiVI.

2.1.2 High-pressure glass crystallization to polycrystalline material

All syntheses started from 1:1 molar Al2O3:SiO2 mixtures fused to glass spheres by an aero-
dynamic levitation furnace [56]. The resulting composition is 57.4 ± 0.5 mol% Al2O3 and
42.6 ± 0.5 mol% SiO2 (determined by EPMA) due to stronger evaporation of silica relative to
alumina.

Fig. 2-3: Al2O3-SiO2 glass synthesis using an aerodynamic levitation furnace. (a) Photograph of the
glass (diameter of ∼2.5 mm, polished to a thickness of 1.2 mm). The distance between the samples and
the printed letters is 1 mm. Synchrotron X-ray (60 keV) diffraction patterns of the Al2O3-SiO2 glass
(grey line). (c) Diffuse electron diffraction pattern. (d) Elemental mappings of Al, Si, and O confirm the
uniform elemental distribution. Note: black areas do not necessarily indicate zero concentration.
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The Al2O3-SiO2 starting glass is transparent and contains some pores (Fig. 2-3a). The XRD
pattern (Fig. 2-3b) of this glass shows broad and small diffraction intensities (at ∼3.2◦ and
∼7.9◦ 2Θ) indicating a non-crystalline structure with some short-range periodic arrangement of
atoms. Silicon, aluminum and oxygen are homogenously distributed (Fig. 2-3d).3

High-pressure glass crystallization to polycrystalline materials is carried out at 15.6 GPa and
1573–2173 K in the decomposition field of Al2SiO5 kyanite into the oxide components, corun-
dum (α-alumina) and stishovite (preliminary experiments and analytical observations were per-
formed in [66]). A second series of experiments were performed at 10 GPa, 1273–2073 K in
the stability field of kyanite, which is the high-pressure polymorph in the Al2SiO5 system. The
shape of all the recovered samples is nearly unchanged compared to the starting glass, except
some volumetric shrinking (cf. thickness / diameter: starting glass ∼1.2 / 2.35–2.5 mm; re-
covered samples ∼1.1 / 2.2–2.3 mm), indicating successful isostatic pressurization. The pores
present in the starting glass disappeared during the high-pressure syntheses.

Polycrystalline ceramics consisting of Al2O3 α-alumina and SiO2 stishovite
The representative recovered samples synthesized at 15.6 GPa and the three different tempera-
tures are shown in Figure 2-4a. At 1573 K the recovered sample is translucent, and the trans-
parency appears to decrease with the synthesis temperature. The sample synthesized at 1873 K
is less translucent and white and that synthesized at 2173 K is opaque and black. Phases were
identified by synchrotron radiation diffraction [76] at DESY, Hamburg (PETRA III, station
P02.1) [66]. No diffuse intensities were observed for the sample with the lowest synthesis
temperature (1573 K). Whole pattern fittings of the XRD pattern confirm that all the samples
consist of stishovite and α-alumina. These results confirm that the starting glass completely
crystallized to stishovite and α-alumina. The reflection widths are broadened in the XRD pat-
tern of this sample compared to those at the higher temperatures. The decrease of the reflection
widths with the synthesis temperature suggests that the grain sizes increase with the synthe-
sis temperature. Calculated unit cell parameters of stishovite and of α-alumina are consistent
with literature values. Since the chemical composition of the starting glass is determined, the
volume fractions of these two phases in the samples are calculated using a mass-balance cal-
culation [109] resulting in 27.7 vol% of stishovite and 72.3 vol% of α-alumina. A TEM image
(Fig. 2-4c) of the α-alumina/stishovite composite synthesized at 1573 K shows the presence of
fibrous layered texture where the fibers are about 1 µm in size. Electron diffraction (ED) (Fig.
2-4d) are collected in the layered structure and reflections from stishovite and α-alumina are
simultaneously present.

3Note that the elemental mappings are normalized on the counting rate for the specific elements.
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Fig. 2-4: Synthesis of polycrystalline composites consisting of stishovite and α-alumina. (a) Pho-
tographs of the composites (diameter of ∼2.2–2.3 mm, thickness of ∼1.1 mm) synthesized at 15.6 GPa
and 1573 K (blue), 1873 K (green), and 2173 K (red). (b) Synchrotron X-ray (60 keV) diffraction pat-
terns of the samples synthesized at 15.6 GPa and at 1573 K (blue line), 1873 K (green line), and 2173 K
(red line) are shown. (c) TEM image and (d) ED pattern of the composite synthesized at 1573 K. The
ED pattern was collected at the layered structure signed by the blue circle in Figure 2-4c. In this layered
structure, stishovite and α-alumina are present.

Polycrystalline ceramics consisting of Al2SiO5 kyanite and Al2O3 α-alumina
Figure 2-5 shows the optical appearance of the three recovered samples synthesized at 10 GPa.
The sample synthesized at 1473 K is highly transparent. The transparency decreases with in-
crease of the synthesis temperature so that the sample synthesized at 1673 K is slightly translu-
cent and the sample synthesized at 1873 K is opaque and white. Phase identification are per-
formed using synchrotron radiation diffraction at DESY, Hamburg (PETRA III, station P02.1)
[76]. All recovered samples are dominantly composed of kyanite. The formation of kyanite
at these conditions (10 GPa and 1473–1873 K) is consistent with previously reported phase re-
lations of Al2SiO5 [110]. The reflection widths in the pattern of the samples synthesized at
1473 K are significantly broadened compared to those of the samples recovered from higher
temperature and a few low intense diffuse intensities are present (at ∼4.5◦ and ∼6.5◦ 2Θ).
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Fig. 2-5: Synthesis of polycrystalline composites consisting of kyanite and α-alumina. (a) Pho-
tographs of the composites (diameter of ∼2.2–2.3 mm, polished to a thickness of ∼0.8 mm) synthesized
at 10 GPa and 1473 K (blue), 1673 K (green), and 1873 K (red). (b) For better impression of the optical
transparency, the samples are placed on glass plates with 1 mm distance to the background [20]. (c)
Synchrotron X-ray (60 keV) diffraction patterns of the samples synthesized at 10 GPa and at 1473 K
(blue line), 1673 K (green line), and 1873 K (red line) are shown. (d) TEM image of the composite
synthesized at the lowest temperature (1473 K) reveals grain sizes <50 nm and (e) the corresponding ED
pattern confirms the polycrystalline nature of this sample. The variety of reflections is due to the triclinic
symmetry of the kyanite.

The complementary decrease of the intensity widths and increase of the peak heights indicate
a progressive crystallization with increasing synthesis temperature. The samples synthesized at
higher temperature (1673 K and 1873 K) show sharp reflections of α-alumina. The XRD reflec-
tions of the sample synthesized at 1473 K are much broader and especially the reflections of
α-alumina are diminished and only the weak 113 reflection of α-alumina can be clearly identi-
fied. Other α-alumina reflections (104, 110) are present, but are partly overlapped by reflections
from kyanite because of the broadening. The presence of α-alumina is consistent with the chem-
ical composition of the starting glass with an excess of Al2O3. Calculated unit cell parameters
of kyanite and of α-alumina are consistent with the literature values (see 2-1).
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Table 2-1: Unit cell parameters of kyanite and α-alumina

kyanite a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) V (Å3)
1473 K 7.125 (8) 7.855 (6) 5.565 (13) 89.7 (3) 100.9 (3) 106.1 (1) 293.4 (7)
1673 K 7.118 (4) 7.846 (3) 5.579 (7) 90.1 (2) 101.3 (2) 105.9 (1) 293.3 (4)
1873 K 7.116 (4) 7.844 (3) 5.577 (6) 90.1 (2) 101.3 (2) 105.9 (1) 293.1 (4)
[102] 7.126 (1) 7.852 (1) 5.572 (1) 89.22 (2) 101.11 (2) 106.03 (1) 293.60 (9)

α-alumina
1473 - - - - - - -
1673 4.769 (1) - 13.00 (1) - - - 256.0 (3)
1873 4.766 (1) - 13.00 (1) - - - 255.9 (2)
[111] 4.7657 (9) - 13.010 (14) - - - 255.89 (2)

On the basis of the chemical composition of the starting glass, the volume fractions of these
two phases in the samples were determined using a mass-balance calculation [109] resulting in
91.4 vol% of kyanite and 8.6 vol% of α-alumina. The highly transparent sample synthesized at
10 GPa and 1473 K is composed of nano-sized grains below 50 nm (Fig. 2-5d). The ED pat-
tern confirms that the sample is polycrystalline, but the identification of α-alumina reflections is
difficult due to the large number of the reflections from triclinic kyanite.

2.1.3 Microstructures at the nanoscale

Transmission electron microscope (TEM) images are recorded to characterize the microstruc-
ture at the micro- and nanoscale and to estimate the average grain size of the samples. A
scanning electron microscope (SEM) is used mainly to characterize the fracture surfaces of the
recovered samples.
Characteristic high-angle annular dark-field scanning TEM (HAADF-STEM) images for the
polycrystalline ceramics consisting of SiO2 stishovite and Al2O3 α-alumina are illustrated in
Fig. 2-6. The grain sizes progressively increase with the synthesis temperature. The elemental
maps show that high concentration of Si (yellow areas) and of Al (green areas) anticorrelate.
These results indicate that this area may correspond to an individual stishovite grain. Since
the volume proportion of α-alumina is more than two times higher than of stishovite, whole
α-alumina grains are rarely displayed by the image sections of the elemental maps, while sev-
eral whole individuals of the smaller stishovite grains are clearly to identify. Fracture surfaces
of all the samples reveal equigranular texture indicating that the grain size of stishovite and
α-alumina are similar. The fibrous textures observed in the image in Fig. 2-6d might be re-
licts of metastable nucleation of kyanite from the Al2O3-SiO2 glass formed during the synthesis
path crossing the stability field of kyanite (Fig. 2-1); and due to the relatively low synthesis
temperature thermodynamic equilibrium might be kinetically impeded.
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Fig. 2-6: Microstructures of the α-alumina/stishovite ceramics. High-angle annular dark-field scan-
ning TEM (HAADF-STEM) images illustrate the increase of the grain sizes with the synthesis tempera-
ture. (a) Microstructure of the α-alumina/stishovite composite from the lowest synthesis temperature of
1573 K with an average grain size of∼15 ± 2 nm. The grain size cannot be precisely determined by this
image section and is estimated using higher resolution images and elemental mappings. (b) The compos-
ite synthesized at 1873 K exhibits grains of∼81 ± 15 nm and (c) the composite produced at 2173 K with
the highest average grain size of ∼732 ± 161 nm is the one which is completely black (see Fig. 2-4a).
EDX elemental mappings of the corresponding samples show that the amounts of silicon (yellow) and
aluminum (green) anticorrelate. (d) Fibrous structures observed in STEM image (e) A back-scattered
electron image of a fracture surface of the sample synthesized at 15.6 GPa and 2173 K.

A very similar behavior of increasing average grain size with the synthesis temperature is ob-
served for samples synthesized in the kyanite stability field (Fig. 2-7). Elemental mappings
show increasing segregation of kyanite and α-alumina with the synthesis temperature. The α-
alumina (Al2O3) formed along the kyanite due to the excess of Al2O3 in the starting glass. This
is consistent to the anti-correlated amounts of silicon (yellow) and aluminum (green). The in-
creasing chemical separation between silicon and aluminum, that is, increasing grain size, with
the synthesis temperature coincides with the accompanied increase of the α-alumina reflection
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width in the XRD patterns as shown in Fig. 2-5c (Note: the black areas in the lower right of
the Al map from the 1873 K kyanite sample in Fig. 2-7b is an artifact and do not necessarily
indicate zero alumina.). The SEM image in Figure 2-7d shows the mainly intergranular fracture
surface for the kyanite/α-alumina composite synthesized at 10 GPa and 1673 K as also evident
for the sample synthesized at 1473 K (not shown). In contrast to lower synthesis temperatures,
the sample synthesized at 10 GPa and 1873 K exhibits a transgranular (transcrystalline) frac-
ture and more elongated grains appear to be present. This observation coincides with naturally
occurring kyanite crystals being not uncommonly acicular and prolate.

Fig. 2-7: Microstructures of the kyanite/α-alumina ceramics. HAADF-STEM (a–c) images illustrate
the increase of the grain sizes with the synthesis temperature. The microstructure of the kyanite/α-
alumina composite synthesized (a) at the lowest synthesis temperature of 1473 K with an average grain
size of ∼34 ± 13 nm (this sample shows a very high transparency), b) at 1673 K with grain sizes of
∼69 ± 17 nm, and c) at 1873 K with the highest observed average grain size of ∼611 ± 170 nm. El-
emental mappings are shown for silicon (yellow) and aluminum (green) of the corresponding samples.
Black areas with low silicon, but high aluminum most likely project α-alumina. (d) SEM image of the
fracture surfaces of sample synthesized at 1673 K indicates intergranular fracture, equant grains, and
equigranular texture.
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The kyanite/α-alumina composite synthesized at 1473 K is unique due to the high optical trans-
parency. In Figure 2-8, TEM (a) and SEM (b) images show elongated structures, which may
have a positive effect on the mechanical properties.

Fig. 2-8: Nanostructure and fracture surfaces of the kyanite/α-alumina ceramic. (a) TEM image of
the nanocrystalline kyanite/α-alumina composite synthesized at 10 GPa and 1473 K (inset: ED pattern
confirming the polycrystalline nature). (b-d) SEM images of the fracture surfaces exhibit elongated
structures.

For the characterization of the porosity of both, kyanite/α-alumina and α-alumina/stishovite,
composites, further bright-field TEM images are evaluated, in which no residual porosity is
detected. The measured densities of the recovered samples synthesized at 15.6 GPa and 1573–
1873 K (4.05–4.09 g/cm3) are consistent with the calculated density (4.07 g/cm3). This value
is determined according to the measured Al2O3-SiO2 glass composition considering pure alu-
mina and stishovite as the products. The measured densities of the α-alumina/stishovite com-
posite synthesized at 1973–2173 K are slightly higher (4.13–4.19 g/cm3) than the calculated

37



density (4.07 g/cm3 [106, 108]). The higher measured densities may be explained by incorpo-
ration of alumina component into stishovite [98, 112] leading to decreases of the bulk volume
and increases of the bulk density. The density appears to increase with the synthesis tem-
perature, which is consistent to the positive effect of temperature on alumina-stishovite mix-
ing as reported in previous studies [98]. Furthermore, the incorporation of aluminum into
stishovite is observed to produce oxygen vacancies (VO) by the following substitution reac-
tion: 2Si4+ = 2Al3++V2+

O [98, 112]. The changes to dark color in the α-alumina/stishovite com-
posite synthesized at the highest synthesis temperature (2073 K and 2173 K) thus correlates
with the presence of oxygen vacancies. Already performed X-ray photoelectron spectroscopy
(XPS) and electron energy-loss spectroscopy (EELS) analyses could not result in a sufficient
evidence to the presence of oxygen vacancies and further investigations are required. The densi-
ties of the kyanite/α-alumina composite synthesized at 1473, 1673, and 1873 K are 3.68 ± 0.01,
3.70 ± 0.04, and 3.71 ± 0.03 g/cm3, respectively. These values are close to the calculated den-
sity of a composite material with the same composition (3.70 g/cm3 [103, 108]).

2.1.4 Mechanical and optical characteristics

Vickers microindentation
The hardness and fracture toughness of the synthesized α-alumina/stishovite and kyanite/α-
alumina composite ceramics were determined by Vickers microindentation tests. Representa-
tive values of Vickers hardness (HV ) and fracture toughness (KIc) are given as the arithmetic
mean of three (α-alumina/sthishovite) and five (kyanite/α-alumina) different indentation-loads.
The indentation-load dependence of the Vickers hardness (HV ) and fracture toughness (KIc) of
the α-alumina/stishovite (a–b) and kyanite/α-alumina (c–d) composites is shown in Figure 2-9.
The fracture toughness was estimated from the crack length induced by the Vickers indentation,
which requires the elastic moduli of the composites. These were calculated from the reported
elastic moduli for α-alumina [113], stishovite [114], and kyanite [115] using the Hill’s approxi-
mation [94]. HV and KIc decrease almost linearly with the indentation-load. The hardness value
increases with decreasing indentation load regardless of the shape of the indenter (Vickers and
Knoop indenter) [116]. This behavior is explained by the ratio of plastic to elastic deformation
of the sample surface through the indenter. Elastic deformation dominates at the lower indenta-
tion loads, which leads to higher hardness values determined by indentation methods. Krell and
Blank [116] observed the increase of hardness below indentation load of 9.8 N showing that
accurate hardness determinations of ceramics (e.g., polycrystalline alumina) require for high
indentation (P ≥ 9.8 N).
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Fig. 2-9: Indentation load dependence of Vickers hardness and Fracture toughness for α-alumina/
stishovite and kyanite/α-alumina composites. Vickers hardness dependence of (a–b) the seven α-
alumina/stishovite and (c) the three kyanite/α-alumina. Fracture toughness dependence of (d–e) the
α-alumina/stishovite and (f) the kyanite/α-alumina. The vertical line indicates the change of the two con-
sulted indenters (left: Vickers indenter: HV-114, Mitsutoyo, Japan and right: microhardness indenter:
HM-221, Mitsutoyo, Japan). It can be clearly seen that for each indenters both, hardness and fracture
toughness, depend on the indentation load. Note: at the moment there is no explanation for the rapid
measured hardness increase with the indentation load for kyanite/α-alumina (c) after changing the in-
denters to the microhardness indenter HM-221. The corresponding fracture toughness values, however,
match the overall observed clear trends with the indentation load.

Figure 2-10 shows grain-size dependence of the arithmetic Vickers hardness HV and fracture
toughness (KIc) for the α-alumina/stishovite (Fig. 2-9a-b) and kyanite/α-alumina composites
(Fig. 2-9c-d). Figure 2-10a show that the α-alumina/stishovite composites are harder than
the pure alumina ceramics. Here, HV increases with decreasing grain size down to ∼80 nm
(=1873 K). The maximum HV value is 23 ± 1 GPa (average grain size of 81 ± 15 nm). Further
decrease in the grain sizes down to 15 nm (=1573 K) is followed by the sharp decrease in HV

down to 19 ± 1 GPa (average grain size of 15 ± 2 nm). The softening behavior below a critical
grain size can be ascribed to the called as inverse Hall-Petch relationship [52].
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Fig. 2-10: Grain size dependence of Vickers Hardness and fracture toughness (a–b) α-alumina/
stishovite and (c–d) kyanite/α-alumina composites. The green solid circles correspond to remeasured
hardness values of nano-polycrystalline α-alumina ceramics [87] (green solid diamond in (a) = literature
value of hardness of alumina with grain size of 325 nm [116]). The Hall-Petch relationship (green
dashed line) is calculated using the four data points of alumina ceramics (including a data point with a
grain size of 2 µm). Fracture toughness values of α-alumina ceramics with grain sizes of 300 and 150 nm
[87] are illustrated by the green solid circles in (b and d). The insets represent (a) a microphotograph
and (b) a secondary electron image of a characteristic indentation trace for both composites.

A similar grain size-hardness relationship is observed for the kyanite/α-alumina composites,
where the hardness increases with decreasing grain size from HV 16.6 ± 1.4 GPa (average grain
size of ∼611 ± 170 nm) to 21.5 ± 1.6 GPa (average grain size of ∼69 ± 17 nm at 1873 K)
(Fig. 2-10b). These values are quite similar to those of the pure alumina ceramic [87]. An in-
verse Hall-Petch relationship is indicated to occur within the grain size interval from∼35–70 nm
since at the lowest observed average grain size of ∼34 ± 14 nm (=1673 K) HV is again de-
creased to 20.4 ± 2.1 GPa. However, HV of these composites with sub 100 nm grain size is
strongly, about two-times, enhanced compared to the kyanite single crystal (HV 10.7 ± 1.6 GPa
for the perfect cleavage plane [110] and HV 18.0 ± 2.9 GPa for the plane [010]) [115].
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Data for polycrystalline alumina are also indicated for comparison. Nishiyama et al. [87]
reported microhardness values at an indentation load of 400 g (=3.92 N) of nanocrystalline
bulk alumina ceramics with grain sizes of ∼300 and ∼150 nm with a HV of 23.1 ± 0.1 and
25.5 ± 0.3 GPa, respectively. The latter is consistent with a result reported by Mishra et al.

(1996). These values are superior to those of both composites measured in the present study.
This finding is related to indentation load dependence of the hardness. In order to compare
hardness of alumina/stishovite composites with that of alumina ceramics, hardness should be
measured at the same indentation loads above 9.8 N. Thus, HV of the nanocrystalline bulk alu-
mina ceramics synthesized by Nishiyama et al. [87] were remeasured at the same indentation
loads of 1, 3, and 5 kg (=9.8, 29.4, and 49 N) than employed for the measurements of the α-
alumina/stishovite composites.

The grain-size dependence of KIc is illustrated for the α-alumina/stishovite (Fig. 2-10c) and
kyanite/α-alumina (Fig. 2-10d). No grain-size dependence was observed for the α-alumina/
stishovite composites and the KIc values remain constant at ∼3 MPa m1/2. Since a similar be-
havior of constant KIc is observed for alumina ceramics [87], this is most probably attributed to
the high volume fraction of α-alumina (72.3 vol%) in the composites. In contrast, the KIc val-
ues of the kyanite/α-alumina composite clearly depend on the grain size and constantly increase
from 2–5.5 MPa m1/2 with increasing grain size from 34 ± 13 to 610 ± 170 nm.

Highly transparent nanocrystalline ceramics
The high transparency of the polycrystalline kyanite/α-alumina ceramic is illustrated in Figure
2-11. The real in-line transmission (RIT, which represents the unscattered portion of light and
is hence the definite parameter that quantifies the optical transparency [19]) of the samples is
measured from the visible to the ultraviolet light region (180–860 nm). The thickness of all
samples is 0.8 mm. The analytical setup was adjusted by measuring the RIT of silica glass
as a reference material. From 860 to 250 nm the RIT of the silica glass is constantly high at
∼89–86%. At shorter wavelength from 250 to 180 nm, the RIT decreases to ∼60% because
of absorption effects in the glass [20]. For the kyanite/α-alumina composites, the transparency
strongly increases with decreasing synthesis temperature but also with increasing photon wave-
length. The sample synthesized at 10 GPa and 1473 K shows the highest RIT values. Here,
the RIT near-logarithmically decreases moderately from ∼78–59% in the visible light range
(700 to 390 nm). With respect to the mean refractive index of kyanite (n = 1.722), these high
optical transparency values are close to that which can be maximally achieved from kyanite
(∼87%) without any scattering [19]. In the ultraviolet (UV) light range (down to 230 nm) the
transparency decreases more steeply from ∼59% to 2%. Results from density functional calcu-
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lations [117] show that this sharp decrease coincides with photoexcitation due to the UV band
gap [20] of kyanite at 214 nm wavelength corresponding to an energy of 5.80 eV. The sample
synthesized at 10 GPa and 1673 K shows similar systematics of except that the RIT of the visi-
ble light starts to decrease at longer wavelengths (RIT of 73% at 700 nm to 8% at 290 nm). The
sample synthesized at 10 GPa and 1873 K exhibits very low RIT values: 7% at a wavelength
of 800 nm, a continuous decrease to 2% at 650 nm, and near opacity at shorter wavelengths.
This behavior is expected from the larger grain sizes in this sample and the dominating influ-
ence of the crystal birefringence on light scattering. The α-alumina/stishovite composite are not
analyzed due to their low transparency even by visual impression.
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Fig. 2-11: Transparency of the Al2SiO5-kyanite ceramic synthesized at 10 GPa and variable tem-
peratures. Real in-line transmission (RIT) of a silica glass reference material (a) and the kyanite ce-
ramic synthesized at 1473 K (b), 1673 K (c), 1873 K (d), and Al2O3-SiO2 starting glass (e) at wave-
lengths from 180–860 nm (Note, the presence of pores in the starting glass). In addition, a photograph of
the most transparent nanoceramic consisting of triclinic kyanite with small amounts of Al2O3 α-alumina
synthesized at 1473 K is shown. The calculated band gap absorption [117] at 214 nm of Al2SiO5-kyanite
is shown by the light blue vertical line (λ = hc/Eg, with Eg (kyanite) = 5.80 eV as the band gab energy,
h = Planck’s constant, c = speed of light). Note that even the dispersed ink dots on the background paper
precisely appear due to the excellent transparency of the 1473 K sample.

42



Low chromatic dispersion of transparent nanocrystalline kyanite/α-alumina ceramics
The refractive index of the kyanite/α-alumina composites synthesized at 1473 K, 1673 K, and
1873 K were measured in the dependence of the light wavelength from 1040–190 nm (Fig.
2-12a). Silica glass (black line) is used as an external standard for the measurements. The
refractive index of the three crystalline samples remains near-constant slightly above around
∼1.7 from 1040 to 400 nm and thus throughout the whole visible spectrum, while the refractive
index of the silica glass increases from 1.45 to 1.49 in the same range of wavelength. From 400
to 190 nm (ultraviolet A to ultraviolet C region), the refractive index increases from 1.730 to
1.815 for the sample synthesized at 1473 K (blue), from 1.723 to 1.780 for the sample synthe-
sized at 1673 K (green), and from 1.722 to 1.755 for the sample synthesized at 1873 K (red). In
the same range of wavelength (400 to 190 nm), the refractive index of the silica glass increases
more strongly from 1.49 to 1.65. The photon energy dependence of the refractive index is also
shown for comparison (Fig. 2-12b).

Wavelength ʎ (nm)

R
e

fr
a

c
ti
v
e

 i
n

d
e

x
 n

1673 K

1473 K

silica glass

1673 K

1473 K

silica glass

Photon energy (eV)

(a) (b)

200 400 600 800 1000
1.4

1.5

1.6

1.7

1.8

1.9

1 2 3 4 5 6
1.4

1.5

1.6

1.7

1.8

1.9

Fig. 2-12: Dispersion of the refractive index of the transparent kyanite/α-alumina composites. (a)
Refractive index of the kyanite/α-alumina composites and a silica glass reference material at wavelengths
from 200 to 1000 nm. (b) Photon energy dependence of the refractive index, where the photon energy
EP is calculated by: EP = hv = hc/v, where h is the Planck constant, v is the frequency, and c the
speed of light.
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2.1.5 Interpretation

Controls of the nanostructure dependence on the mechanical properties
The α-alumina/stishovite as well as the kyanite/α-alumina ceramics show the normal (increas-
ing Vickers hardness with decreasing grain size) and inverse (decreasing hardness at very small
grain sizes) Hall-Petch effect. Hardening according to the Hall-Petch was also observed for
spinel (MgAl2O4) [21] and nanocrystalline magnesium oxide (MgO) ceramics with the inverse
Hall-Petch detected for the latter [52]. The nanocrystalline magnesium oxide ceramics fabri-
cated and investigated by Ehre and Chaim (2008) have grain sizes from 25 to 500 nm. The HV1
(indentation load of 1 kg corresponding to 9.81 N) increased with decreasing grain size down to
130 nm according to the normal Hall-Petch and decreased as grain sizes continued to decrease
below 100 nm according to the inverse Hall-Petch effect. The authors explained the grain size
dependence of the hardness by a model accounting for the hardness of the grain interior and the
grain boundary (percolative composite model [118]). This model considers the crystal grains
to be harder than the disordered/non-crystalline grain boundaries; where the non-crystalline na-
ture of the grain boundaries was observed from high-resolution TEM images. The grain size
dependence of the Vickers hardness of a bulk material can be described by the hardness of the
crystalline grain interior Hc and follows the Hall-Petch strengthening [52]:

Hc = H0 +
k√
D

(2-1)

where H0 is the intrinsic hardness of the grain, k is a strengthening constant depending on the
material, and D is the average grain diameter. However, this equation only explains the increas-
ing Vickers hardness with decreasing grain size down to a certain value of, for example,∼80 nm
for α-alumina/stishovite, ∼70 nm for kyanite/α-alumina, and ∼130 nm for MgO [52]. The
sharp decrease in hardness is assumed to the softer nature of the amorphous/disordered grain
boundaries and it follows for the hardness of the intercrystalline grain boundaries: Hic = hH0.
However, since previous studies report the hardness of various amorphous metallic [119, 120]
and ceramic [121, 122] compounds to be between 60 and 80% (h = 0.6–0.8) of their corre-
sponding crystalline phases, these relative HV values were applied to the grain boundaries of
the synthesized α-alumina/stishovite and kyanite/α-alumina composite ceramics.

Polycrystalline dense materials with equigranular texture can be described by the grain shape
of a Tetrakaidekahedron [52, 118, 123].
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Palumbo et al. [124] and Wang et al. [125] calculated the respective volume fraction (fc) of the
grain interiors for a Tetrakaidekahedron with edge length a and volume Vc by [118, 123]:

fc =
Vc

Vc + Vic
= (1− x)3 (2-2)

with x = ∆/(a + ∆), where ∆ is an increment in the edge length. The indices c and ic

present the crystalline and intercrystalline (disordered/amorphous) compounds, respectively.
The volume fraction of the intercrystalline phase is therefore fic = 1 − fc. The grain size
diameter D is linked to the Tetrakaidekahedron edge length a and ∆ with d = 3(a+ ∆), while
the grain boundary thickness is represented by δ = ∆

√
6 and thus it follows x = (3/

√
6)(δ/D).

The volume fractions of the grain interior (fc) and the grain boundary (fic) for a composite
with Tetrakaidekahedron shape with grain diameter of D and grain boundary thickness of δ are
calculated by [118]:

fc =
(

1− 3/
√

6 · δ/D
)3

and fic = 1−
(

1− 3/
√

6 · δ/D
)3

(2-3)

Figure 2-13 illustrates the volume fraction of the crystalline and intercrystalline components in
the bulk polycrystalline material.
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Fig. 2-13: Volume fractions of the microstructural compounds based on the assumption of a Tetra-
kaidekahedron shaped grains. The intercrystalline area can be differentiated into volume fractions
of the subcomponents [118]: (i) grain boundaries: fgb = Vgb/ (Vc + Vic) = 3x (1− x)2; (ii) triple
junctions: ftj = Vtj/ (Vc + Vic) = 3x2 (1− x); (iii) quadruple nodes: fqn = Vqn/ (Vc + Vic) = x3.
The grain boundary thickness was set to be 2 nm (calculations are based on the study of Chaim 1997,
[118]). The inset illustrates the shape of a Tetrakaidekahedron with edge length a [126].

45



It can be clearly seen that the intercrystalline components (including grain boundaries, triple
junctions, and quadruple nodes) with a lower expected Vickers hardness become more dominant
when the grain sizes are below 100 nm. The Vickers hardness of each composite is calculated
using the Hill’s approximation [95] (see chapter 1.2.3):

HHill
effect =

n∑
i

{(
fi
Hi

)−1

+ fiHi

}−1

(2-4)

with fi as the volume fraction of the ith component with a Vickers hardness Hi. By substituting
Hc, Hic, fc, and fic into the equation for HHill

effect, the effective hardness can be calculated as a
function of grain diameter (D).

Ehre and Chaim [52, 118] demonstrated that this model can predict the Vickers hardness of
nanocrystalline materials. This percolative composite model [118] consistent to the Vick-
ers hardness of nanocrystalline bulk MgO is applied to the observed correlation of hardness
and grain size of the α-alumina/stishovite and kyanite/α-alumina composite ceramics synthe-
sized within this study. Therefore, the Vickers hardness data points following the Hall-Petch
strengthening were fitted to equation 2-1, which yields H0 = 19.4 GPa and k = 41.7 GPa nm1/2

for α-alumina/stishovite and H0 = 14.35 GPa and k = 70.1 GPa nm1/2 for kyanite/α-alumina.
H0 should be equal to the hardness values of the corresponding single crystals of α-alumina,
stishovite, and kyanite. The values obtained by the fitting is close to the average values of
20.5 GPa (α-alumina/stishovite) and 15 GPa (kyanite/α-alumina) calculated using the single
crystal hardness values with their respective volume fractions. Experimental observations [127–
129] and theoretical calculations [130–132] confirm that the thickness of grain boundaries δ
varies between 0.4–2 nm, if the grain boundaries are decorated by an amorphous phase. Good
agreement between measured and modelled hardness values were obtained by using h = 0.8
and δ = 1.2–1.5 nm for the α-alumina/stishovite composite and h = 0.75–0.8 and δ = 1–1.2 nm
for the kyanite/α-alumina composite (Fig. 2-14). Both the normal and inverse Hall-Petch rela-
tionships indicated by the measured values of the α-alumina/stishovite and kyanite/α-alumina
composites are well reproduced by the modelling.
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Fig. 2-14: Hall-Petch and inverse Hall-Petch relationship of the two synthesized composites. Hard-
ness behavior of the (a) α-alumina/stishovite composites and (b) kyanite/α-alumina can be explained
by a composite model [52, 118]. The calculated effective hardness (blue line) is in good agreement
with the experimental data (arithmetic mean of the different indentation-loads). The Hall-Petch relation
(green dashed line) is shown for comparison. The measured and calculated hardness behavior of the two
composites at different indentation loads (c–d) is shown for comparison.

Controls of the nanostructure dependence on the mechanical properties
The optical appearance reveals that the synthesized α-alumina/stishovite composite is non-
transparent, that is, it is black and opaque at large grain sizes (732 ± 161 nm, 2173 K synthesis
temperature) to slightly translucent for the composite with an average grain size of ∼15 nm. In
contrast, the transparency values of the kyanite/α-alumina composites are strongly improved by
adjusting the grain sizes down to the tens of nanometers by the high-pressure synthesis. This
demonstrates that the sources of light scattering occurring mainly at rough surfaces, pores, or
due to the birefringence, are efficiently minimized. In general, the intensity I of electromagnetic
radiation with wave length λ scattered by a particle with a refractive index n and diameter D
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can be calculated using the Rayleigh scattering theory for small particles [48]:

I = I0
1 + cos2 θ

2R2

(
2π

λ

2
)(

n2 − 1

n2 + 2

)2(
d

2

)2

(2-5)

R is the distance to the particle and θ is the scattering angle. The light scattering models of Apetz
and van Bruggen [19] and Pecharromán et al. [47] are used to model the optical transparency
of the kyanite/α-alumina ceramics synthesized within this study as a function of grain size.
Both models are based on the Rayleigh-Gans-Debye light-scattering theory (RGD) [48] aimed
to predict the transparency of birefringent polycrystalline materials. According to the model
[19], the RIT of a fully dense, non-porous, ceramic can be calculated as a function of grain size,
wavelength, and sample thickness following the Lambert-Beer-Law:

RIT = (1−Rs) exp (−γd) (2-6)

where γ is the scattering coefficient and d is the thickness. Rs describes the total reflection loss
at the sample surfaces, which depends on the refractive index n:

Rs =
2R

′

1 +R′ and R
′
=

(
n− 1

n+ 1

)2

(2-7)

The exponential decrease of the RIT with the sample thickness d results from scattering at
grain boundaries γgb and pores γpore, which is expressed by the total scattering coefficient
γ = γgb + γpore [40]. Due to the strong negative effect of scattering at pores, the high transmis-
sion values of the kyanite/α-alumina ceramic obtained by the high-pressure high-temperature
synthesis point towards that their porosity is close to zero. Apetz and van Bruggen calculated the
scattering at the grain boundaries γgb via the product of the density of spheres (number/volume)
N and the scattering coefficient Csca that can be analytically solved by the Rayleigh-Gans-
Debye scattering [19, 48]:

γgb = NCsca =

(
1

2

1
4
3
πr3

)(
8π3r4

λ2
m

(
∆n

n

)2
)

= 3
π2

λ2
0

∆n2 (2-8)

For the kyanite/α-alumina ceramic, the diameter of a sphere 2r is considered to be the de-
termined average grain size D. The photons’ wavelength in the medium λm is approximated
to be the quotient of the photons’ wavelength in the vacuum λ0 and the refractive index n

(λm = λ0/n). Insertion of Equation 2-8 and Eq. 2-7 in Eq. 2-6 results in the expression of the
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RIT as a function of grain size, sample thickness, and photon wavelength [19, 22]:

RIT =

(
1− 2n

n2 − 1

)
exp

(
−3π2D∆n2d

2λ2
0

)
(2-9)

Previous simulations together with experimental results show that the birefringence ∆n can
be considered as the average birefringence of hypothetical isotropic texture [47], which should
be equal to birefringence averaged over all grain orientations. The average birefringence is
evaluated by the optical indicatrix for optical uniaxial and biaxial crystals, which is in common
the form of an ellipsoid. For uniaxial crystals (α-alumina), the ellipsoid is written as [133]:

x2 + y2

n2
0

+
z2

n2
e

= 1 (2-10)

with x, y, and z as the coordinates and no (light polarized perpendicular to the optic axis) and ne
(light polarized parallel to the optic axis) as the ordinary and extraordinary, respectively index
of refraction. The biaxial indicatrix (kyanite) is an ellipsoid with three unequal axes [133]:

x2

n2
α

+
y2

n2
β

+
z2

n2
γ

= 1 (2-11)

The three different indices of refractions are nα, nβ , and nγ (defined: nα < nβ < nγ). The
average birefringence is equivalent to the average value of the indicatrices for random grain
orientation or statistically weighed over the orientation in case of certain ordering (Fig. 2-15).
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Fig. 2-15: Average birefringence for uniaxial and biaxial crystals. The average birefringence is cal-
culated from the average of the ellipse functions for the (a) uniaxial and (b) biaxial case. The average
birefringence of uniaxial crystals is represented by 2/3 of ∆nmax. Since biaxial crystals are birefringent
in all directions, ∆n is always > 2/3 of ∆nmax.
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Given same grain size and random grain orientation for polycrystalline materials consisting of
optically uniaxial crystals (e.g., α-alumina), ∆n can be expressed as ∆n = 2/3∆nmax. For op-
tical biaxial crystals, which are birefringent in all directions, such as kyanite (∆nmax = 0.016),
this approximation tends to underestimate the mean birefringence. Therefore, it follows that
the average birefringence in optical biaxial systems is always higher than in uniaxial systems
(∆nbiaxial > 2/3∆nmax). The refractive index difference (birefringence) ∆n of the composite
is calculated using the Hill’s approximation [95] with the respective volume fractions (compare
Equation 2-4). It is evident that the birefringence and the grain size exert negative effects on
the RIT. The model [19] by Apetz and van Bruggen greatly simplifies the material texture and
microstructure as it accounts for randomly orientated grains of spherical shape and thus treats
the crystal birefringence as the average crystal birefringence (∆n = 0.013 for kyanite/α-alumina
[103]). However, this model [19] accurately predicts the transparency of the synthesized sam-
ples, suggesting that the optical properties are not significantly affected by textural and struc-
tural anisotropy (see Fig. 2-16). This indirectly confirms the relatively high aperiodic statistical
homogeneity observed by TEM and SEM analyses.
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Fig. 2-16: Light scattering models for polycrystalline ceramics. Theoretical models by Apetz and van
Bruggen [19] (green line) and Pecharromán et al. [47] (blue line) applied to the polycrystalline (kyanite
based) kyanite/α-alumina ceramic synthesized within this study by using a mean birefringence ∆n of
0.013 (note that kyanite is intrinsically optical biaxial). The thickness is set to be equal to that of the
synthesized ceramics (0.8 mm) and the reflection loss is calculated with the mean refractive index of the
composite (n = 1.72). For comparison, models of optical uniaxial α-alumina [19] (∆n = 0.005, red line)
and of non-birefringent garnet [23] (violet dashed line) are shown in addition. The texture parameter
α(ξ) required for the anisotropic sphere model is estimated to 0.58 from the slope of the quadratic fit log
(RIT) versus λ2

0 (of the transparent nanoceramics), see the following text and Equation 2-15.

Constraints on the statistical homogeneity are implemented by the RGD anisotropic sphere
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model of Pecharromán et al. [47] extended to the sample texture and microstructure. Instead of
the total scattering coefficient γ, the authors introduced an absorbance coefficient κ:

κ = πr2CscaN = f
3Csca

4a
(2-12)

with r as the grain radius, N as the number of crystallites per volume, Csca as the scattering
coefficient, and f as the scatter volume concentration, which is f = 1 for a fully dense ceramic
with equal-sized crystallites [47]. For heterogenous grain size distribution, it follows:

κ = 〈rg〉
6π2

λ2
0

∆n2α (ξ) (2-13)

where α(ξ) is a texture function depending on the preferential textural angle (resulting from the
Rayleigh-Gans-Debeye approximation) and 〈rg〉 as the characteristic grain radius defined by:

〈rg〉 =
∑
i

rg,ifi =

∑
i r

4
g,i∑

i r
3
g,i

(2-14)

with rg,i as the grain radius of the ith class from the grain size distribution and fi as the fraction
of grains with radius rg,i summed over the whole grain size distribution. For a heterogenous
grain size distribution, 〈rg〉 can be approximated by the maximum value of the estimated grain
size and the RIT equation can be expressed as [47]:

log (RIT ) = log

(
2n

n2 + 1

)
− 6π2 〈rg〉

λ2
0

α (ξ) d (2-15)

The texture parameter can be estimated by a quadratic fit of log (RIT) versus λ2
0, where the

slope is proportional to α (ξ), whereas the abovementioned further required parameters are to be
measured on the corresponding material. In practice, parameters of optical orientation and grain
size distribution are difficult to obtain, in particular from nanostructured materials. Nonethe-
less, the model of Apetz and van Bruggen can be used to verify the statistical homogeneity of
the nanoceramics, while the anisotropic sphere model [47] slightly differs for grain sizes below
100 nm. For total aperiodic statistical homogeneity as given by the model of Apetz and van
Bruggen, the log (RIT) correlates linearly with the inverse wavelength square [47]. A deviation
from linearity is considered to structural characteristics to which the model of Pecharromán et

al. [47] applies, that is, variation of the mean birefringence due to certain orientations of the
crystals’ optical axes and differences of the grain sizes. The near-linearity given by the syn-
thesized ceramics confirms that highly transparent and dense, optically and structurally nearly
isotropic nanoceramic of the triclinic kyanite single crystals have been produced (Fig. 2-17).
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Fig. 2-17: Dependency of the real in-line transmission (RIT) and the absorbance with the inverse
wavelength square of the kyanite/α-alumina composites. The relationship between the RIT, the ab-
sorbance, and the inverse wavelength square of the synthesized triclinic kyanite and trigonal α-alumina
ceramic is shown. Black lines are linear fits of the data in the range of wavelength from 860 to 300 nm
(1473 and 1673 K samples) and 860 to ∼570 nm (1873 K sample). A linear dependence (R2 = 1) is
achieved by invariant grain size and isotropic texture (random orientation of grains) [47]. The linear fits
for the transparent samples synthesized at 1473 and 1673 K intersect the ordinate close to an absorbance
value of zero as given by a scattering free sample [47]. The mean refractive index of kyanite [103] re-
sults in reflection of ∼13% of the photons at the surface and thus the theoretical maximum RIT value
(no scattering) of kyanite to be ∼87% (absorbance of ∼0.06). Note, the absorbance is given by 2 – log
RIT (%) and, for simplicity, includes the reflected portion of photons.

Potential light scattering due to the presence of the bulk α-alumina as a secondary phase did
not notably affect the high transparency. The large refractive index mismatch (∆nky−α = 0.04)
between the kyanite and α-alumina crystals seems to be compensated by the nanocrystalline
grains (< 70 nm) and the small amount of α-alumina (< 10 vol%). The non-transparency of α-
alumina/stishovite composites in turn seem to result from mainly three factors: (i) the relatively
large refractive index mismatch of ∆n = 0.055 between α-alumina (n ∼1.76) and stishovite
(n ∼1.815), (ii) the relatively large mean birefringence of the uniaxial stishovite crystals (∆n =
0.018) (iii) together with the relatively high volume proportion of stishovite (27.7 vol%). Hence,
even the grain sizes of α-alumina/stishovite synthesized at 1573 K are smaller than 20 nm the
remaining extent of refractive mismatch (scattering centers) is too high to obtain significant
optical transparency.
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Low chromatic aberration of transparent nanocrystalline kyanite/α-alumina ceramics
Chromatic aberration or optical dispersion describes the extent of wavelength dependent differ-
ential changes in the velocity of photons as the propagated medium changes [134]; or, in other
words, the extent of the wavelength dependency of the refractive index, expressed as n = n(λ)

[20, 135]. The optical or wavelength dispersion is therefore a fundamental parameter for the
optical characteristics of transparent media, such as in particular of optical lenses. However,
data on the optical dispersion of polycrystalline ceramics are rarely published, in particular for
nanopolycrystalline ones, for example, synthesized at high-PT. This may be mainly attributed
to the difficulties of wavelength dispersion analysis of the corresponding commonly small sized
samples [55]. This may also apply to the (nano)-polycrystalline ceramics synthesized within
this study. Figure 2-18 shows the dependence (a) 1/(n2−1) versus 1/λ2 and (b) 1/(n2−1) and
hv2 in the visible spectrum to illustrate the low chromatic dispersion. The dependence is linear
for the crystalline samples and for the silica glass in this spectral range. Notwithstanding of the
high uncertainties in the measurements, it can be seen that the crystalline samples nearly remain
at a constant value for 1/(n2−1), whereas the value for the silica sample linearly increases with
decreasing 1/λ2 and hv2, respectively.
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Fig. 2-18: Dispersion behavior of the refractive index of the transparent kyanite-based composites.
(a) Relationship between 1/(n2 − 1) and 1/λ2 revealing the low dispersion of the refractive index of
the transparent kyanite/α-alumina composite in the visible light range. This leads to an extremely low
chromatic aberration of the fabricated composites. (b) Relationship between 1/(n2 − 1) and hv2.

An optical parameter, which classifies the degree of the light dispersion in the visible light
range, is the Abbé number [20, 135]:

vD =
nd − 1

nF − nC
(2-16)
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The Abbé number is calculated by using the refractive indices at the Fraunhofer d-line (589 nm),
F-line (486 nm), and C-line (656 nm) spectra, respectively. However, the results of the measure-
ments are debatable to precisely determine the refraction index dispersion and thus the Abbé
number. This is evident from the most probably too high calculated Abbé numbers of the syn-
thesized nanocrystalline kyanite/α-alumina ceramics yielding values of vD = ∼145 and vD =
∼398, respectively. Such low chromatic aberration or dispersion has been never reported from
any material before. It would be hence much lower than of state-of-the-art ultralow dispersion
glasses [20], and even much lower than CaF2 crystals (vD = ∼95), which are known for their
extremely low dispersion. For the evaluation, the experimental determined ellipsometric param-
eters, Φ (amplitude diminution) and ∆ (path difference between p- and s-polarized wave), are
fitted by a model considering a small roughness of ∼5 nm at the sample surfaces. The results
are illustrated in Fig. 2-19. The silica glass reference is shown for comparison and were ideally
modelled without a surface roughness (δnideal = 0.003). It can be clearly seen that the model
slightly differs from the experimental data. The error can be estimated to δn = 0.01.
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scribes the modelled ellipsometric spectra of Φ and ∆ (a) silica reference glass, (b) nanorystalline
kyanite/α-alumina ceramics synthesized at 10 GPa and 1473 K, and (c) 1673 K.

Nevertheless, the refractive index dispersion of these nanocrystalline samples seems to be
promising and requires further investigations in particular with larger-sized samples.
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2.2 Sodium–Silicon–Alumina–Oxides

Feldspars, which belong to the group of tectosilicates, are the most abundant mineral group of
the Earth’s crust [136] and hence the "albite" end-member composition – NaAlSi3O8 can be
obtained from easy available and low cost raw material (compare chapter 1.1.1).

Fig. 2-20: Crystal structure of NaAlSi2O6 jadeite.
Jadeite is constructed as an arrangement of SiO4

tetrahedra, AlO6 octahedra, and NaO8 cubic square
antiprism [137]. Crystal structure is designed based
on data from Nestola et al. 2008, [138].

At high-pressure, NaAlSi3O8 albite decom-
poses into NaAlSi2O6 jadeite and, depend-
ing on the pressure/temperature conditions,
SiO2 stishovite or coesite (see Figure 2-1)
[139]. Jadeite crystallizes in the monoclinic
system (space group: C2/c), where Al is oc-
tahedrally (AlVI), Si is tetrahedrally coordi-
nated (SiIV), and Na is eight-fold coordinated
(cube to square antiprism, NaVIII) by oxy-
gen (Fig. 2-20) [137]. In stishovite (tetrag-
onal, P42/mnm), Si is only octahedrally co-
ordinated (SiVI) (see section 2.1.1) [6]. The
results of the pressure-induced dissociation
of NaAlSi3O8 are described in the following
section.

2.2.1 High-pressure glass crystallization to polycrystalline ceramics

From NaAlSi3O8 bulk glass starting material, fully dense ceramics were produced at 10–16 GPa
and 1273–2173 K. The starting material composition is determined to be 75.3 ± 2.1 mol%
SiO2, 12.7 ± 0.8 mol% Al2O3, and 12.0 ± 0.7 mol% Na2O (by EPMA analysis). The sam-
ple synthesized at 15.6 GPa and 1473 K is slightly translucent and becomes near-opaque with
increasing synthesis temperature. The sample synthesized at 15.6 GPa and the highest tem-
perature (2073 K) is darkened in the center (Fig. 2-21a). At a synthesis pressure of 10 GPa,
the sample from the lowest synthesis temperature (1273 K) is transparent. The sample synthe-
sized at 1673 K is opaque and slightly darkened, but is becoming opaque/white at the highest
temperature (2173 K).
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Fig. 2-21: Photographs of the recovered samples synthesized at 10 and 15.6 GPa from ’albitic’
glass of nearly NaAlSi3O8 composition. Synthesis products from (a) 15.6 GPa (1473–2073 K) and (b)
10 GPa (1273–2173 K). Samples have a diameter of ∼2.2–2.3 mm and a thickness of ∼0.6–0.7 mm.

X-ray diffraction (not shown) and TEM electron diffraction indicate that the NaAlSi3O8 glass
decomposed to jadeite (jd) and stishovite (stv), whereas jadeite and coesite (coe) seems to be
present in the sample synthesized at 10 GPa and 2173 K consistent to the NaAlSi3O8 phase di-
agram [140] (Fig. 2-1). While jadeite reflections can be clearly observed, stishovite reflections
are present but cannot be precisely determined due to the numerous superimposed reflections
of monoclinic jadeite and the small volume fraction of stishovite and coesite. The volume frac-
tions of the jadeite and coesite composites are calculated via mass-balance [109] to be 92 vol%
jd and 8 vol% stv according to the measured chemical composition of the starting glass assum-
ing a pure end-member mixture of jadeite and stishovite (volume fractions of jadeite and coesite
are 89 vol% jd and 11 vol% coe).

TEM and SEM observations performed on three synthesized jadeite-based ceramics (15.6 GPa
at 1473 and 1673 K and 10 GPa at 2173 K) (Fig. 2-22) show that these exhibit equigranular
textures at least at 1473 and 1673 K and average grain sizes increasing with the synthesis tem-
perature from 292 ± 43 nm (1473 K) to 545 ± 55 nm (1673 K) (both 15.6 GPa) and∼2000 µm
(2173 K, 10 GPa).
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Fig. 2-22: TEM images of the jadeite-based composites. (a–b) HAADF-STEM images and (c) SEM
image. Note: the smaller bright areas along the apparent grain boundaries in (a–b) correspond to Al-Na
depleted zones consistent to the composition of stishovite (see in the following text and next Fig. 2-23).

Fig. 2-23a shows a HAADF-STEM image of the sample synthesized at 15.6 GPa and 1473 K
and elemental mappings revealing Si, Al, O, and Na are quite homogenously distributed in
the grains; whereas areas along the grain boundaries are Al- and Na-depleted consistent to the
composition of SiO2 stishovite. The mapped area of the sample synthesized at 15.6 GPa and
1473 K was dissembled after the elemental mapping due its electron beam sensitivity.

Fig. 2-23: Transmission electron microscopy observation of the jadeite/stishovite composite syn-
thesized at 15.6 GPa and 1473 K. (a) High-angle annular dark-field scanning TEM (HAADF-STEM)
image and elemental mappings of silicon (Si), aluminum (Al), oxygen (O), and sodium (Na). The
mapped area is assigned by the orange square. Note that the samples are sensitive to the electron beam.
(b) Electron diffraction (ED) pattern obtained by the rotational average method revealing (c) the presence
of jadeite and stishovite polycrystals.
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A collected electron diffraction (ED) pattern (Fig. 2-23b) confirms the polycrystallinity of this
sample. Due to the variety of reflections, the ED pattern was collected by rotational average
mode confirming jadeite and stishovite to be the main phases. Scanning electron microscopy
of the fracture surface of the sample synthesized at 2173 K (10 GPa) reveals the presence of
several elongated crystals, most likely jadeite, some of them with relatively high aspect ratio
(∼5–10) (Fig. 2-24).4

Fig. 2-24: Fracture surfaces of the jadeite-based composite ceramic synthesized at 10 GPa and
2173 K. Several elongated crystals occur in this sample.

2.2.2 Mechanical and optical characteristics

Vickers microindentation (Leitz Durimet, Delft University of Technology, Netherlands) tests at
indentation loads of 4.9, 9.8, and 19.6 N were carried out to determine the hardness and fracture
toughness of the jadeite-based ceramics.

The indentation-load dependence of the Vickers hardness (HV ) and fracture toughness (KIc) of
the jadeite-based composites (with stishovite or coesite) is shown in Figure 2-25. HV and KIc

decrease almost slightly with the indentation-load. Representative HV and KIc values are given
as the arithmetic mean of three different indentation-loads.

4Further observations of the microstructural features for all the not yet investigated samples are planned.
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Fig. 2-25: Indentation load dependence of (a-b) Vickers hardness and (c-d) fracture toughness of
the jadeite-based composites. The elastic modulus of the composite, which is required for the frac-
ture toughness estimation, was calculated from the previously reported elastic moduli of each jadeite
[53] and stishovite [114] phase using the Hill’s approximation (see chapter 1.2.3).

The hardness increases with decreasing synthesis temperature from HV of 10 to 15.6 GPa (Fig.
2-26). A decrease of HV occurs below a synthesis temperature of 1673 K (for both synthesis
pressures). The maximum HV is 16.4 ± 1.4 GPa for the composite synthesized at 15.6 GPa
and 1673 K (average grain size of 292 ± 43 nm). A decrease in synthesis temperature can
be accepted to be consistent to decreasing grain sizes, as indicated by the average grain size
determination of the three representative samples and the temperature-grain size relationships
obtained from the kyanite-bearing samples presented afore. Thus, the hardness behavior of the
jadeite-based composites seems most likely to follow the normal and inverse Hall-Petch rela-
tion. The fracture toughness (KIc) increases with the synthesis temperature/grain size from
∼2.8 to 7.8 MPa m1/2, as the jadeite crystals become more elongated (see Fig. 2-24) indica-
tive for whisker reinforcement. The highest KIc of 7.8 ± 0.6 MPa m1/2 is determined for the
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composite with coesite present synthesized at 10 GPa and 2173 K, whereas the hardness is rel-
atively low (HV = 10.8 ± 0.6 GPa) consistent to the lower intrinsic hardness of coesite (HV

∼8–9 GPa) [141] than stishovite (HV ∼30 GPa) [10].
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Fig. 2-26: Mechanical and optical properties of the jadeite-based composites. Synthesis temperature
dependence of (a) Vickers hardness and (b) fracture toughness. The inset in (b) is a SEM image of a
representative indentation trace. (c) Vickers hardness versus fracture toughness. (d) Real in-line trans-
mission of the composite synthesized at 10 GPa and 1273 K. RIT of a silica reference glass is shown for
comparison. The calculated band gap absorption at 232 nm of jadeite [142] is shown by the light blue
vertical line (λ = hc/Eg, with band gap energy Eg of jadeite = 5.338 eV, h = Planck’s constant, c =
speed of light).

UV/Vis spectroscopy (Fig. 2-26d) of the visually most transparent appearing sample (synthe-
sized at 1273 K and 10 GPa) confirms high optical transparency values (RIT = 50–70% in the
visible light range). This ceramic (HV = 9.8 ± 0.4 GPa) is harder than jadeite single crystal
(HV = 9 GPa [143]). Although this ceramic is less tough (KIc = 3.0 ± 0.5 MPa m1/2) than sin-
gle crystal jadeite (7 MPa m1/2 [53]), it is tougher than most common industrial ceramics, such
as transparent MgAl2O4 spinel (KIc = ∼1.7 MPa m1/2), and is comparable to polycrystalline
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alumina (KIc ∼3 MPa m1/2 [87, 144]). The optical appearance of the composites synthesized
at 15.6 GPa and 1673–2073 K with the most improved combination of high hardness and high
toughness values (Fig. 2-26c) ranges from highly translucent to opaque. It can be expected that
the low transparency results from significant light scattering centers within the polycrystalline
material resulting from grain sizes too large for compensating the refractive index mismatch
between the stishovite and jadeite crystals (∆nstv−jd = ∼0.15). The appearance of the black
color in the two composites synthesized at 2173 K (15.6 GPa) and 1673 K (10 GPa) might be
attributed to energy absorption by oxygen vacancies. These oxygen vacancies can be produced
by incorporation of aluminum (AlVI) from the jadeite into the stishovite by substituting SiVI.
The white/opaque appearance of the composite synthesized with coesite at the highest tem-
perature (2173 K and 10 GPa) suggests minor to no oxygen vacancies by Al-Si substitution in
coesite. This most likely results from the low compatibility of Al in the 4-fold Si coordina-
tion by oxygen (SiO4 tetrahedra) in the coesite hindering incorporation of aluminum into the
structure. While the grain size reduction shows a positive correlation between hardness and
transparency/translucency, the fracture toughness reveals the contrary behavior. This behavior
can be explained by the presence of the mainly equant grains at the lower synthesis temperature
and the tendency to form increasingly elongated crystals (increase of the aspect ratio) when
crystal sizes increase with the synthesis temperature. Hence, these acicular grains, most likely
jadeite, are consistent to the theory of whisker reinforcement by interlocking phases, where
jadeite seems to act as interlocking phase among the second SiO2 phase in these jadeite-based
composite ceramics. This indicates that the reinforced high toughness of the jadeite-based ce-
ramics with larger grain sizes and more elongated grains can be mainly explained by changes in
texture and not directly from atomic bonding. This is consistent with previous studies [54, 145],
which report whisker reinforcement due to interpenetrating fibrous jadeite grains.

2.3 Silicon–Aluminum–Oxynitrides

Silicon–aluminum–oxynitrides (SiAlON) are Si3N4-based solid solutions, where silicon is par-
tially substituted by aluminum with associated atomic replacement of nitrogen by oxygen [146].
Silicon nitride exhibits two polymorphs with hexagonal symmetry at ambient conditions, α-
Si3N4 and β-Si3N4 (i.e., α-SiAlON and β-SiAlON, respectively). Especially the β-Si3N4 is
utilized as a tough ceramic for industrial applications (e.g., ball bearings or cutting tools) that is
whisker-reinforced, due to the microstructure made up by elongated fibrous grains. Both phases
are constructed as an arrangement of SiN4 tetrahedra (silicon is 4-fold coordinated by nitrogen).
At high pressure, Si3N4 transforms to the high-pressure γ-phase [147] crystallizing in the cu-
bic system with a spinel structure (space group: Fd3m̄), where silicon is both in octahedral
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(two-thirds) and in tetrahedral (one-third) coordination with nitrogen [11] (Fig. 2-27a). The
crystallographic framework of the corresponding γ-SiAlON phase consists of (Si,Al)(N,O)6

octahedra and (Si,Al)(N,O)4 tetrahedra.

Fig. 2-27: Crystal structure of cubic γ-Si3N4 and theoretical γ-Si23AlON31. (a) Cubic γ-Si3N4 con-
sists of SiN4 tetrahedra and SiN6 octahedra and crystallizes in the spinel structure. (b) Theoretical
structure of γ-Si23AlON31 where the Si- and O-vacancies are substituted by Al and N. Crystallographic
data is from Wang et al. 2006, [148].

Previous studies [149, 150] reported that the cubic phase of Si3N4 has an excellent Vickers hard-
ness and can be classified as a superhard material (HV ≥ 40 GPa, [38]). Recently, Nishiyama et

al. (2017) successfully synthesized a polycrystalline cubic γ-Si3N4 ceramic, which is slightly
optical transparent for visible light (RIT = 18–38% at a wavelength of 400–800 nm), at a
pressure of 15.6 GPa and 2073 K. This bulk polycrystalline ceramic consisting of cubic γ-
Si3N4 crystals is marked by a distinguished hardness (HV ∼35 GPa; indentation load of 9.6 N).
Nishiyama et al. measured the chemical composition of the transparent cubic γ-Si3N44 to: Si
∼ 60.1 wt%; N∼ 37.1 wt%; O∼ 2.5 wt%, which is close to an oxygen-bearing α-Si11.5N15O0.5

(Si ∼ 59.69 wt%; N ∼ 38.83 wt%; O ∼ 1.48 wt%) [151]. The oxygen incorporation into the
crystal structure of α-Si3N4 is supposed, due to electrical neutral N- vacancies beeing attained
by an adequate number of Si-vacancies or Si3+ cations (resulting compositions are: Si23N30O
or Si4+

20 Si3+
4 N30O) [11]. Similar observation can be found for spinel γ-AlON with cation vacan-

cies: γ-Al23O27N5, 8 Al3+ on all the tetrahedral sites; 15 Al3+ and 1 vacancy on the octahedral
sites [37]. Therefore, Nishiyama et al. assumed the appropriateness of the cation vacancy model
to their oxygen-bearing cubic γ-Si3N4. A criterion, however, is the play grey/brownish color of
this material, which might be related to silicon and oxygen based on the cation vacancy model
(Si23N30O – 1 Si-vacancy, 1 oxygen-vacancy). The vacancies, due to the oxygen excess, result
in light absorption and could explain the grey/brownish color.
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In this work, the addition of small aluminum nitride amounts with respect to the assumption of
a oxygen-bearing cubic γ-Si23N30O is studied, which may eliminate the Si- and O-vacancies:
Si23N30O + AlN to Si23AlON31 resulting in increased color-less transparency (Fig. 2-27b).

2.3.1 High-pressure synthesis of polycrystalline SiAlON ceramics

A polycrystalline cubic γ-Si23AlON∗31 (theoretical stoichiometry from the starting materials
used) ceramic was synthesized at 15.6 GPa and 1973 and 2073 K from a mixture of α-Si23N30O
(∼96.35 wt%) and AlN (∼3.65 wt%) starting powders (see chapter 1.1.1). The sample synthe-
sized at 2073 K exhibit a metallic shining at the surface near zone indicating partial reaction
with the surrounding platinum (Pt). Therefore,

Fig. 2-28: Photograph of the polycrystalline γ-
Si23AlON∗31 ceramic. The sample was synthesized
at 15.6 GPa and 1973 K.

an additional synthesis encapsulated by gold
(Au) instead of Pt was performed at 1973 K
(upper temperature limit with respect to the
Au melting temperature at the synthesis pres-
sure of 15.6 GPa). Although the divergence
from circular shape, the recovered sample at
1973 K appears to be well-sintered (Fig. 2-
28). Despite the starting powder was white
in color, the recovered sample synthesized
at 15.6 GPa and 1973 K is transparent in the
center and becomes increasingly dark towards
the edge. The sample consists of polycrystals
with an average grain size 77 ± 10 nm as ver-
ified by the HAADF-STEM image. The crys-
tallinity is also confirmed by the ring patterns
obtained by ED pattern (Fig. 2-29). The ED
patterns are consistent with the cubic γ-Si3N4 structure (ref. Fig. 2-27). Hence, elemental
mappings of silicon (Si), nitrogen (N), aluminum (Al), and oxygen (O) are performed which
are shown in Fig. 2-29. All these elements expected to be present from the composition of the
starting materials have been detected and the mappings reveal their homogeneous distribution
in the sample. A HRTEM micrograph (Fig. 2-29d) depicts a triple junction of grain boundaries,
which are throughout very thin of ∼1 nm and below.
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Fig. 2-29: Transmission electron microscopy observation of the polycrystalline γ-Si31AlON∗31 ce-
ramic synthesized from Si23N30O+AlN powder at 15.6 GPa and 1973 K. (a) HAADF-STEM image
and (b) electron diffraction pattern confirm the polycrystalline nature (only main reflections are indi-
cated). The average grain size is determined to be 77 ± 10 nm. (c) HAADF-STEM image. The black
square frames the area, from which elemental mappings of silicon (Si), nitride (N), aluminum (Al), and
oxygen (O) were made. The black areas in the element maps are most likely an artifact and do not nec-
essarily indicate low element concentrations. (b) High-resolution TEM micrograph of a triple junction.
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2.3.2 Mechanical and optical characteristics

Vickers hardness and fracture toughness of the synthesized sample were determined by Vickers
microindentation (Leitz Durimet, Delft University of Technology, Netherlands) at indentation
loads of 9.8 and 19.6 N. Both Vickers hardness and fracture toughness slightly decrease with the
indentation load (Fig. 2-30a-b). HV values are consistent (though slightly higher) to those deter-
mined by Nishiyama et al. for cubic silicon nitride at the same synthesis conditions (Nishiyama
et al. used the same α-Si23N30O powder for the syntheses runs at 15.6 GPa and 2073 K). The
averaged HV of the γ-Si31AlON∗31 is 36.1 ± 1.4 GPa and of γ-Si3N4 34.9 ± 0.7 GPa (at in-
dentation load of 9.8 N) [11]. The fracture toughness (KIc ∼8.0 ± 0.9 MPa m1/2) is enhanced
by twice compared to the γ-Si3N4 (KIc ∼3.5 ± 0.2 MPa m1/2) [11] (it should be noted, that
these values should be considered with respect to the unverified elastic behavior of these sam-
ples). At the center, the real in-line transmission is measured to be 17–37% at a spectral range
of 400–800 nm (Fig. 2-30c) similar to that of cubic silicon nitride (RIT = 20–40%) reported
by Nishiyama et al. (2017). The values of the RIT are close to zero below a wavelength of
∼350 nm consistent to the band gap energy of the Si-N bonds in silicon nitride of 4.8 ± 0.2 eV
corresponding to 258 nm [11].
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Fig. 2-30: Mechanical and optical properties of the polycrystalline γ-Si31AlON∗31 ceramic. (a)
Vickers hardness and (b) fracture toughness (elastic modulus required for fracture toughness estimation
is used from γ-Si3N4 [11]). (c) Wavelength dependence of the RIT of the polycrystalline sample (silica
reference glass is also shown). The RIT at a wavelength of 645 nm is 35%.

Thus, compared to the cubic γ-Si3N4 [11], the γ-Si31AlON∗31 ceramic can be considered to be in
overall improved: while both materials have very similar optically transparency and hardness,
the fracture toughness is shown to be strongly enhanced by the addition of ∼3.65 wt% of AlN
component to the silicon nitride. Chen and Rosenflanz (1997) reported similar observation for
a toughened α-SiAlON ceramic based on α-Si3N4 [152]. The dark coloring at the outer rim of
the sample, as also extensively present in the γ-Si3N4 [11], may result from the higher oxygen
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content in this area. This excess of oxygen most likely stems from residual air present in the
pores of the starting powder. Upon compression during the synthesis runs, this air should be
pressed out and thus contributing to the atmosphere surrounding the encapsulated sample, and
obviously started to re-equilibrate with the sample at the high-temperature. It was demonstrated
that the almost toughened γ-Si31AlON∗31 reveals a hardness close to be classified as a superhard
material, as also recently reported by Nishiyama et al. for γ-Si3N4. Hence, bulk polycrystalline
silicon alumina (oxy)nitride-based ceramics are very promiseful to achieve highly transparent
and mechanically durable materials.

2.4 Synopsis of the high-PT synthesis of nano-polycrystalline ceramics

The high-pressure glass crystallization to polycrystalline ceramics with grain sizes varying from
the micro- to the nanometer scale was successfully applied using the combination of syntheses
from starting glass by high-PT conversion to (nano)-polycrystalline materials. It was demon-
strated that the microstructure has a major impact on both the mechanical and the optical char-
acteristics for each of the chosen starting compositions. Figure 2-31a summarizes the behavior
of the Vickers hardness with decreasing grain size for the ceramics synthesized in this study and
for other polycrystalline oxide ceramics selected from the literature. All the examples follow the
Hall-Petch relationship; the samples can be hardened up to 30% (polycrystalline silicate garnet
[23] and spinel [21, 153]) or more than 50% (polycrystalline kyanite/α-alumina and MgO [52])
by reducing the grain size down to a state of maximum grain boundary strengthening. Only a
few data sets are available on the mechanical properties of polycrystalline ceramics fabricated
with a low variation of grain sizes and certain controls on the average grain size down to below
100 nm, mainly due to the challenging syntheses [21, 23, 52, 73, 154]. These ceramics, except
magnesium aluminate spinel, show characteristics of the inverse Hall-Petch relation, mainly
below an average grain size of 80–120 nm, where the Vickers hardness decreases with decreas-
ing grain size. Since almost all polycrystalline ceramics become exceptionally hardened with
decreasing grain sizes to a certain grain size range, the fracture toughness of the kyanite- and
jadeite-based ceramics reveals the contrary behavior.
Figure 2-31b represents the classification of the Vickers hardness and fracture toughness of sev-
eral polycrystalline ceramics compared to single crystals and glasses. The transparent ceramics
are of particular interest, as they are competing with the single crystal and glass technology for
a vast number of photonic applications [39]. The clear mechanical advantages are noteworthy
because polycrystalline ceramics are several times harder and tougher than representative single
crystals of often industrially used transparent materials, such as CaF2 [155] and YAG [27, 155],
or silicate glasses [156].
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Fig. 2-31: Relationships of the mechanical properties of polycrystalline ceramics. (a) Vickers hard-
ness versus grain size of the ceramics synthesized in this study and data from the literature [20, 21, 23,
87, 153, 157] of polycrystalline ceramics. Most of these materials follow the Hall-Petch and the in-
verse Hall-Petch relation. The shaded thick vertical bar indicates the range of grain size within which
the transition from normal to inverse Hall-Petch behavior can be observed (except for polycrystalline
spinel). Note the possibility of elastic behavior with certain positive effects on Vickers hardness of some
of the shown ceramics. (b) The Vickers hardness versus fracture toughness of the same materials as
shown in (a) and additional data for follwing polycrystalline ceramics: transparent magnesium alumi-
nate spinel ceramics [21, 158]; transparent Mg-SiAlON [159]; transparent cubic silicon nitride [11];
non-transparent stishovite [10, 24], and natural jadeite [53]. Data of single crystals (sg.) are shown for
comparison: kyanite [115]; CaF2 [155]; stishovite [160]. The blue colored area illustrates silicate glass
materials, for example, as commonly used for optical applications (e.g., boron silicate glass, soda lime
glass [156]). The stars designate transparent polycrystalline ceramics.

For example, the transparent nanocrystalline kyanite/α-alumina composites are about two times
harder than the single crystal kyanite or silicate glasses, and they are also toughened twice as,
for example, CaF2 [155] and the silicate glasses. Transparent nanocrystalline γ-SiAlON is the
most propitious candidate not only to be close to a superhard material (HV ≥ 40 GPa) but also
to show a superior toughness. However, the optical transparency (RIT ∼37% at 645 nm) has
to be significantly improved. Nano-polycrystalline stishovite (NPS) [10] is the hardest oxide
(HV ∼29–30 GPa) and the most toughened one (KIc ∼13 MPa m1/2), while restrictions are the
metastability at ambient conditions and the non-transparency. The latter may be overcome by
the creation of a nanostructure with average grain sizes below 50 nm (NPS ∼150 nm). The
kyanite/α-alumina composites are consistent with theoretical predictions [19, 47] that optically
anisotropic materials achieve nearly optical isotropy when the grain sizes are sufficiently small
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(at least for kyanite/α-alumina in the range of the lower tens of nanometer scale, as shown in Fig.
2-32a). This high-PT procedure has been proven to overcome the challenges in synthesizing
nanoceramics. This could provide practical strategies for synthesizing transparent, ultrahard,
and tough materials a more directed way, in which, for instance, very promising candidates
should be stishovite-based ceramics or spinel silicon alumina (oxy)nitride-based ceramics.
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Fig. 2-32: Optical properties of polycrystalline ceramics compared to single crystals and glasses.
(a) Grain size dependence of the optical transparency of polycrystalline ceramics synthesized in this
study and of α-alumina. The corresponding calculated values by the light scattering model of Apetz and
van Bruggen [19] are shown for comparison. The mean birefringence ∆n used for the modeling was
0.013 for kyanite/α-alumina (green line; this study), 0.005 for α-alumina (black line; [19]), and of 0.018
for stishovite (blue line; [161, 162]). The reflection loss was calculated using the refractive indices (kyan-
ite: n = 1.72, α-alumina: n = 1.76 [19]; stishovite: n = 1.815 [163]), while the light wavelength and the
thickness were set to be 645 nm and 0.8 mm, respectively. (b) Abbé number vD versus refractive index
n. Values for several single crystals and glasses commonly used in common photonic applications are
shown in addition: YAG, CaF2, and BaF2 single crystals [20, 135, 164]; flint glass, crown glass, pristine
glass, and densified silica glass [20, 55, 135]. Polycrystalline ceramics are also indicated: AlON, spinel,
and 8Y-ZrO2 [20, 135]. The green area shows the suspected range of values for the nanocrystalline
kyanite/α-alumina ceramics. Abbé numbers for the nanoceramics tend to be overrated, in particular the
sample with an average grain size of ∼34 nm, due to the uncertainty in the measurement (note: the
corresponding measurement by ellipsometry must be further confirmed).

In addition to the high optical transparency, the wavelength dependence of the refractive index
n, that is, the refractive index dispersion, is another important parameter for optical lenses, as
their focal length strongly depends on n [20, 135]. A large variation of the refractive index with
the wavelength n = n (λ) results in a high chromatic aberration, by which the focal point is
stretched to a spectral line. Therefore, optical materials with a high refractive index and high
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Abbé number (low dispersion) are important for powerful high-quality lenses [165]. Figure
2-32b shows the suspected excellent optical quality due to the combination of extremely high
Abbé numbers and moderate to high refractive indices of the kyanite/α-alumina nanoceramics
compared to low dispersion glasses or ultralow dispersion [164] CaF2 (vD = 95.2) and BaF2

(vD = 81.6) single crystals. These are often used as basic components for state-of-the-art ul-
tralow dispersion lenses, for example, Fluor crown glass-N-FK58 (vD = 90.9; Schott [166]).
Most glasses and single crystals follow the trend that materials with a high refractive index also
have high chromatic aberration (see Fig. 2-32b). However, uncertainties exist in the dispersion
measurement mainly due to the relatively small sample size restricted by the high-PT synthe-
ses. Further investigations are required on larger-sized kyanite/α-alumina samples and on other
nanocrystalline ceramics synthesized with a low variation of average grain sizes, mainly ob-
tained by the high-PT syntheses, for example, from glass.

In particular, larger-sized samples are obligatory for the industrial application of high-quality
materials obtained by high-PT syntheses. Hence, technological progress in high-pressure tech-
niques to increase the sample volume is one of the recent challenges in the high-pressure
community. The next chapter will provide insights into the implementation of a new high-PT

configuration at the 6-rams Large Volume Press (LVP) installed at the Deutsches Elektronen-
Synchrotron (DESY) in Hamburg with the scope to enlarge the sample volume.
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3 Cubic high-PT cell configuration for in situ synchrotron
X-ray diffraction

The Large Volume Press - Extreme Conditions (LVP-EC) beamline installed at the PETRA-III
Extension (P61B) at the Deutsches Elektronen-Synchrotron (DESY) is the first press with six
hydraulic rams to be used for experiments with in situ synchrotron radiation analyses under
high-PT. The 6-rams LVP bears significant benefits, to mention the favorable arrangement of
the rams to obtain large beam access to the sample [65], the variety of experimental purposes
(e.g., determination of phase equilibria, reaction kinetics, and deformation due to static or dif-
ferential stress) [167], and a relatively large sample volume. In future, in situ (time-resolved)
energy-dispersive synchrotron X-ray diffraction will be performed under high-PT [62] enabling
new state-of-the-art scientific research, for example: (i) processes and kinetics of phase transi-
tion(s), for example, crystal nucleation and growth, phase melting or PT-phase-boundary char-
acterization; (ii) physical behavior of Earth’s materials up to great depth (∼300–400 km), for
example, needed for seismologic models for our understanding of hazardous deep-focus earth-
quakes [168]. The 2.3 km long storage ring of PETRA-III is a high brilliance 3rd generation
synchrotron source with 14 experimental stations designed for high brilliance hard X-ray anal-
yses. Hard X-rays feature significant profits, some to note [169, 170]: (i) high penetration depth
into the matter facilitates the analysis of thick samples, (ii) high momentum transfers due to
the high incident wave momentum required to explore liquids, amorphous or nanocrystalline
materials, or (iii) small scattering angles resulting in negligible polarization effects. Increasing
demand and continuous development of in situ synchrotron application techniques have led to
the decision to extend the beamline facilities within the PETRA-III extension project. The LVP-
EC beamline belongs to this extension project and is located in the PETRA-III Extension hall
north [62]. The most common devices for experiments under extreme conditions are diamond
anvil cells (DAC), which already exist at the P02.2 extreme conditions beamline [171]. The
benefits are primarily that they are portable (easy access to synchrotron facilities), fabricated of
optically transparent single crystal diamonds that remain less affected by the synchrotron beam,
exhibit just a few Bragg reflexes, and sustain extremely high-PT conditions (P ∼700 GPa, T

∼4000 K). However, the sample size in diamond anvil cells is strongly limited to a diameter
of ∼0.1 mm with a thickness of ∼0.01 mm. Hence, the clear advantage of the 6-rams LVP is
represented above all in the larger sample volume, which depends on the high-PT cell config-
uration: the well-established octahedral 6-8 setup allows a sample diameter of ∼1–4 mm with
a thickness of ∼0.5–4 mm, while the newly cubic 6-6 setup would even maximize the sample
size up to 10 mm in diameter and thickness. Nonetheless, the beamtime for an experimental
project at synchrotron facilities is limited [172], whereas the experimental preparation and ac-
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complishment using the octahedral 6-8 setup is time consuming as demonstrated in Chapter
1.1.2 resulting in loss of beamtime that cannot be used for data collection. In addition, even
the synthesized samples with the 6-8 setup are often too small and cannot be used for further
material characterization. This chapter introduces the implementation and calibration of the
6-rams LVP with cubic 6-6 high-PT cell configuration, which is designed to accomplish two
important requirements when researchers performing high-PT experiments at synchrotron fa-
cilities: the relatively simple and fast preparation of this press is favorable to save the limited
granted beamtime for an experimental project at synchrotron facilities and the possibility to use
relatively large sample volumes [172].

3.1 Design of the cubic high-PT compression geometry

The technical illustration of the cubic 6-6 compression geometry is demonstrated in Fig. 3-1.
The first stage anvils compress six tungsten carbide anvils with truncated edge length of 15 mm
(bottom diameter: 60 mm) that are placed in the anvil guide made of aluminum.

Fig. 3-1: Principle of the cubic 6-6 configuration. Six first stage anvils compressing a cubic anvil as-
sembly. The assembly consists of six tungsten carbide anvils that are placed in an anvil guide and com-
press a cube made of pyrophyllite serving as the pressure medium. The synchrotron beam will pass the
anvil guide through slits at the edges of the guide (for more details see Fig. 3-2). The figure is modified
from original of Sonntag 2017, DESY.
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Figure 3-2 demonstrates the parts of the 6-6 cubic assembly in detail. The anvil guide (outer
edge length: 118 mm) is cubic in outer shape and has face-centered square holes (diameter:
60.2 mm) serving as guides for the anvils during the assembly and the compression. The di-
ameter of the face-centered holes is 0.2 mm larger than that of the second stage anvils. The
second stage anvils are electrical insulated to the guide by polyimide film (Kapton®, F-type)
with a thickness of 0.0625 mm. The second stage anvils directly work on the cubic high-
pressure high-temperature cell over the pyrophyllite pressure medium (20 × 20 mm2). Teflon
pieces (5 × 5 × 3.55 mm3) fixed to the second stage anvils (com. Fig. 3-2a) avoid direct con-
tact between the second stage anvils. Four narrow slits (length/width: 80 × 0.8 mm2) along
the anvil guide’s vertical edges allow for inserting a thermocouple to the sample cell and
serve as the synchrotron beam access to the sample. A pyrophyllite (Al2Si4O10(OH)2) cube
(20 × 20 × 20 mm3) is not only utilized as a pressure medium but also acts as gaskets during
the compression as the pyrophyllite material flows partially into the gaps between the anvils.
The units of the high-pressure cell are illustrated in Fig. 3-2. Graphite (C) serves as the
temperature-generating furnace and can be used up to pressures ∼8 GPa5 depending on the
temperature (transformation of graphite to diamond at high-PT). Molybdenum rods surrounded
by zirconia (ZrO2) are in contact to molybdenum discs which are placed on top and bottom of
the graphite furnace. The sample is encapsulated in hexagonal boron nitride (h-BN) and mag-
nesia (MgO) because of the high thermal conductivity and is located inside the furnace (Figure
3-2a).
A short circuit of the high-PT cell is prevented by the insulation of the second stage anvil to the
anvil guide with Teflon®tape, and to the first stage anvils by epoxy plates (6 × 6 × 0.6 mm3).
The epoxy plates of the top and bottom anvils are fabricated with a center hole (diameter: 8 mm)
in which a copper plate is fixed that enables electrical contact to the high-PT cell (Fig. 3-2a).
A special mounting socket allows precise alignment of the bottom second stage anvil onto the
bottom first stage anvil, which is followed by the mounting of the anvil guide, all further anvils
and the high-pressure cell (Fig. 3-2c-e). This cubic 6-6 high-PT configuration provides pres-
sures up to 10 GPa, while the 2Θ angle for the diffracted X-rays is up to ±30◦ in future in situ

experiments. For comparison, the octahedral 6-8 configuration allows pressures up to 30 GPa,
but the 2Θ angle is limited to ±10◦ [62].

5At higher pressures, the furnace is made of LaCrO3.
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Fig. 3-2: Setup of the cubic 6-6 high-PT cell. (a) Photograph and schematic illustration of all the parts
prepared for a synthesis experiment. (b) Illustration of assembled cubic 6-6 geometry. Technical illus-
tration are altered from raw data of Sonntag 2017, DESY. (c) Bottom second stage anvil adjusted to the
bottom first stage anvil. (d-e) Photograph of prepared cubic 6-6 high-PT configuration: (d) in detail with
top view on the high-pressure cell with the Cu rod for electrical contact surrounded by the ZrO2 disc and
(e) side view on the overall configuration of the press. The 6-6 cubic assembly consists the anvil guide,
the six tungsten carbide anvils (second stage anvils), and the high-pressure high-temperature cell inside.
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Pressure and temperature calibration
The pressure calibration of the cubic 6-6 cell was performed using pressure dependent phase
transitions of bismuth and barium [173] without external heating. Barium crystallizes in the
body-centered cubic structure (Ba-I) at ambient conditions and shows a phase transformation
to the hexagonal closed packed (Ba-II) structure at 5.5 GPa. Bismuth (Bi) transitions are the
following: rhombohedral A7-type structure (Bi-I) to monoclinic structure (Bi-II) at 2.55 GPa
and to tetragonal structure (Bi-III) at 2.7 GPa (see chapter 1.1.2). All the used transitions
involve changes in the materials’ electrical resistances [173] and hence can be detected in situ

by resistance measurements upon changes in pressure. For this, the assembly has to be slightly
modified compared to that with sample material inside (cf. Fig. 3-2a and Fig. 3-3).

Al2Si4O10(OH)2

Al2Si4O10(OH)2 or MgO

Copper

Barium or Bismuth

20 

mm 

adhesive tape

20 mm 

1 mm 

4 mm 

1 mm 

1  0.8 

1.5

adhesive tape

Fig. 3-3: Cubic cell assembly for the pressure calibration.
Thin strips of bismuth/barium are fixed to copper foils that are
in contact to the first stage anvils during the calibration.

The cubic pyrophyllite pressure
medium is drilled out at the cen-
tre (4 × 20 mm2). A precisely
fitting pyrophyllite cylinder was
cut through the centre into two
pieces (vertically along the cylin-
der) and inserted into the cube af-
ter the assembly with the pres-
sure calibrant. Copper foils (di-
mension: 1 × 9.4 mm2, thickness:
0.03 mm) served as electrodes with
a Teflon®foil (thickness: 0.03 mm,
dimension: 1 × 1.2 mm2) between
them to prevent mechanical break-
ing of the calibrant during compression. Thin strips of bismuth (thickness: 0.05 mm) or barium
(thickness: 0.02 mm) with dimensions of 1.5 × 0.8 mm2 placed on top of the electrodes and
the Teflon®film were used as calibrant (Fig. 3-3). Note, that the oxidative barium was handled,
including the high-pressure cell assembly, under inert gas atmosphere, followed by instant in-
stallation in the press (in air) and starting the pressure calibration subsequently. The resistance
during both calibrations (Bi and Ba) was determined by a two-wire method through the top and
bottom anvils. Figure 3-4a shows the results of the corresponding resistance measurements. For
Bi, a sharp decrease from 960 to 932 mOhm at 89 bar oil pressure (’load’, hydraulic pressure
driving the rams) appears related to the Bi-I-II phase transformation at 2.55 GPa. The Bi-II-III
transition occurred at 101 bar oil pressure according to a resistance increase to 940 mOhm. The
Ba-I-II transition is characterized by the midpoint of the continuous increase of the resistance
from 955 to 968 mOhm over a broad range of oil pressure ( ∼200–280 bars). The related resis-
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tance change corresponds to the phase transformation at 5.5 GPa. In addition, the load-pressure
relationships under high-temperature of 1773 K of quartz-coesite transformation were deter-
mined using the high-PT cell design. The results of the pressure calibration are illustrated in
Fig. 3-4b.
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Fig. 3-4: Pressure calibration of the cubic 6-6 high-PT configuration. (a) Changes of the electrical
resistance of Bi (blue) and Ba (green) phase transitions with oil pressure. (b) Anvil rams oil pressure
vs. working pressure at the sample without external heating determined by Bi and Ba (orange) phase
transitions and under high-temperature at 1573 K using quartz-coesite transformation (red) [61].

Run temperatures were adjusted by the heater output power following specific temperature cal-
ibration runs with a thermocouple (C-type, W95Re5–W74Re26) installed at the sample position.
The high-PT cell assembly with a graphite furnace sleeve used for temperature calibrations was
very close to that for the synthesis runs (Fig. 3-2). A borehole (∅ = 1 mm) is horizontally
drilled through the cube and the furnace provided access for the thermocouple. Each leg of
the thermocouple (∅ = 0.127 mm) comes out of the opposite side with their joined end at the
centre of the furnace (actual sample position). Both leg wires are sleeved by MgO tubes (∅
= 0.8 mm) and the free space remaining is filled with MgO powder (prevent shortcut to the
furnace). The furnace itself is filled with two MgO rods (each of 6.5 × 6 mm) from top and
bottom and the thermocouple in between and the ZrO lids with Mo electrode contacts outside.
The calibration is performed via cold junction as illustrated in Fig. 3-5 with the open ends of
the thermocouples connected to two opposite second stage anvils (cold junction reference) and
the voltage difference (Vin) from the thermocouple join inside the furnace (hot junction). A
reference system is installed at the two opposite first stage anvils where the voltage difference
(Vout) is determined (cold junction). The temperature inside the furnace is calculated by the
changes in the thermoelectric voltages with increase in the output power.
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Fig. 3-5: Schematic illustration of the temperature calibration via cold junction. The cold-hot junc-
tion principle is used with a thermocouple (C-type, W95Re5–W74Re26). Technical illustration is modified
from original of Sonntag 2017, DESY.

Power-temperature relationships were determined in three separate runs, each at 2.55, 5.5 and
7 GPa (corresponding to an oil pressure of 89, 240 and 370 bars, respectively). The results are
shown in Fig. 3-6a. The higher the pressure, the higher the output power is needed to attain
the same temperature. Fig. 3-6b shows the power-resistance relation. The resistance decreases
in rough approximation hyperbolically with increases in the output power and changes more
slightly above 600 W.
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Fig. 3-6: Results of the temperature calibration. The relationship between heater output power and
(a) temperature at the sample position and (b) the resistance of the heater circuit determined at different
pressures (2.55, 5.5, and 7 GPa).
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3.2 Synthesis of larger-sized samples

Two synthesis runs were conducted at the 6-rams LVP using the cubic 6-6 geometry: synthesis
of polycrystalline coesite (high-pressure SiO2 polymorph) from bulk SiO2 glass (∅ = 6 mm) at
5.5 GPa and 1873 K (240 bar oil pressure and 1023 W output power) and polycrystalline jadeite
(NaAlSi2O6) and coesite (SiO2) composites from bulk albite (NaAlSi3O8) glass (∅ = 4 mm) at
5.5 GPa and 1873 K. The glass spheres were encapsulated with hBN (SiO2 glass) and platinum
(albite glass). The sample assemblies were dried for 2 h in an oil-free vacuum furnace (8 hPa,
423 K) before the experiments. After the drying, the sample assemblage was placed into the
furnace and the high-pressure cell was assembled for the experiments. For syntheses, pressure
was applied in 1 h to 5.5 GPa without heating. Subsequently, temperature was increased to
∼673 K at a heating rate of 323 K/min and 5 min dwell time at ∼673 K to assure stable heater
output-power. Then, the samples were heated rapidly to the target temperature (1873 K) within
less than 10 s, followed by 30 min dwell time and subsequent isobaric rapid quenching within
10 s to 673 K. Afterwards, the samples were continuously decompressed and let cool down
slowly both within 45–60 min. This allows sufficiently slow sample relaxation preventing fail-
ure and facilitated recovery of the complete sample. Each of the recovered samples crushed and
pulverized samples was analysed by X-ray diffraction. Figure 3-7a shows the determined XRD
pattern and whole pattern fitting revealing the presence of coesite.

20 40 60 8020 40 60 80

2 mm

(a) (b)

In
te

n
s
it
y
 (

a
.u

.)

2θ (degrees)       2θ (degrees)       

jd

jd

jd
jd

jd
jd jd
; 
c
o

e
jd jd

jd

c
o

e
c
o

e

c
o

e

Fig. 3-7: Synthesis of polycrystalline (a) coesite and (b) jadeite/coesite composite at 5.5 GPa and
1873 K. (a) Whole pattern fitting of the XRD reflections confirms the synthesis of polycrystalline co-
esite. The inset shows the large amount of the synthesized coesite powder (0.2301 g, sample dimension
was ∼6 × 6 mm2). (b) The sample has a diameter of ∼4 mm and a height of ∼4.5 mm. The optical
appearance is opaque and white. Whole pattern fitting of the XRD reflection coincides with jadeite and
coesite.
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The optical appearance of the recovered jadeite-based sample is white and opaque and the
reflections in the pattern are assigned to jadeite and coesite (Fig. 3-7b). Vickers indentations
tests were performed with the polycrystalline composite of jadeite and coesite. This sample has
a hardness of 13.2 ±1.2 GPa and a fracture toughness of 7.6 ± 1.1 MPa m1/2, which is one of
highest values synthesized during this study.

Fig. 3-8: Fracture surface of the jadeite-coesite ceramic.
The composite sample shows a transgranular fracture.

Therefore, the fracture surface was
observed using scanning electron mi-
croscopy. Figure 3-8 shows a SEM
image of the fracture surface of the
jadeite-coesite composite. Transgran-
ular (transcrystalline) fracture occurs
in this sample may causes the high
fracture toughness of this composite
ceramic. The sample (4 × 4.5 mm2)
volume is ten times higher than com-
mon samples (2.3 × 1.2 mm2) syn-
thesized with the octahedral 6-8 con-
figuration. In principle, the sample
size can be maximized with the cubic 6-6 configuration to 10 × 10 mm2. These sample di-
mensions could be favorable for industrial applications, for example, cutting tools or optical
lenses. It has to be noted, that the total preparation and experimental time can be reduced by
half compared to the octahedral 6-8 high-PT cell configuration.

3.3 In situ experiments at high-pressure and high-temperature

Overview of the beamline and the X-ray optics
In the near future, the 6-rams LVP will be available for in situ synchrotron X-ray diffraction
measurements under high-PT extreme conditions. The following subchapters provide an over-
iew of the beamline components and an outlook for future in situ experiments.

The basic overview of the beamline components is shown in Figure 3-9. The experimental
hall (length of 133 m) will contain 6 beamlines. The radiation source consists of an array of 10
damping wigglers (4 m long, separated by 2 m space, max. power 10 × 21 kW) [174] that re-
duce the emittance of the storage ring to 1 nm rad. The maximum photon flux from the source
is about 1012 ph/s/0.1% b.w. (maximum 100 mA, aperture 1 × 1 mm2 at 133 m from source)
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[174], which is higher comparad to the flux at other wiggler and bending magnet high-pressure
beamlines (∼1011 ph/s/0.1% b.w. at SPring-8 in Japan and APS in USA) [174].
The so-produced white beam is filtered by an absorber to diminish the total power load. The
filter system, including three girders, is used to control the heat load of the white beam and
reduces the beam energy below 40 keV. The beam shutter controls the run, and it is followed
by a lead collimator which prevents unpreferred beam scattering. The optics hutch is located in
front of the experimental hutch and includes a high-power slit system, which adjusts the beam,
and a lead collimator.6 Next, the beam passes the experimental hutch (again adjusted by a high-
power slit system). An aluminum window serves as the beam outlet. Additional filters placed in
front of the LVP are used to reduce the beam intensity to a broader beam required for imaging
experiments [62].

damping wigglers absorber filter system

optics hutch

experimental hutch

P61.1 HZG

P61.2 DESY

slit
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beam outlet

X-rays
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control hutch

Hall North 133 mm
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Fig. 3-9: Schematic overview of the beamline and the main components. The power wigglers will
produce a flux which is about 10 times higher at the BL04B1 high-pressure and high-temperature beam-
line at SPring-8 (Super Photon ring-8 GeV), in Hyōgo, Japan [62, 64]. The distance from the last wiggler
to the end of the optics hutch is 133 m. Experimental hutches, which serve for radiation safety are not
shown.

Large Volume Press and the detector system
The main components inside the experimental hutch are shown in Fig. 3-10. The synchrotron
beam passes to the experimental station (Fig. 3-10, 1) by thin sheets made of metals (made
mainly of beryllium) that are under vacuum. The high-pressure cell can be precisely orientated
to the incident synchrotron X-rays by using the multi-axis stage (Fig. 3-10, 2). The exiting X-
rays are detected by the detector mount system (high-purity germanium (Ge) detectors), which
include two detector (Fig. 3-10, 3–4) arms in the horizontal plane for a vertical and horizon-
tal scan, respectively. The configuration with two identically positioned detectors doubles the
counting rate of the diffracted X-ray signals [62]. Pure Ge detectors are widely used at syn-
chrotron facilities and have sufficient efficiency at high photon energies. These detectors are

6There is also a plan to install a Laue monochromator.
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cooled by LN2.7 A direct beam stopper is located on the front extension of the horizontal de-
tector system, followed by a radiographic imaging system including a fast CCD camera with a
mirror and YAG:Ce screen for wide-beam imaging.

Fig. 3-10: Scheme of the main components of an in situ high-PT experiment using synchrotron
radiation. The main units are [64]: (1) transport medium for the synchrotron X-rays (1), multi-axis
stage (2), (2–4) Detector amount for a vertical and horizontal scan and (5) hydraulic station at the top
(5). Detectors will be two high purity Ge-detectors with collimator slit system. All the experimental
applications including the LVP and the detectors will be surrounded by a radiation shielding enclosure
(hutch). A collimator and a xy-slit system are installed to exclude diffracted X-rays from the materials
that are surrounding the sample in the high-pressure cell (e.g., capsule, pressure medium, gaskets etc.).
The figure is modified from the original of Sonntag 2017, DESY.

In the future, (time-resolved) X-ray diffraction measurements or differential stress analysis will
be possible using the energy-dispersive setup with two detector mounts. This will be a helpful
tool in studying, for example, nucleation and deformation processes or the brittle fracture of

7A cadmium telluride (CdTe) detector was also tested during a beamtime at the high-pressure BL04B1 beamline
at SPring-8 in Japan (leading scientist Dr. Norimasa Nishiyama).
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materials under extreme high-PT conditions [62]. Because of the wide openings in the vertical
directions of the 6-rams press, a further opportunity will be the analysis of liquid structures
under high pressure. Especially the large cubic 6-6 setup enables data collection that exclude
contaminated reflections from the surrounding material of the high-PT cell [65].

Energy-dispersive X-ray diffraction under high-pressure and high-temperature
An important opportunity of in situ energy-dispersive X-ray diffraction (EDXRD) under high-
PT is given by the monitoring of the experimental PT-conditions using pressure markers and an
integrated thermocouple. The in situ PT-determination is demonstrated by experimental data
recorded during an experiment (leading scientist Dr. Christopher Giehl) using a Kawai-type
uniaxial LVP installed at the BL04B1 beamline, Super Photon Ring-8 GeV (SPring-8), Hyōgo
Prefecture, Japan. This beamline facilitates high-PT experiments using white X-rays (E ∼20 to
150 keV) from a bending magnet [175] and is equipped with a solid-state detector (SSD). X-ray
radiography enables the monitoring of the high-PT cell during the experiment. The design of
the high-PT cell for the in situ observation is illustrated in Figure 3-11. The octahedral high-PT

cell (a) is the common one used for in situ experiments at synchrotron facilities, whereas the
cubic high-PT cell (b) can be only available using the 6-rams LVP at the DESY beamline. The
inner parts of both assemblies are constructed as a sandwich structure including the sample,
the pressure marker (MgO+NaCl), and the thermocouple. All of them are surrounded by MgO
(Fig. 3-11).
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MgO+NaCl 
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(a)
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sample
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Fig. 3-11: High-PT cell assembly for in situ EDXRD measurements. (a) 6-8 assembly with MgO-
octahedron as the pressure medium used at SPring-8. (b) Radiographic image of the assembly. The
center shows the linked thermocouple wires. This image was recorded during a beamtime at SPring-8
(Giehl 2017, pers. comm.). (c) Cubic 6-6 assembly with a pyrophyllite-cube as the pressure medium
used at DESY.

The furnace is made of BN+TiB2, which is radiolucent for the synchrotron beam. All the sur-
rounding materials are chosen to achieve a high transmission of the beam, resulting in short
collecting times and a distinct signal-noise ratio of the measured X-ray reflections. Therefore,
highly beam-transparent materials, for example, low-absorption boron epoxy gaskets and amor-
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phous (B, C, N) ceramics, should be installed in the cell in beam direction [176]. A power sup-
ply regulates the temperature monitored via the thermocouple. The X-ray radiographic mode
enables the reception of a visual image to precisely center the beam on the sample and the pres-
sure marker, respectively, by the multi-axis stage. The pressure (in GPa) is calculated with the
P-V-T equation of states (EoS) using the XRD data of the pressure marker. The EoS are Birch-
Murnaghan-equations of the third and fourth order for MgO [177] and NaCl [178], respectively.
Figure 3-12 shows determined XRD patterns of a MgO/NaCl pressure marker recorded at am-
bient pressure and 7.7 GPa.
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Fig. 3-12: XRD patterns of the MgO/NaCl pressure marker at ambient pressure and 7.7 GPa. The
shifts of the reflections are indicated. Pressures were calculated by Birch-Murnaghan-Equations of the
third- and fourth order for MgO [177] and NaCl [178], respectively. Note: data is from a measurement
at SPring-8 (Giehl 2017, pers. comm.).

Lattice parameters are determined from the reflections of MgO and NaCl at the two different
pressures and are set into the following equation [177, 178]:
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where K0 is the bulk modulus, K ′
0 and K ′′

0 are the first and second derivative, respectively, of

the bulk modulus. The parameter fE is calculated by fE =
(V0

V )
2/3
−1

2
. P represents the pressure,

V0 the reference volume, V the deformed volume.8

8Note that for the data of MgO f2E = 0.
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Table 3-1 shows parameters for the pressure calculation using the Birch-Murnaghan-EoS (Giehl
2017, pers. comm.).

Table 3-1: Parameters for the calculation of the pressure inside the high-PT cell

System V0 (Å) K0 (GPa) K
′

K
′′ (GPa−1)

NaCl 179.425 23.7 5.14 (5) -0.392 (21)
MgO 74.698 (16) 160.64 (18) 4.221 (11) -

With respect to this study, the in situ X-ray investigation will be a powerful tool in studying the
nucleation and crystallization processes of transparent nano-ceramics at different pressures and
temperatures. This knowledge will allow to precisely justify the nanostructure to the desired
optical and mechanical characteristics. Furthermore, the presence of grain boundaries plays an
important role in terms of the physical characteristics of polycrystalline materials; however, the
understanding of the nature and formation of grain boundaries is very limited. Related investi-
gations are an ambitions target, which may be reached with in situ X-ray measurements at the
P61B Large Volume Press - Extreme Conditions (LVP-EC) beamline.

Summarized, the cubic 6-6 high-PT cell configuration is a promising device not only for larger
sample synthesis, but also for shorter and simplified experimental runs. Users of the P61B
beamline will benefit because they can exploit the limited beamtime, whereas material scien-
tists will be aided by the possibility to synthesize larger-sized samples.

83



Summary and Outlook

In this work, polycrystalline bulk ceramics with certain control of the grain sizes down to the
nanometer scale were synthesized from highly available geomaterials to prove the influence
of a designed microstructure on the purposeful improvement of mechanical strength and opti-
cal quality. This was successfully attained by a state-of-the-art high-pressure technique with
temperature-induced crystallization of glass starting materials of SiO2-Al2O3 and NaAlSi3O8

that allowed to keep the grain sizes below ∼50 nm for sufficiently high nucleation rates. The
starting glasses SiO2-Al2O3 and NaAlSi3O8 were prepared in an aerodynamic levitation fur-
nace and in platinum-rhenium crucibles, respectively. The high-PT conversion to (nano)-
polycrystalline ceramics consisting of birefringent crystals (α-alumina, kyanite, stishovite and
jadeite) was performed using Large Volume Presses (LVPs) well known by experimental geo-
physicists and adapted now for the preparation of novel materials. Additionally, a γ-SiAlON
ceramic was fabricated using an α-Si23N30O-AlN starting powder.

Phases and microstructures were identified by a combined methodological approach using elec-
tron probe microanalysis, (synchrotron) X-ray diffraction and scanning/transmission electron
microscopy, which provide information about the materials on a broad range of length scales.
The crystalline samples reveal temperature-dependent grain growth rates, and their microstruc-
tures could be adjusted down to the nanoscale by a controlled tempering at high pressure. The
nanoceramics with the smallest average grain size below 50 nm could be achieved from the
high-pressure crystallization of the SiO2-Al2O3 starting glasses prepared by the aerodynamic
levitation furnace [73, 154]. The mechanical characteristics were classified by Vickers mi-
croindentation, which allowed the determination of the Vickers hardness and fracture tough-
ness. All synthesized ceramics feature a grain-size behavior dependent on the Vickers hardness
[73, 154] hardening with decreasing grain size up to ∼80 nm due to grain boundary strength-
ening (Hall-Petch relationship), and an inverse weakening of the hardness when the average
grain size is in the sub-nanometers; this behavior is attributed to the increasing volume frac-
tion of the grain boundaries with a lower hardness [52, 73]. The polycrystalline compounds
are significantly harder than the respective single crystals (e.g., polycrystalline kyanite-based
ceramic HV ∼20 GPa to single crystal kyanite in [110] plane HV ∼10 GPa [115]). The frac-
ture toughness of the kyanite- and jadeite-based composites reveals an opposite behavior and
increases with an increase in the average grain size. This is mainly attributed to the increas-
ing elongated grains acting as interlocking phases against crack propagation. The well-known
presence of elongated grains in natural jadeite [53] results in a high toughness of this natural
compound, due to whisker reinforcement. Nevertheless, synthesized polycrystalline ceramics
(KIc ∼2–8 MPa m1/2) are still tougher than the respective single crystals (KIc ∼1–3 MPa m1/2)
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[115, 160] and common glasses (KIc < ∼1 MPa m1/2) [156]. It must be noted that the estima-
tion of the fracture toughness by indentation cracks involves relatively high uncertainties. Thus,
a future objective is to develop more precise measurements to verify the toughness of the ce-
ramics, for example, the 2-point bending single-edge v-notched beam (SEVNB) method or the
micro-bending tests [179, 180].

The transparent nanoceramics were of particular interest because polycrystalline ceramics are
alternatives for single crystals and glasses in several photonic applications [39]. Since most
glass and cubic single crystal materials are fragile, there is a strong demand for mechanically
durable transparent solids. Today, most transparent polycrystalline ceramics are restricted to
cubic crystals and can, so far, not be produced in the same quality when composed of the
more common crystals of low symmetry. The present study [154] has demonstrated for the
first time the synthesis of a highly transparent nanostructured kyanite-based ceramic with the
lowest possible (triclinic) crystal symmetry. The observed nano-grain size less than 50 nm and
the full densification resulted in almost optically isotropic behavior; as a result, the real in-line
transmission was measured to be 78% at a light wavelength of 645 nm. This confirmed the
prediction of light-scattering models based on the Rayleigh-Gans-Debye light scattering theory
[19]: Ceramics consisting of crystals with birefringence larger than ∆n > 0.01 can be trans-
parent if the grain sizes are kept below 100 nm. The acquired knowledge to create transparent
nanoceramics could be transferred to synthesize stishovite-based nanocrystalline composites.
Nano-polycrystalline stishovite is known as a tough material (KIc ∼13 MPa m1/2), due to a
fracture-induced nano-scale amorphization; this mechanism results in a volume expansion (up
to 95%), which impedes crack propagation [10]. However, the minimum grain size ever synthe-
sized is limited to 150–200 nm [10], and the material is highly translucent. The optical proper-
ties might be strongly enhanced by reducing the grain size down to several tens of nanometers
by adding a small amount of α-alumina. It was shown that small amounts of a second phase
(e.g., α-alumina in the kyanite-based ceramics) can additionally retard the grain growth rate dur-
ing crystallization to kept the average grain size below ∼50 nm. Another promising candidate
is polycrystalline yttria stabilized zirconia (YSZ) consisting of the tetragonal phase, which is
known for its high fracture toughness (KIc ∼8–15 MPa m1/2) [181, 182]. These are prepared
by, for example, hot-isostatic pressing. Limitations are the moderate Vickers hardness (HV

∼11 GPa [181]) and the translucency of the tetragonal YSZ ceramics [182, 183]. Transparent
cubic YSZ ceramics fabricated by spark plasma sintering show, however, a moderate toughness
(KIc ∼3 MPa m1/2) [182, 184]. Moreover, the exploration of nanocrystalline bulk metal oxyni-
trides or nitrides could be worthwhile because the synthesis of spinel γ-SiAlON was promising
in its mechanical (HV ∼36 GPa, KIc ∼8 MPa m1/2) and optical (RIT ∼37% at 645 nm) char-
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acteristics. High pressure not only prevents the decomposition to nitrogen and oxygen but also
stabilizes high-coordinated structures, such as spinel or perovskite, known for their unique me-
chanical properties. The structural diversity (e.g, the crystal structure and chemical bonding) in
(oxy)nitride materials allows the modification of the electronic band structures [185–187]. This
could lead to several interesting and unexpected optical properties in combination with bulk
nanostructures as demonstrated by the transparent kyanite based nanoceramics; these might ad-
ditionally possess an extremely low chromatic dispersion (change of the refractive index with
the light wavelength). Nonetheless, the high uncertainty in the dispersion measurement result-
ing from the size and surface roughness of the samples requires further investigations on the
refractive index dispersion of these nanoceramics, particularly with larger-sized samples.

However, larger sample sizes are restricted due to the limitation in high-PT processing. Hence,
one of the recent challenges in the high-pressure community is the enlargement of the sample
size in high-PT techniques, which would facilitate supplementary sample analyses and could be
adopted by forthcoming industrial applications. Within the framework of this study, the cubic 6-
6 configuration was implemented and calibrated at the 6-rams Large Volume Press at Deutsches
Elektronen-Synchrotron (DESY) [61, 62] with the scope to (i) extend the sample volume in the
high-PT synthesis and (ii) to simplify the experimental processing. The sample volume could
be maximized from, for example, 5 mm3 with a 14/7 high-PT cell (6-8 configuration, pressures
up to∼16 GPa) to∼500 mm3 using this cubic 6-6 configuration with pressures up to P∼8 GPa.
The innovative design of this configuration allows a simplified and shorter experimental prepa-
ration, and both the compression and the decompression is reduced by half. First successful at-
tempts were made by synthesizing a toughened jadeite/coesite composite (KIc ∼7.6 MPa m1/2)
with a sample volume of 170 mm3. Even so, there will be a demand to maximize the pressure
up to P ∼10 GPa, for example, by a harder cubic pressure-transmitting medium than pyrophyl-
lite.

As an outlook for the near future, in situ energy-dispersive synchrotron X-ray diffraction under
high-PT, conducted at the P61B Large Volume Press - Extreme Conditions (LVP-EC) beam-
line, will contribute to the fundamentals in the nucleation processes of nano-polycrystalline
ceramics consisting of high-PT phases. These in situ studies will facilitate further optimiza-
tion and adjustment of the microstructures, that is, the synergy between the grain interiors and
boundaries. Nanostructures in combination with the strong atomic bonding characteristics of
high-PT phases could be one key to achieving superhard, mechanically durable materials with
high optical transparency and density.
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