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Abstract

This thesis is concerned with recently discovered high-pressure (HP) zirconium- and hafnium
nitrides having cubic Th;3Ps-type structure, c-M3N4 (M = Zr or Hf). These compounds belong
to a rapidly growing group of new hard HP nitrides exhibiting advanced properties. The
research was focused on (i) synthesis of macroscopic amounts of c-M3Ny, (ii) investigation of
their solid state structure, composition and morphology and (iii) measurement of properties
related to potential industrial applications of these compounds as hard wear-resistant

materials.

Nitrogen-rich starting materials for high-pressure high-temperature (HP/HT) synthesis of
c-M3Ny, namely nanocrystalline powders of M3Ny., with distorted NaCl-type structure, had to
be prepared in this work because they were not commercially available. They were obtained
via HT ammonolysis of the corresponding metal dialkylamides, M[N(C,Hs),]4, at moderate
temperatures up to 873 K. Both, c-Zr;Ns and c-Hf;N4, were synthesized from the
nanocrystalline M3Ny., powders applying a pressure of 12 GPa and a temperature of 1873 K
using a multi-anvil HP-apparatus. The products were characterized using various techniques
including powder XRD (Rietveld refinement), TEM, EPMA, SEM/EDX and Raman

spectroscopy.

In the case of zirconium nitride, formation of a single phase crystalline material was verified
by both XRD and TEM. The presence of a small amount of oxygen in the sample, revealed by
EPMA, suggested the formation of oxygen-bearing zirconium(IV) nitride (or oxynitride)
having ThsPs-type structure, c-Zr;36(NogsOo.12)4. The measured composition was found to
correspond to the general formula Zrs;,(N;,0,)s which fulfils the electrical neutrality
condition. A high quality of the Rietveld structure refinement of the powder XRD data for
c-Z17.36(No.8800.12)4 supported the above findings. Further, the assignment of the structure of
the obtained oxygen-bearing zirconium nitride to the Th3Ps-type was confirmed by Raman
spectroscopic measurements. In contrast to zirconium nitride, a minor oxidation of the
hafnium nitride sample led to formation of a mixture of oxygen-poor c-Hf3N,4 and an oxidic
material. The latter was evident from the XRD, EPMA, and SEM/EDX measurements. A
detailed analysis of the powder XRD patterns and Rietveld refinement suggested that the

oxidic material is comprised of a mixture of the known y-Hf;N,O and ol-HfO..

i



il Abstract

The last part of the thesis concerned the investigation of the properties of the synthesized
materials. The bulk moduli of c-Zr;g6(NogsOo.12)s and c-Hf3N4 were determined via their
quasi-hydrostatic compression in a diamond anvil cell up to 45 GPa. The obtained values are

Bo =219 GPa (B(; = 44) and Bo =227 GPa (B(’) = 53) for C-ZI‘z.gﬁ(NO.ggoo,lzﬁ and C-Hf3N4,

respectively. The reduced elastic modulus, E; =224 GPa, of porous c-Zr;g6(No.s300.12)4
(volume fraction porosity of 0.3) was measured using nanoindentation techniques. Combining
By and E; values, the lower limits of the shear modulus Gy =96 GPa, and of the Young’s
modulus Ey= 252 GPa were determined for the oxygen-bearing c-Zr;N4. The nanoindentation
hardness and Vickers microhardness, Hvy(1), of the porous zirconium nitride sample were
measured to be 18 GPa and 12 GPa, respectively. Using a relation between hardness and
volume fraction porosity, suggested in the literature, the Hy(1) of the fully dense c-Zr;N4 was

12
for porous

estimated to exceed 25 GPa. The indentation fracture toughness of 3.2 MPa m
c-Zr386(No.ssOo.12)s was evaluated from the Vickers indentation cracks. The linear thermal
expansion coefficient of the oxygen-bearing c-Zr;N, was found to increase from 6.6x10° K
at room temperature to about 14x10° K™' at 873 K. Onset of the material oxidation in air was
observed at 773 K. Finally, the obtained results were compared with existing experimental

and theoretical data for c-M3;Ny4 and for other related technological materials and discussed

with respect to potential industrial applications of c-M3Ny.



Zusammenfassung

In dieser Arbeit wurden die kiirzlich entdeckten kubischen Hochdrucknitride von Zirconium
und Hafnium mit der Struktur vom Typ ThsP4, ¢c-M3Ns (M = Zr or Hf), untersucht. Diese
Materialien gehdren zu der schnell wachsenden Gruppe harter Hochdrucknitride mit
herausragenden Eigenschaften. Folgende Experimente wurden in der Arbeit durchgefiihrt: (i)
Synthese makroskopischer Mengen von c-M3Ny bei hohen Driicken, (ii) Untersuchung der
Kristallstruktur, der Zusammensetzung und der Morphologie der erhaltenen Produkte und (iii)

Bestimmung ihrer Eigenschaften fiir mogliche Anwendungen als verschleiB3feste Werkstoffe.

In dieser Arbeit wurden stickstoffreiche, fiir die Hochdruck-Hochtemperatursynthese von
c-M3Ny geeignete Ausgangsmaterialien hergestellt, da sie kommerziell nicht erhiltlich sind.
Hierbei handelte es sich konkret um Pulver von nanokristallinem M3Ny., mit verzerrter NaCl-
Struktur. Sie wurden mittels Ammonolyse entsprechender Metalldialkylamiden,
M[N(C;,Hs),]4, bei moderaten Temperaturen bis 873 K hergestellt. Sowohl c-Zr;Ny als auch
c-Hf3N; wurden aus den nanokristallinen M3;Ny4+, bei hohen Driicken von 12 GPa und
Temperaturen von 1873 K in einer Hochdruck-Vielstempelapparatur synthetisiert. Die
Produkte  wurden mittels solcher experimentellen Techniken wie  Rontgen-
Pulverdiffraktometrie (XRD) mit Rietveld-Strukturverfeinerung,
Transmissionselektronenmikroskopie (TEM), Elektronenstrahl-Mikroanalyse (ESMA),
Rasterelektronenmikroskopie (REM) mit Energiedispersiver Rontgenanalyse (EDX) und

Raman-Spektroskopie untersucht.

In Experimenten an Zirconiumnitrid wurde die Bildung eines einphasigen kristallinen
Materials sowohl mittels XRD als auch TEM nachgewiesen. Bei ESMA-Untersuchungen
wurden in dem Probenmaterial geringe Mengen an Sauerstoff festgestellt, was auf die Bildung
von sauerstoffhaltigem Zirconiumnitrid (oder Zirconium-Oxinitrid) mit Struktur vom Typ
ThsPy und der Zusammensetzung c-Zr;86(NogsOo.12)s hindeutet. Die gemessene
Zusammensetzung entspricht zudem der allgemeinen Formel Zr;,(N;,0,)s, welche die
Elektroneutralititsbedingung erfiillt. Ergebnisse der Rietveld-Strukturverfeinerung, die an
einem Rontgen-Pulverdiffraktogramm von  c-Zr;g6(NossOo.12)a durchgefiihrt wurde,
bekréftigten den vorherigen Befund. Raman-spektroskopische Untersuchungen des
hergestellten sauerstoffhaltigen Zirconiumnitrids bestétigten ebenfalls diesen Strukturtyp. Im
Gegensatz zu Zirconiumnitrid fiihrte eine geringe Verunreinigung des Probenmaterials mit
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v Zusammenfassung

Sauerstoff bei Hafniumnitrid zur Bildung eines Gemisches aus sauerstoffarmem c-Hf3N4 und
oxidiertem Material. Dieses Ergebnis folgt aus den XRD-, ESMA-, REM- und EDX-
Messungen. Eine detaillierte Analyse des Pulver-Diffraktogramms und die Rietveld-
Strukturverfeinerung ergaben, dass das oxidierte Material eine Mischung aus den bereits

bekannten Phasen y-Hf;,N,O und ol-HfO, ist.

Der abschlieBende Teil der Doktorarbeit befasst sich mit Eigenschaftsuntersuchungen der
hergestellten Materialien. Die Kompressionsmodule von c-Zr;36(NogsOo.12)4 und c-Hf5Ny4
wurden unter quasihydrostatischer Komprimierung in einer Diamantstempelzelle bis 45 GPa
gemessen. Die Kompressionsmodule von c¢-Zr;86(NogsOo.12)a und c-Hf3Ns wurden zu

By=219 GPa (B;=4.4) und By =227 GPa (B,=5.3) bestimmt. Der so genannte reduzierte

elastische Modul E. von pordsem c-Zr;s6(NosgsOo.12)4 (Porosititsanteil 30 Vol %) wurde
mittels der Nanoindentation-Methode mit 224 GPa gemessen. Durch Verwendung der By- und
E.-Werte konnte der untere Grenzwert flir das Schubmodul von sauerstoffhaltigem c-Zr;Ny4
auf Go=96 GPa und der des Elastizititsmodul auf Ey, =252 GPa bestimmt werden. Die
Nanoindentationshdrte von porésem Zirconiumnitrid betrdgt 18 GPa, die Vickers-Mikrohérte
betragt Hy(1) = 12 GPa. Mit dem literaturbeschriebenen Zusammenhang zwischen Hérte und
Porositidt wird erwartet, dass die Vickers-Mikrohdrte von komplett verdichtetem c-Zr;Ny
25 GPa iibersteigt. Aus den bei den Vickers-Hértemessungen entstandenen Rissldngen wurde

die Bruchzihigkeit des pordsen c-Zr;36(No.ssOo.12)4 auf 3.2 MPa m'"?

abgeschitzt. Der lineare
Wairmeausdehnungskoeffizient des  sauerstoffhaltigen c-ZrsNy erwies sich  als
temperaturabhiingig und nahm von 6.6x10° K! bei Zimmertemperatur bis auf 14x10° K bei
873 K zu. Eine Oxidation des Materials an der Luft wurde erst bei 773 K beobachtet.
AbschlieBend werden die in dieser Arbeit bestimmten Werte mit fritheren experimentellen
und theoretischen Ergebnissen fiir c-M3;Ny als auch mit Werten von anderen technologisch

wichtigen Materialien verglichen. Mogliche Anwendungen von c-M3N4 in der Industrie

werden diskutiert.
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1 Introduction and motivation

Technological progress requires continuous development of new tools and devices. This
includes application of novel materials having advanced properties. The main families of
solids, which are explored and extensively used today in industry, are those of metals and
oxides. For oxides this is not surprising since oxygen accounts for nearly half of the mass of
the Earth’s crust (49.2 wt.%) as a constituent element of the most abundant minerals (Lide
2005). Accordingly, the majority of studies in materials chemistry and physics is focused,
along with metals, on oxygen-based compounds having a great variation of physical and
chemical properties. Despite of this fact, amounts of natural oxidic materials satisfying
technical requirements do not always cover the actual needs. Alternatively, properties of those
which could be mined from the environment or synthesised using standard methods in
sufficient amounts do not always fulfil the increasing technical demands. As a consequence,
efforts are undertaken to find new oxygen-free compounds satisfying the needs of modern

industry and to develop economical methods of their production and application.

One of the alternative families to oxides which could have similar number of members is that
of nitrides. However, in contrast to oxides, pure nitrides are very rare in nature. Such mineral
as siderazot (FesN») occurs in some volcano complexes, a few other (such as osbornite TiN,
nierite SizN4, roaldite (Fe,Ni)sN and carlsbergite CrN) were found in meteorites. :
Nevertheless, some nitrides have found extended application in the industry because they
exhibit unique combination of physical, chemical, electrical, optical or mechanical properties
and can be synthesised in large amounts for reasonable costs (Samsonov 1969; Toth 1971;
Holleck 1984). Nitrides are used for different applications as refractory ceramics (hexagonal
BN, a- and B-Si3sNy, AIN, TiN), hard grinding materials (cubic BN, a- and B-SizNy), in light
emitting semiconductor diodes (GaN, InN), as catalysts (Mo,N, W,N), sintering additives,
and a solid-state electrolyte in lithium batteries (Li3N) (e.g. Ettmayer & Lengauer 1991;
Markel & Leaphart 1998). However, the number of known nitrogen-based compounds is
dramatically lower than that of oxygen-based ones (Gregory 1999; Kroke & Schwarz 2004;
Zerr et al. 2006a). For example, analysis of the ICSD crystallographic database revealed that

* http://www.mindat.org, http://webmineral.com/
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there are 569 binary (1672 ternary) nitrides with determined structure but 2374 binary (14454

ternary) oxides.

Recent progress in nitride chemistry is related, without any doubt, to the development of new
synthetic routes which allow not only routine preparation of known compounds with well-
determined properties in large amounts but also the discovery of novel compounds (DiSalvo
1990; Schnick 1993; Kniep 1997; Niewa & DiSalvo 1998; Gregory 1999; Marchand et al.
1999). Most of new synthetic approaches in nitrides chemistry are based on manipulation of
such “input” parameters as temperature and reaction time, as well as on variation of
precursors and/or catalysts. Pressure, a thermodynamic parameter considered to be “as
fundamental as temperature” (Badding 1998) is, in contrast, only rarely used for nitrides
synthesis. For the largest group of known oxides, namely minerals, it is known from
petrological experiments that almost all of them undergo phase transitions at high pressures
and temperatures. For example, silicon dioxide (Si0,) has at least ten high-pressure structural
modifications (Tsuchida & Yagi 1989; Griffen 1992; Murakami et al. 2003; Luo et al. 2004).
On compression of any substance, distances between constituting atoms decrease and its
electronic structure deforms. This leads to increase of the internal energy of the substance,
and formation of denser structures could become energetically favourable on further
compression. Such structures are characterized by shorter interatomic distances and/or higher
coordination numbers of the constituent atoms, when compared with the lower pressure
phases. If chemical reactions occur at high-pressure conditions, formation of compounds with
constituting elements in unusual oxidation states can take place (e.g. Neuhaus 1964;
Jayaraman et al. 1976; Chandran et al. 1992; Demazeau 2002). Referring to these facts Zerr et
al. (2006a) have pointed out in their recent review that in nitrides chemistry “the application
of pressure, in addition to temperature and composition variations, increases the chances of
obtaining new materials not attainable at ambient atmosphere”. The authors have further
emphasized that the tendency of transition elements to higher oxidation states on compression
favours formation of their higher nitrides. Moreover, since the thermal stability of nitrides at
ambient pressure is limited (e.g. DiSalvo 1990; Schnick 1993; DiSalvo & Clarke 1996) the
application of high nitrogen pressure can allow to process them at significantly higher

temperatures.

One of the reasons for the above mentioned limited use of high-pressure routes is the fact that
the synthesis techniques are demanding and that production costs are relatively high. For
static techniques the production is also limited by material yields in one synthesis run.

Accordingly, only diamond and cubic boron nitride (c-BN), the stiffest and hardest known
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solids, are commercially produced today at high pressures and temperatures. These materials
are broadly used for various cutting and grinding applications (e.g. Sigalas & Caveney 2000).
Nevertheless, both compounds have limitations in their applications since diamond strongly
reacts with ferrous alloys during grinding and high production costs make c-BN less
competitive. This is why there are forthcoming efforts in the solid state chemistry to develop
new high-pressure materials which have not only high hardness but other useful properties
superior to those of diamond and c-BN. Materials having interesting properties other than
hardness were also a subject of recent high-pressure research (Badding et al. 1995; Takano &
Onodera 1997; Badding 1998; McMillan 1999; Haines et al. 2001; Demazeau 2002; Kroke
2002; McMillan 2002, 2003; Huppertz 2004; Horvath-Bordon et al. 2006; Zerr et al. 2006a;
Brazhkin 2007). With respect to nitrides the research led to discovery of a few novel
potentially important technological materials such as spinel-type y-SizN4 and y-Ge;Ny (Zerr et
al. 1999; Leinenweber et al. 1999; Serghiou et al. 1999), orthorhombic y-P3;Ns (Landskron et
al. 2001), diamondlike c-BC,N (Solozhenko et al. 2001), and cubic c-Zr;N4 and c-Hf3Ny4 (Zerr
et al. 2003).

The present work extends research on the recently discovered high-pressure nitrides of the
group 4 elements, namely nitrides of zirconium(IV) and hathium(IV) having cubic Th3Ps-type
structure, c-M3Ny4 (where M = Zr, Hf) (Zerr et al. 2003). These compounds were expected to
outperform the ambient-pressure mononitrides of titanium, zirconium and hafnium having
cubic NaCl-type structure (3-TiN, 8-ZrN and 6-HfN), in hardness, thermal stability, wear- and
oxidation resistance. It should be emphasised that the mentioned mononitrides themselves are
well known as hard refractory materials (Toth 1971; Pierson 1996; Lengauer 2000).
Additionally, c-Zr;N4 and c-HfsN4 were expected to have some interesting optoelectronic
and/or superconducting properties (Kroll 2003; Mattesini et al. 2003; Zerr et al. 2003;
Chhowalla & Unalan 2005; Xu et al. 2006). Within the frame of the present work the
formation at high pressures and high temperatures of novel oxygen-bearing zirconium(IV)-
and hafnium(IV) nitrides having Th;Ps-type structure, namely c-Mj3(N,O), was discovered.
The compounds were synthesized in macroscopic amounts (about 1 mm’) using a large-
volume high-pressure apparatus. This allowed refinement of their structure and determination
of the composition using standard techniques. Properties of the obtained compounds were

investigated with respect to their potential application as stiff and hard refractory materials.

An essential part of this thesis deals with high-pressure synthesis. Therefore the following
paragraph of the introduction gives a brief discussion of the role of pressure, the second main

thermodynamic parameter, in synthesis of new materials. Since the obtained materials were
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expected to be stiff, a brief introduction to relevant elastic properties is made in Chapter 1.2.
Further, basic concepts of hardness and its correlation with elastic moduli and dependence on
morphology are considered. After the overview of recent advances in synthesis of novel high-
pressure nitrides, a detailed description of the subject of the present work will conclude this

introduction chapter.

1.1 High pressure in materials chemistry

High-pressure routes to new solid materials can be described by two general approaches. New
materials can be obtained either via phase transitions or chemical reactions. In the first case,
when chemical composition of a treated compound remains unchanged, increase of pressure
and temperature can cause a phase transition to a new structure, in which the compound can
have novel interesting properties. One of the most prominent examples is the transformation
of graphite to diamond. In the case of a multi-component system, high pressure can shift
equilibrium of chemical reaction as well as increase chemical activity of atoms. Thus,
combination- or displacement reactions, not possible at ambient pressure, can take place.
Alternatively, compounds can decompose at high pressures and temperatures into more
simple constituents. The considered approaches can result in formation of novel high-pressure

substances, some of which can be recovered to ambient conditions.

1.1.1 Phase transitions

Thermodynamic description of phase transitions can be found in a number of textbooks (e.g.
Kubo 1968; Atkins 1998; Stolen & Grande 2004). Here, some general concepts of phase
stability and phase transition at high pressures and temperatures, which are relevant to the
present work, are briefly discussed. According to the second law of thermodynamics, a
system is in equilibrium when its Gibbs free energy, G, is at minimum. At particular P-7-
conditions that phase is stable which Gibbs free energy is lower. If the Gibbs free energy of a
starting phase a, G,, becomes higher upon change of P or T than Gg of another phase B, a
phase transition to the phase B occurs (Figure 1.la). Two phases (o and P) coexist in
thermodynamic equilibrium at the P-T-conditions where their Gibbs free energies are equal,
ie.

AG,=G,~G,=H,~H, ~T(S,~S,)=AH, ~TAS,, =0, with H=U+ PV,

where H, S, U, V are specific enthalpy, entropy, internal energy and volume of the phases «
or B, respectively. These pressure-temperature conditions can be represented on the P-T phase

diagram as a line defined as a phase boundary (Figure 1.1b).
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Figure 1.1. (a) Schematic Gibbs free energy-pressure dependence for a first-order phase
transition at pressure Py and constant temperature. Solid lines represent the minimum of G,
i.e. stable state. Dashed lines correspond to metastable state (s. text). (b) Schematic pressure-
temperature phase diagram for a one component system. The phase boundary (solid line)
represents the P-7 conditions where phases o and 3 coexist in thermodynamic equilibrium.

Transition from one phase to another can be accompanied by discontinuities in first partial
derivatives of Gibbs free energy with respect to pressure and temperature, i.e. in specific

volume A(6G/dP), = AV, # 0 and entropy AeG/eT), = —AS 5 # 0. Such phase transitions

are defined as those of the first-order.” According to the Le Chatelier’s principle (Le Chatelier
1884), for a first-order phase transition AV should be negative on compression and positive
on decompression. Upon increase of temperature AS should be positive. In the most general
form Le Chatelier’s principle can be expressed as: “A system at equilibrium, when subjected
to a disturbance, responds in a way that tends to minimize the effect of the disturbance”
(Atkins 1998). Thus, the increase of temperature 7' (at P = const) will favour the formation of
a phase with higher entropy S, while the increase of pressure P (at T = const) — the formation
of a phase with lower specific volume V (Figure 1.2). Therefore, high-pressure phases have
denser structures with shorter interatomic distances and/or higher coordination numbers of

atoms when compared with lower-pressure phases.

“ Second order phase transitions (e.g. order-disorder or metallic-superconducting state transitions) are
characterized by discontinuities in the second partial derivatives of free Gibbs energy (i.e. compressibility,

thermal expansion and heat capacity). However, such phase transitions are not considered in the present work.
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Figure 1.2. An example of discontinuous changes of thermodynamic parameters
accompanying first-order phase transitions: (a) volume as a function of pressure, V(P); (b)
entropy as a function of temperature, S(7).

The slope of a phase boundary can be derived from a simple consideration as follows: let
pressure and temperature change along the phase boundary infinitesimally, so their changes
are dP and dT, respectively. Since both phases are at equilibrium, their Gibbs energies are

equal in both initial and final states, i.e. dG, = dGﬁ. Alternatively, this can be written as
V,dP—S,dT =V,dP - S,dT . Hence, the slope of the phase boundary, dP/dT , at a transition

point is determined by the ratio of enthalpy change, AS,, to volume change, AV, .

af

Introducing the latent heat of transition as Q,; = TAS;, one can write for the slope of the
phase boundary: dP/dT =AS/AV,, =0, [TAV,, . This expression is known as the

Clausius-Clapeyron equation. Position and slope of a phase boundary is of importance with
respect to industrial synthesis of high pressure phases: if, for a particular transition, the slope
is positive then the synthesis pressure decreases with temperature and the costs of synthesis
can be strongly suppressed. However, synthesis conditions are defined not only by
thermodynamic stability of the phase of interest but also by other parameters as, for example,
kinetics of the transition (s. below) or by the applied method of controlling load and heating.
Critical parameters influencing kinetics of a transition is the excess in temperature or pressure
with respect to the conditions at the phase boundary. For ceramic materials these excess
values can be significant. For a phase boundary with a positive slope reasonable
transformation rates can be approached at relatively low P or T conditions by using catalysts.

In absence of catalysts slow kinetics of a transition at low temperatures can result in its
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infinitely long persistence outside the field of the thermodynamic stability. Such state of the

phase is defined as a metastable one (s. below).

Kinetics of solid-state transformations is, in general, very complex (Bradley 1963a; Spain &
Bolsaitis 1977; West 1989). Despite catalyst there are other factors which can influence the
rates of solid-solid phase transitions. Their quantification is usually very difficult, if not
impossible. Therefore, only a brief summary of the qualitative effects of those factors on the

phase transitions kinetics is given below.

When considering the rate of a phase transition, one can distinguish two main factors. Firstly,
the transition rate vy increases with temperature 7 according to the Arrhenius equation:

v, ~kexp(=E,/RT), where k is the pre-exponential coefficient, E, molar activation energy

of the transition and R the universal gas constant. Second factor is the difference of molar

Gibbs free energy between two phases, AG , at given conditions. It represents a measure of

ap °

the transition driving force and is usually expressed by a multiplier {l1—exp(AG ,/RT)} (e.g.

Bradley 1956). Thus, the higher AG ;, the higher probability for phase transition to occur.

ap °
The influence of both activation energy and driving force on the transition rate v is illustrated

in Figure 1.3a. With respect to E, and AG , the following additional points should be

mentioned:

1) Mechanism of the phase transition is the major factor defining E,. Reconstructive phase
transitions have high activation energies since both breaking of atomic bonds and formation
of nuclei of stable phase take place. Therefore such transitions are slow. In contrast,
displacement, dilatational and martensitic transitions occur without full structural

reconstruction. Having very low (or zero) activation energies, such transitions occur rapidly

(e.g. Spain & Bolsaitis 1977; West 1989).

2) Nature of starting material plays an important role in the nucleation of the product phase.
Large sample surface and high impurity and defect concentrations make positive contribution
to the Gibbs free energy of the initial phase. Thus, activation energy for product phase
nucleation decreases and transition driving force increases. This leads to a higher rate of phase
transition (Christian 1975; Spain & Bolsaitis 1977). For example, use of nanocrystalline (or
amorphous) precursors can significantly increase rates and lower P-T conditions for initiation
of transitions, however, not below the phase boundary. This approach was used by Schwarz et

al. (2000) in order to synthesize large amounts of the recently discovered cubic y-SizNy .
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3) Formation of product-phase nuclei during solid-state transformation is usually
accompanied by developing of elastic strains in material due to volume and/or shape changes.
The elastic strain energy makes a positive contribution to the Gibbs free energy of a product
phase, thus decreasing the transition driving force and, hence, the transition rate. If phase
transition occurs with large volume change, significant strain energy effects can completely
hinder the transformation. It is therefore necessary to supercool/heat or, alternatively,
supercompress/decompress starting phase with respect to the phase transition boundary in

order to initiate its transformation (Christian 1975; Spain & Bolsaitis 1977).

metastable state
(quenched B-phase)

B-phase stable state
(a) (b)

Figure 1.3. Schematic energy diagrams: (a) energy barrier encountered during first-order
phase transition, where E, and AG is activation energy and driving force of the transition,
respectively; (b) metastable existence of thermodynamically unstable phase due to high
activation energy of reverse transition.

As was mentioned above, slow rates of solid-solid phase transitions explain the metastable
existence of high-pressure (high-temperature) polymorphs at ambient conditions for infinitely
long times. Having high driving forces of reverse transition at ambient conditions, these
phases are kinetically hindered to transform to stable low-pressure phases (Figure 1.3b).
Metastable high-pressure phases can be often obtained by a rapid quenching to low
temperatures after synthesis at high pressures and subsequent decompression to atmospheric
pressure. This procedure allows obtaining of metastable materials with unique structural and
functional properties useful for industrial applications (Badding et al. 1995; Takano &
Onodera 1997; Badding 1998; McMillan 1999; Demazeau 2002; McMillan 2002, 2003;
Brazhkin 2007). Diamond (high-pressure phase of carbon) and martensite (the Fe-C phase
allowing hardening of steel) are classical examples of technologically important metastable

materials.
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1.1.2 Chemical reactions

Description of effects of pressure on chemical reactions is well known and can be found
elsewhere in the literature (e.g. Bradley 1963b; Spain & Paauwe 1977; van Eldik & Hubbard
1997). Basically, pressure can shift the equilibrium and influence the rate of chemical
reactions. According to the Le Chatelier’s principle, application of external pressure shifts the
chemical equilibrium toward reduced volume products. Similarly, the reaction rate increases
with pressure, if the volume of a transition state” is lower than that of reactants. The
quantitative treatment of these effects deals predominantly with gaseous and liquid state
reactions at pressures considerably below 1 GPa. Therefore, it is not further discussed here.
As regards solid-state reactions, their thermodynamics and kinetics are much more complex.
The Le Chatelier’s principle, however, holds here as well: high pressures favour the formation
of compounds with lower specific volume. For example, c-Zr;N4 at 16 GPa has specific
volume of 72.3 A® per Zr;Ny unit (Zerr et al. 2003), while the specific volume of the mixture
3ZrN + 2N, at the same pressure, as calculated from the compressibilities of mononitride
(Chen et al. 2005) and nitrogen (Olijnyk 1990), is 78.9 A’. Thus, at 16 GPa the formation of

c-Z1r3N4 from ZrN and N, is favoured.

The factors which influence kinetics of reactions in solid state, in principle, are analogous to
those described in the previous chapter regarding solid-state phase transitions (e.g. Arrhenius
equation). Similar to reconstructive phase transitions, composition change of the constituents
during chemical reaction involves mass transfer by diffusion. In solids and, especially, at high
pressures diffusion processes are extremely slow. Therefore, sample heating (even up to
melting points of reactants) is often the only way to approach acceptable rate of a chemical

reaction at high pressures.

In addition to the above described effects, pressure can increase the reactivity of atoms and
molecules (Badding et al. 1995; 1998; Hemley 2000; Demazeau 2002; McMillan 2002;
Schettino & Bini 2003). If pressure is high enough it can significantly change the electronic
structure of the constituent atoms. In some cases the gap between ground and excited
electronic states of atoms can decrease and the atoms can be easer excited, for example,

thermally or by laser radiation. The excited atoms, thus, can readily react with each other

*According to the transition state (activated complex) theory (e.g. Hamann 1963), a reaction proceeds through
some kind of “transition state”, i.e. an intermediate state of maximum energy, which is in equilibrium with both

reactants and products.
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forming compounds with composition/stoichiometry not attainable at ambient pressure. For
example, platinum (Pt) is known to be inert to nitrogen at ambient pressures. When
sufficiently compressed, however, it reacts with N, resulting in formation of PtN,
(Gregoryanz et al. 2004; Crowhurst et al. 2006). Moreover, elements in new high-pressure
compounds can exhibit unusual oxidation numbers. For example, high pressures force
elements (mostly transition metals, lanthanides and actinides) to their higher oxidation states
(Neuhaus 1964; Jayaraman et al. 1976; Chandran et al. 1992). This occurs, in particular, by
formation of c-Zr;N4 and c-Hf3N4 from elements (Zerr et al. 2003). With respect to molecular
systems having unsaturated (double and/or triple) bonds, changes in electronic structure at
high pressures can favour polymerization of those molecules into single-bonded frameworks
(Badding et al. 1995; Hemley 2000; Schettino & Bini 2003). Even molecular nitrogen, having
the most stable covalent triple bond, transforms at high pressures and high temperatures into a
single-bonded polymeric form having cubic-gauche structure (Eremets et al. 2004). Similar to
high-pressure phases, some products of high-pressure reactions can be recovered to ambient

conditions, where they can metastably exist due to a slow kinetics of the reverse reaction.

1.1.3 Summary

As follows from the above consideration, application of high pressures in addition to high
temperatures can induce phase transitions in substances, increase chemical activity of atoms
and molecules, significantly shift chemical equilibria and affect reaction rates. Solid
compounds which can be synthesized at high pressures and high temperatures, have dense
structures, often with increased coordination numbers of the constituent atoms. New high-
pressure compounds can have unusual composition/stoichiometry and oxidation numbers of
the constituent elements which cannot be realized at ambient conditions. Furthermore, these
high-pressure phases can be quenched to ambient conditions with their properties intact,
where they can be thermodynamically unstable while persist metastably due to slow kinetics
of the reverse transformations. Such metastable products can have a number of unique
physical and chemical properties, from high hardness and corrosion stability to interesting
optoelectronic, magnetic or superconducting properties. Therefore, they can be of potential

interest for various industrial applications.

High stiffness (i.e. high elastic moduli) and high hardness are the distinctive features of a
large number of dense high-pressure materials, especially of ceramics (Haines et al. 2001;
McMillan 2002; Brazhkin 2007). One of the particular families of such ceramics is nitrides of

the group 4 elements, synthesis and properties of which were investigated in the present work.
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Therefore definitions and concepts of stiffness and hardness are discussed in the following

paragraph.

1.2 Stiffness and hardness

1.2.1 Elastic moduli

One of the important characteristics of structural materials is their response on action of an
external force. Knowledge of such a response allows choosing appropriate material for
construction of structural components, so they will not excessively deform or fail during
exploitation. A solid body under external load exhibits deformation, i.e. change of its volume
and/or shape. The interatomic forces which tend to return a deformed body to initial state are
called internal stresses. In general stress is defined as a force per unit area and has the same SI
unit as pressure, namely pascals (1 Pa = 1 N/m?). Accordingly, stress at any point of a body
can be described as a force per unit area across every plane drawn through this point. The
magnitude and orientation of the state of stresses at a point within a deformed body can be

completely defined by nine stress components, o, . These nine components represent a

second-rank tensor also referred to as the stress tensor (Landau & Lifshitz 1975):

O-xx O-xy sz
O-l/ = O-yx Uyy yz |2
O-ZX O-Zy zz

where o, and o, (i # j) are the components of normal (perpendicular to a given plane) and

shear (parallel to a given plane) stresses, respectively. Any stress tensor is symmetric, i.e.

o, =0,(i# j), and the stress state of a body is completely defined by six independent stress

components. The sum of diagonal components of a stress tensor (trace of tensor) is an

invariant: Zaﬁ = const . The stress tensor’s trace is nothing else than hydrostatic pressure,

P= —%ZO'”. . Consequently, any stress tensor can be resolved into the sum of hydrostatic

and deviatoric stress components:

1 00 c.,tP o, o,
c;, =-P6,+(c,+P5,)=-P|0 1 O|+| o, o,+P o, (1.1)
0 0 1 o o_+P

X zy zz
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Thus hydrostatic stress tensor, — Pd,;, is responsible for pure isostatic compression, i.e. for
change of volume without shape change. Deviatoric stress tensor, (o, + PJ, ), is responsible

for pure shear stress, i.e. for the change of shape with constant volume.

Deformation of a body under stress (i.e. change of its volume and shape) can be geometrically
described in terms of the strain tensor (Landau & Lifshitz 1975). If radius vectors r (x, y, z2)
and r'(x',y’,z") define initial and final position of a point within a body before and after
deformation, respectively, vector u = r'- r is the displacement of this point under deformation.

The strain at this point is completely described by the strain tensor:

8xx 8xy Xz
‘94‘/ = gyx SW gyz >
gzx gzy gzz

where for small deformations ¢, =0u, /0x, &, =0u,/0y and &_, = 0Ou_/0z are normal (or
linear) strains along axes x, y and z, respectively, and ¢  =35(0u /0y +0u,/ox) ,

&, =5(0u,/0z+0u,/dy) and ¢ =5(0u,/0z+0u_/0x) are shear strains. Thus, strain is a

dimensionless quantity. Analogous to the stress tensor, strain tensor is symmetric and has an

invariant trace which is also known as volumetric strain Zf:ii = AV /V = const . Strain tensor

can be also resolved into  hydrostatic and shear strain = components,

g, =AVS,; I3V +(g; —AVS, /3V), where the first and the second term on the right side

represent hydrostatic compression and pure shear deformation, respectively.

The response of a body on action of external forces can be described via relationship between
stress state within a body and corresponding strains. For small deformations this stress-strain

relation is expressed by the generalised Hook’s law:

Oy = Cubu s (1.2)
ki

where o, and ¢, is stress and strain tensor, respectively, and ¢, is the forth-rank stiffness

tensor containing 81 components, also known as elastic constants. The elastic constants have
the same units as stress and are usually measured in gigapascals, GPa (1 GPa = 10’ Pa). Due

to the symmetry of the stress- and strain tensors, the number of independent elastic constants
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is in general 21 (e.g. for a triclinic single crystal) (Landau & Lifshitz 1975). In the case of

homogeneous isotropic body” the Hook’s law (Equation 1.2) transforms into a simple form:

o, =3B(§AV—V5J+2G(5!7 —%%5”.), (1.3)
where B and G is bulk and shear modulus of isotropic material, respectively. From Equations
1.1 and 1.3 follows that the bulk modulus B is the proportionality constant between pressure
and volumetric strain (P =—-BAV /V), thus it describes the material resistance to volume
change under hydrostatic load. The volume-pressure relationship is nothing else as an
isothermal equation of state (EOS). The above expression is a particular case of small
deformations where bulk modulus is considered to be a pressure independent parameter. For

this case one can rewrite this equation in a differential form 1/B =-1/V(0V /OP),, where
(0V /0P), is the partial derivative of volume V' with respect to pressure P at constant

temperature (Landau & Lifshitz 1975). The differential form is also correct for large
deformations if a pressure dependence of B is included and the V(P) relation is not linear

anymore (s. below).

The shear modulus G, in turn, determines the material resistance to a pure shear (deformation
of shape at constant volume) and is the proportionality constant between shear stress and

shear strain ( o, =2Ge; where i# j). Shear modulus is also dependent on pressure;
however, in contrast to bulk modulus, there is no established relationship between G and P.

Alternatively, elastic properties of isotropic body can be described by another two elastic
moduli: Young’s modulus, E, and Poisson’s ratio, v. The Young’s modulus, defined as

tensile stress divided by tensile strain, describes material resistance to uniaxial deformation

(E =0,/¢, for simple tension along i axis) and is usually measured in GPa. The Poisson’s

ratio describes tendency of material under tension in one direction to contract in lateral
directions. It is equal to the lateral strain divided by tensile strain (for simple tension along i

axis v=—¢,/¢& where i # j) and is a dimensionless quantity. Thus, the Hook’s law for

isotropic body (Equation 1.3) can be expressed in terms of £ and v :
E v
o, = E.+———&,0. |
Todav| T 12y

" Elastic properties of an isotropic body are the same in all directions. Hereafter only isotropic materials are

considered.
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If a pair of elastic moduli is known for a given isotropic material, the other pair can be
calculated according to well known relations, eg E=9BG/3B+G) and
v=03B-2G)/(6B+2G) (Landau & Lifshitz 1975). These expressions were used in the

present work for determination of shear modulus and Poisson’s ratio of the investigated

material using experimentally determined bulk and reduced elastic modulus (Chapter 3.4.4).

1.2.1.1 Equation of state

As already mentioned above, bulk modulus generally depends on pressure (strictly speaking,
it also depends on temperature, however, this dependence will not be considered here). Thus,
under strong compression, the Hook’s law as a description of the V(P) relationship is no
longer valid. In order to describe the behaviour of solids under strong compression, several
(semi)empirical isothermal equations of state were suggested. They differ in the chosen
approximation of the dependence of elastic free energy on strain and in the strain definition in
terms of specific volume (e.g. Murnaghan 1944; Birch 1947, 1978; Vinet et al. 1989;
Holzapfel 1998; Poirier & Tarantola 1998; Stacey 2000). The parameters in these equations

are the starting volume (V) the isothermal bulk modulus (By) and its pressure derivative ( B;
and sometimes B, ) at zero pressure.* Thus, if the V(P) dependence for a particular solid is

measured, the bulk modulus and its pressure derivatives can be determined by fitting of the

chosen EOS to the compression data.

One of the most frequently used in high-pressure physics and geophysics is the third-order’
Birch-Murnaghan equation of state (BM-EOS): P=3B,f(1+2f )5/2 X [1 +3/2(By -4 f ] ,

where f =((V/V,)?>" =1)/2 represents the Eulerian finite-strain (Birch 1947, 1978), so

3 v -7/3 V -5/3 3 ' v -2/3

The analysis of a large amount of experimental geophysical data has shown that the third-

order BM-EOS reliably describes behaviour of most solids within pressure range accessible

" Difference between zero- and ambient pressure values for ¥, B and B’ for solids is usually negligibly small;

therefore, the subscript 0 for elastic moduli throughout the thesis will denote the ambient pressure values.

" Here the order of the EOS is determined by the order of the last considered term of the Helmholtz free energy,

A, given as a function of Eulerian strain, i.e. A=c,f”+c,f’ +...(Jeanloz 1988). The pressure-volume relation

can be derived by differentiation of A with respectto V: P=—(6A/0V),.
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by modern high-pressure techniques (e.g. Jeanloz 1988). Therefore, this equation was used in
the present work to determine the bulk moduli and their first pressure derivatives of the

investigated nitrides from the experimentally measured V(P)-dependences (s. Chapter 3.4.1).

The third-order BM-EOS can be reduced to that of second-order by assuming B; =4, so

P=3Bof(l+2f)5/2=%Bo[(V£J —(VK] J (1.5)

This form of the BM-EOS can be used for determination of B, for materials with B; ~ 4 (for
example, metals having NaCl-type structure (Chen et al. 2005)) or for rough estimation of
bulk moduli when both statistics and uncertainties of V(P)-data do not allow determination of

B, with a reliable accuracy.

It is sometimes convenient to express BM-EOS in terms of the Eulerian strain, f, and

normalized pressure, F' = P/ (Bf(1+2f)"?), so Fis alinear function of f:
F=B,+3B,(B,—4)f/2. (1.6)

Thus, if compression data are presented on the F( f)-plot, the intercept with F-axis and the
slope of the line yields By and B, respectively. The F( /) form of representation of the V(P)-

dependence is also very sensitive to scattering of data and to experimental uncertainties

(Chapter 3.4.1).

There is a critique of the BM-EOS in the literature, with respect to its applicability for
extremely high pressures (>> 100 GPa) and for particular cases of strongly compressible

materials having By >> 4 (Hofmeister 1993; Hama & Suito 1996; Holzapfel 1996; Poirier &

Tarantola 1998; Stacey & Davis 2004). However, significant deviation of the BM-EOS from
other suggested equations is observed only after a considerable volume reduction by 30-50 %
(Jeanloz 1988; Hama & Suito 1996; Holzapfel 1996; Singh 2005). In the present work the
maximum sample volume decrease during compressibility measurements did not exceed
20 %. Therefore, the BM-EOS can be used for evaluation of the obtained V(P)-data without

any limitations.

1.2.1.2 Correlation of elastic moduli with intrinsic material properties

Elastic moduli of a compound are generally determined by its crystal structure and interaction

of the constituting atoms. In particular, the bulk modulus, B, can be related to the effective
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valence electron density p, as B oc p.', where 1 <n <5/3 (Haines et al. 2001; Brazhkin et al.

2002). Thus, high bulk moduli are expected for materials composed of elements having high

valence electron densities. Another factor enhancing bulk modulus is the presence of short

high energy bonds. With respect to shear modulus, it has similar relation to p, (G < p.)

(Haines et al. 2001; Brazhkin 2007). However, in contrast to bulk modulus, the major

determinative factor for G is distribution of the valence electron density rather than mean p,

value. More precisely, high shear modulus is expected for materials with highly directional
(covalent) bonds. Such bonds are much stiffer to lattice shear than ionic and, particularly,
metallic ones, where the electron density is distributed more uniformly. This is also supported
by the following experimental observation. Since for isotropic  materials

G =3 B(1-2v)/(1+v), the shear modulus is high with respect to B when the Poisson’s ratio

is small. Experimental studies show that the typical value of v for covalent compounds is
about 0.1, for ionic about 0.25 and for metals about 0.33 (Haines et al. 2001). Thus, covalent
compounds have the highest values for G relative to B. For example, covalent diamond has
the Poisson’s ratio of 0.07, B of 443 GPa and G of 535 GPa. Another important factor
influencing elastic moduli is geometrical rigidity of the structure. Evidently, three-
dimensional structure of diamond (formed by sp’-hybridized carbon) is rigid in all directions
in contrast to layered structure of graphite (composed of sp*-hybridized carbon) (Haines et al.
2001). Furthermore, geometrical rigidity of three-dimensional structure increases with
increasing number of nearest neighbours of atoms (coordination number, N;) (Haines et al.
2001; Brazhkin et al. 2002). For example, quartz (a-SiO,) with 4-fold coordinated Si atoms
(N; = 4) has bulk and shear moduli of about 36 GPa and 31 GPa, respectively, while stishovite
(high-pressure SiO,-polymorph) with N(Si) = 6 is stiffer than quartz by almost one order of
magnitude (B =305 GPa, G =220 GPa). However, there is opinion in the literature that too
high N, (well above 4) can result in delocalisation and more uniform distribution of valence

electron density, thus can decrease the shear stiffness of crystal lattice (Brazhkin et al. 2002).

Summarizing, high bulk and shear moduli are expected for materials with high valence
electron density and rigid crystal structure. This could be dense covalent compounds of light
elements (2 and 3 period of the periodic table) or partially covalent borides, carbides, nitrides
and oxides of transition metals (group 4-7) with cations in coordination states providing
topological stiffness of crystal lattices (Haines et al. 2001; Brazhkin et al. 2002). Apparently,
high-pressure transition metal nitrides of zirconium(IV) and hafnium(IV) studied in the

present work belong to the latter group of potentially stiff materials.
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1.2.1.3 Correlation of elastic moduli with material microstructure

The above consideration concerns an ideal case of pure homogeneous materials. Real
materials usually contain inhomogeneities, such as weak phases, porosity, etc. The presence
of such inhomogeneities can significantly affect the elastic properties of material. The
effective elastic moduli of a two-phase compound can be estimated using the following
approach. The upper limit for the effective elastic modulus M can be estimated using the
Voigt model (Voigt 1928). According to this model the strain is assumed to be uniform

throughout a body, soM =MV, + M,V,, where M; and V; is elastic modulus and volume

fraction of each component, respectively. If one considers the stress to be uniform throughout
a body (Reuss 1929), such approach gives the lower limit for the effective elastic modulus:

I/M=V,/M,+V,/M,. An average of these upper and lower limits is usually considered as

a good approximation for effective elastic modulus of a two-phase compound (Rice 1996;
Sherman & Brandon 2000). For description of porosity influence on elastic moduli the above
mentioned approach appears to be very rough. Therefore different (semi)empirical equations
are usually used. For example, decrease of elastic modulus with porosity increase can be

expressed by exponential law: M = M, exp(—bp), where b is a constant, p is volume fraction

porosity (VFP), M and M, are elastic moduli of porous and dense material, respectively
(Duckworth 1953; Ryshkewitch 1953; Spriggs 1961; Rice 1996; Reynaud & Thevenot 2000).
Thus, standard methods used for examination of bulk elastic properties such as tension and
torsion tests, sound velocity and resonant vibration methods or instrumented indentation (s.
Chapter 2.4.3) provide the values for effective elastic moduli of material rather than intrinsic
ones (those determined by atomic interaction and crystal structure exclusively). As was
mentioned above, the bulk modulus can be alternatively derived by fitting EOS to
experimental compression data, V(P). The V(P) relation, in turn, can be measured by
(quasi)hydrostatic compression of crystal lattice using in situ high-pressure X-ray diffraction
(s. Chapter 2.4.1). The bulk modulus value obtained in such a way is not affected by
microstructural defects (e.g. porosity) and represents the intrinsic property of the investigated

material.
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1.2.2 Hardness

1.2.2.1 Definition and measurement of hardness

Extensive efforts were undertaken to find a way for the synthesis of diamond, the hardest
known material having hardness of about 100 GPa. It is a well-known fact that the first
industrial route to synthetic diamonds involved application of high-pressure methods (e.g.
Hazen 1999). By analogy, cubic boron nitride having hardness around 50 GPa was first
synthesised at high pressures and temperatures. In contrast to diamond, c-BN does not exist in
nature. These two compounds constitute the class of the so called superhard ~ materials which
are of great importance for grinding and cutting tool industry (e.g. Sigalas & Caveney 2000).
The search for new superhard materials is of fundamental and technological interest (Riedel
1994; Leger & Haines 1997; Teter 1998; Veprek 1999; Zerr & Riedel 2000; Kaner et al.
2005) and remains one of the most dominated areas of the high-pressure research (Takano &
Onodera 1997; Badding 1998; Haines et al. 2001; Brazhkin et al. 2002; McMillan 2002,
2003; Brazhkin 2007). Intensive research in this field continues up today and, as a result, a
few novel high-pressure compounds with hardness exceeding 30 GPa were discovered.
Among them, for example, stishovite SiO, (33 GPa) (Stishov & Popova 1961; Leger et al.
1996), cubic SizN4 (30-43 GPa) (Zerr et al. 1999; Zerr et al. 2002a), cotunnite-type TiO;
(38 GPa) (Dubrovinsky et al. 2001), partially polymerized fullerites Cgy (25-90 GPa) (e.g.
Brazhkin et al. 1998) and cubic BC,;N (76 GPa) (Solozhenko et al. 2001). High hardness is
also expected for other novel high-pressure compounds, namely c-Zr;Ns and c-Hf3Ny
(Mattesini et al. 2003; Zerr et al. 2003; Chhowalla & Unalan 2005), which synthesis and
properties examination is the subject of the present work. Therefore, definition of hardness
and its dependence on measurement procedure, morphology (e.g. defects and impurities) and

elastic properties of investigated material will be discussed below.

Although hardness is very important and widely used parameter for characterisation of
technological materials, it is quite difficult both unambiguously define and measure it. One of
the today accepted general definitions is given by Szymanski & Szymanski (1989), in which
the authors define hardness as “the resistance offered by a given material to external
mechanical action endeavouring to scratch, abrade, indent or in any other way permanently

affect its surface.” Accordingly, hardness can be measured using scratching (Mohs,

" The term ,,superhard” can be used for materials with microhardness exceeding 40 GPa, see e.g. (Teter 1998)
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Bierbaum), abrasion (Rosiwal), impact (Shore, Herbert) and static indentation (e.g. Brinell,
Rockwell, Vickers, Knoop)  methods (Szymanski & Szymanski 1989; McColm 1990).
However, the values which can be obtained using those methods have different units and
scales, and generally can not be compared with each other (e.g. McColm 1990). Today the
most frequently used are the indentation methods, where material is indented by a hardened
steel ball (Brinell, Rockwell), diamond cone (Rockwell) or diamond pyramid (Vickers,
Knoop). The indentation hardness value is determined from the ratio of the loading force to
the area or depth of the remaining indentation after indenter, forced into the surface of a
material, is removed. For example, Vickers hardness is defined as applied load L divided by
the surface area of the residual imprint A made by the square-based diamond pyramid, i.e.
Hy=L/A and hence has units of pressure, e.g. GPa (Chapter 2.4.2). Thus, indentation
hardness value depends generally on the material resistance to a local plastic deformation.
However, it is known that a partial elastic recovery usually takes place after indenter is
removed (e.g. Bull et al. 1989; Li & Bradt 1993). At low loads, the relative part of the
compression energy consumed by the elastic deformation increases significantly, thus the
measured hardness, L/A4, increases with the load decrease. This phenomenon is observed for
both metals and ceramics and referred to as an indentation size effect (ISE) (e.g. Tabor 1951;
McColm 1990). In fact ISE is not only due to elastic recovery alone but to a complex
combination of different material- and measurement technique related factors, e.g. new
surfaces formation, friction, fracture and hardening of material during indentation, residual
stresses, sharpness and geometry of the indenter, loading rate, etc. (e.g. Quinn & Quinn 1997;
Bull 2003). Therefore it is usually suggested to perform hardness measurement through a
wide range of loads, in order to find the load conditions where the major part of the
deformation energy is spent on plastic deformation of material. Under such conditions the
measured L/A value is almost load-independent and is usually referred to as the true hardness
(Frohlich et al. 1977; Hirao & Tomozawa 1987; Li & Bradt 1993; Quinn & Quinn 1997). For
hard ceramic material, the critical load of onset of the load-independent hardness can vary
from about 1 N up to several hundreds newtons (McColm 1990; Quinn & Quinn 1997;
Brazhkin et al. 2004).

The information on both elastic and plastic behaviour of the indented material can be obtained

using the so called instrumented indentation (also known as load-depth sensing indentation)

* For the precise definition of the Brinell, Rockwell, Vickers and Knoop hardness tests see, e.g., ISO 6506, 6508
6507 and 4545 (or ASTM E0010, E0018, E0092 and C1326), respectively.
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technique (ISO 14577). This method allows measurement of the indenter displacement (and,
consequently, the imprint area 4) during loading and unloading as a function of the applied
load L. Stimulated by the requirement of testing mechanical properties of materials in very
small volumes, the instrumented indentation was scaled down to nanometer dimensions.
Modern nanoindentation techniques allow precise control of the applied load down to a few
micronewtons with the indenter displacements in the nanometer range. Thus it is suitable for
investigation of single grains, thin films, nanocomposites, etc. (Oliver & Pharr 1992; Li &
Bhushan 2002). This technique, in particular, was used in the present work for examination of

hardness and elastic properties of the synthesized materials (Chapter 3.4.3).

In addition to the chosen measurement technique and load range, the real hardness of the
investigated material depends on its morphology. The hardness of single crystals usually
depends on the tested crystallographic plane and orientation of the indenter. For
polycrystalline materials hardness is strongly influenced by defects, porosity, grain size,
presence of a contaminating layer on the grain surface, impurities, grains orientation, residual
stresses and the like (Szymanski & Szymanski 1989; McColm 1990; Riedel 2000). For
example, hardness of material decreases rapidly with porosity increase (Ryshkewitch 1953;
Spriggs 1961; Rice 1996). Similar to elastic moduli (Chapter 1.2.1.3) such behaviour can be

expressed by an exponential law, i.e. H = H exp(—bp), where b is a constant, p is the

volume fraction porosity (VFP), H and H is the hardness of the corresponding porous and
dense specimen, respectively (Duckworth 1953; McColm 1990; Luo & Stevens 1999; Milman
et al. 1999). This relationship was used in the present work to estimate the hardness of fully

dense c-Zr;N4 (Chapter 3.4.2).

Influence of the grain size on material hardness is related to the Hall-Petch effect: the grain
size decrease is accompanied by increase of yield strength (and, consequently, of hardness) of
a polycrystalline material, because generation and propagation of dislocations under indenter
is hindered by grain boundaries (Hall 1951; Petch 1953; McColm 1990; Hertzberg 1996).
Such concept of introduction of energetic barriers for creation and movement of dislocations
is widely employed today for strengthening of metals (Hertzberg 1996) and production of
two- and three-dimensional superhard nanostructural materials (e.g. Veprek 1999). With
respect to potential application of the materials examined in the present work, they can be
suggested for potential use as hard components of such superhard nanolayers or

nanocomposites.
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It can be concluded that the measured hardness value depends on chosen method and
particular measurement conditions. Therefore, in order to compare hardness of different
materials, the measurement procedure should preferably be the same. If it is not possible, then
the details of a particular experiment should be comprehensively described. Furthermore,
hardness of a given material depends on a number of factors, which include composition,
morphology, texture and history of the sample fabrication and preparation. However, the
“intrinsic” hardness is controlled by the atomic interaction, and a few methods to correlate it
with better defined physical properties, such as elastic moduli, were suggested (Gilman 1968;
Gerk 1977; Sung & Sung 1996; Leger & Haines 1997; Teter 1998; Zerr & Riedel 2000;
Haines et al. 2001; Brazhkin et al. 2002). In particular, correlations of hardness with bulk or

shear modulus were considered. These approaches are briefly discussed below.

1.2.2.2 Correlation of hardness with elastic moduli

In contrast to reversible elastic deformation, plastic deformation caused, for example, by
indentation is permanent and involves irreversible displacement of atoms with respect to each
other via generation and motion of dislocations. Despite this fact, indentation hardness of
materials was often suggested to correlate with their elastic properties. Such correlation
attracted the attention, because modern first-principles computational methods allow a routine
calculation of elastic moduli for a given material if its crystal structure is known. Hence,
potentially hard or superhard materials could be predicted theoretically. Plastic deformation
induced during hardness tests is, however, closely related to the deformation of shear
character, which is initially elastic and under further load is followed by irreversible shape
change. Shear strength of material is, in turn, proportional to shear modulus, G (Kelly &
Macmillan 1986; Hertzberg 1996). Indeed, an acceptable correlation was found between
hardness and shear modulus (Gilman 1968; Gerk 1977; Teter 1998; Zerr & Riedel 2000;
Brazhkin 2007). As shown on Figure 1.4a, hardness almost monotonically increases with G.
A reasonable correlation between hardness and bulk modulus was reported for the particular
class of covalent or partially covalent materials, such as diamond-like semiconductors (group
14, 13-15, 12-16 compounds) or selected hard ceramics (e.g. Al,Os, AIN, ZrO,) (Leger et al.
1994; Sung & Sung 1996; Leger & Haines 1997). However, in general case there is no
monotonic relation (Figure 1.4b). For example, osmium has the bulk modulus comparable to
that of diamond (Cynn et al. 2002), while its hardness is only about 4 GPa. As can be seen
from Figure 1.4b, condition of high bulk modulus is required but not sufficient for material to
be hard. Thus, search for hard materials should be concentrated on those having both high

bulk and high shear moduli. They are predominantly covalent or partially covalent
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compounds of light elements (B, C, N, O, Al, Si) or borides, carbides, nitrides and oxides of
the group 4-7 transition metals (s. Chapter 1.2.1.2). High-pressure modifications of such
compounds usually have denser structures with higher coordination numbers of constituent
atoms as compared to ambient-pressure phases. Thus the former can be considered as

potentially stiff and hard materials.
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Figure 1.4. Hardness with respect to (a) shear and (b) bulk moduli for a common set of stiff
materials. Gray areas represent the summarized data after Teter (1998). Open circles
correspond to the data for superhard diamond (Cg4) and cubic boron nitride (c-BN). Solid
circles correspond to the data for low compressible osmium (Cynn et al. 2002) and a few
recently discovered hard high-pressure materials, i.e. y-SizsN4 (Zerr et al. 1999), c-BC,N
(Solozhenko et al. 2001), RuO, (Leger et al. 2001).
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1.3 Recent advances in high-pressure nitrides

Until the end of the last century the high-pressure research on nitrides was mainly
concentrated on those of the group 13 elements, namely BN, AIN, GaN, InN (e.g. Bradley et
al. 1966; Davis 1991; Vel et al. 1991; Ruoff & Li 1995; Auckland 2001; Mujica et al. 2003).
High-pressure cubic phase of boron nitride, c-BN, is known as the second hardest material
after diamond. Interest in AIN, GaN and InN has grown due to their interesting
semiconducting properties. In particular wurtzite-type GaN has a direct band gap of 3.5 eV
which suggests its application for production of blue light-emitting diodes (LEDs) (Maruska
& Tietjen 1969; Monemar 1974). Systematic high-pressure investigation of nitrides of other
elements with a few exceptions (e.g. carbon nitrides, s. Chapter 1.3.1.1) was not performed

(Zerr et al. 2006a).

During the last decade the interest in high-pressure nitrides has strongly increased (Kroke
2002; Horvath-Bordon et al. 2006; Zerr et al. 2006a). This is partially related to the discovery
of a new family of high-pressure cubic spinel nitrides of the group 14 elements, namely
v-A3N4 (A =Si, Ge or Sn) (Zerr et al. 1999; Leinenweber et al. 1999; Scotti et al. 1999;
Serghiou et al. 1999). Their most prominent representative, y-SizN4, was found to have a
unique combination of high hardness, thermal and oxidation stability as well as to be wide
band gap semiconductor suitable for fabrication of blue LEDs (s. below). Accompanied by
theoretical predictions of existence and calculations of properties of new high-pressure
phases, a number of experimental efforts to synthesize novel nitrides were made. The high-
pressure high-temperature experiments with other tetravalent elements (group 4 transition
metals) resulted in the discovery of another previously unknown family of high-pressure
nitrides, c-Zr;Ny4 and c-Hf3N4, having cubic ThsPs-type structure (Zerr et al. 2003) (s. Chapter
1.3.2). The research was further extended to high-pressure nitrides of other transition metals
such as molybdenum (Soignard et al. 2003), cobalt (Hasegawa & Yagi 2005), platinum,
iridium and osmium (Gregoryanz et al. 2004; Crowhurst et al. 2006; Young et al. 2006). One
should also mention high-pressure synthesis of superhard c-BC,N (Hy =76 GPa) having
diamond-like structure (Solozhenko et al. 2001) and phosphorus nitride y-PsNs with five-fold
coordinated P-cations (Landskron et al. 2001). Despite the latter compound is composed of
light elements, its hardness was found to be less than 10 GPa (Landskron et al. 2002), most
probably due to its layered crystal structure.
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The first part of this chapter briefly reviews the research on novel high-pressure nitrides of
group 14 elements (C, Si, Ge, Sn). In the second part synthesis methods, structure as well as
up-to-date experimental and theoretical studies of recently discovered high-pressure

zirconium(I'V)- and hafnium(IV) nitrides are discussed in detail.

1.3.1 Group 14 nitrides

1.3.1.1 Carbon nitride

In the middle of 1980s it was predicted that hypothetical dense carbon(IV) nitride polymorph
B-CsNy (isostructural to B-Si3Ny4) could have the bulk modulus comparable to or even higher
than that of diamond (Cohen 1985; Sung & Sung 1996). Based on the controversial opinion
that hardness of material is primarily determined by its bulk modulus (s. Chapter 1.2.2.2) the
authors suggested that this hypothetical carbon nitride can surpass diamond in hardness. In
addition to B-C3N4, a few other hypothetical carbon nitride polymorphs, such as a-
(isostructural to a-SizsNg), cubic- and pseudocubic C;N4, were also suggested to be
competitive with diamond in stiffness and hardness (e.g. Liu & Wentzcovitch 1994; Teter &
Hemley 1996). Since diamond is the hardest material known, such prediction excited the
scientific community. As a result, an enormous amount of further theoretical investigations
and experimental efforts to synthesize postulated carbon nitrides was made during the last two
decades. The results of these studies are summarized and critically analyzed in several review
articles (Fang 1995; Badding 1997; Matsumoto et al. 1999; Muhl & Mendez 1999; Malkow
2000; Kroke & Schwarz 2004; Horvath-Bordon et al. 2006; Goglio et al. 2008). Despite a
number of reports of “successful synthesis” using different deposition or high-pressure
techniques, most of the synthesized C-N materials were amorphous or nanocrystalline with
nitrogen to carbon ratio (N/C) significantly lower than 4/3 as well as with structure and/or
composition being not unambiguously determined. Moreover, the reported hardness and
elastic moduli values of synthesized C-N compounds were much lower than those of
diamond. Thus, up to this date there is no clear evidence for existence of a pure crystalline

CsNy4 phase, as well as no experimental confirmation of the predicted superior properties.

After more than ten years of “harder-than-diamond” fever several review articles reminded
the scientific community that the shear modulus is “a significantly better qualitative predictor
of hardness > than the bulk modulus (Teter 1998; Zerr & Riedel 2000; Haines et al. 2001;
Brazhkin et al. 2002) (s. Chapter 1.2.2.2). Since the calculated shear moduli of hypothetical

dense carbon nitrides are only 60 % that of diamond, the hardness of dense C3;Ny is unlikely to
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surpass even that of c-BN (Teter 1998). Diamond appears to remain the hardest and the most
stiff material known, therefore it was suggested to focus the search on materials “more useful

than diamond, rather than harder than diamond ” (Teter 1998).

1.3.1.2 Spinel nitrides: y-Si;N4 y-Ge;Ny and y-Sn3; N,

While none of the postulated dense C3N4 phases was undoubtedly confirmed, predictions of
their existence have initiated, for a long period of time, extensive high pressure studies on
different C-N compounds and motivated high-pressure experiments with other group 14
element nitrides. These experiments led to the discovery of novel cubic spinel nitrides of
silicon(IV) and germanium(IV), denoted y-Si3N4 and y-Ge;Ny, respectively (Zerr et al. 1999;
Leinenweber et al. 1999; Serghiou et al. 1999). Moreover, almost simultaneously and
independently the first tin nitride, y-Sn3N4, was prepared at ambient pressure (Scotti et al.
1999). The discovery of principally novel class of nitrogen based materials has attracted much

attention and motivated further experimental and theoretical studies on high-pressure nitrides.

The novel y-Si3Ny4 having cubic spinel-type structure was first synthesized via chemical
reaction of elemental silicon with nitrogen as well as from amorphous and crystalline (o and
B) Si3Ny at high pressures (15-30 GPa) and high temperatures (2200-2800 K) using laser
heated diamond anvil cell technique (LH-DAC) (Zerr et al. 1999). In the spinel-type structure
two-thirds of Si-atoms are octahedrally coordinated by N-atoms and one-third is tetrahedrally
coordinated (Figure 1.5b). In contrast, ambient-pressure a- and -Si3N4 have all Si-cations in
tetrahedral coordination (Figure 1.5a). The increase of atomic coordinations in high-pressure
v-SizNy results in significant increase of its density (by almost 26 %) when compared with the
ambient-pressure phases (Zerr et al. 1999). Computational studies indicated high bulk and
shear moduli for y-SisN4 of 300 GPa and 340 GPa, respectively (for reference B-SizNs was
reported to have By~ 260 GPa and Gy~ 130 GPa). Based on the earlier suggested empirical
relations between hardness and bulk or shear moduli (Chapter 1.2.2.2) the authors have
predicted the hardness of y-Si3N4to be close to that of stishovite (33 GPa) (Zerr et al. 1999).
Soon after discovery, synthesis of y-Si3N4 in a LH-DAC was reproduced by another research
group (Soignard et al. 2001a). Successful preparation of bulk amounts of cubic silicon nitride
at high pressures and high temperatures using multi-anvil apparatus was independently
reported by Schwarz et al. (2000) and Jiang et al. (2000a). At the same time y-Si3N4 was
synthesized using shock-wave techniques (He et al. 2000; Sekine et al. 2000). The materials

obtained using these different techniques were further investigated with various methods in
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order to derive their structure, composition, elasto-mechanical, thermal and opto-electronical

properties.

(a) (b)

Figure 1.5. Schematic crystal structures of SizN4: (a) ambient-pressure hexagonal B-Si3Ny
(space group P63/m, No. 176) with all Si-atoms in tetrahedral (4-fold) coordinations;

(b) high-pressure cubic spinel y-SisNy (space group Fd3m , No. 227) with Si-atoms in both
octahedral (light-grey spheres) and tetrahedral (grey tetrahedrons) coordinations.

The bulk modulus of y-SisN4 was determined using both static- and dynamic compression
techniques and the values between 290-317 GPa were obtained (He et al. 2000; Soignard et al.
2001a; Jiang et al. 2002; Zerr et al. 2002a). Applying nanoindentation technique Zerr et al.
(2002a) have determined the Young’s modulus, shear modulus and Poisson’s ratio of y-SizNy.
It should be mentioned that the resulted shear modulus of 148 GPa is almost two times lower
than the theoretically predicted values. Moreover, the authors estimated the Vickers hardness
Hy(0.5) " for oxygen free polycrystalline material to be between 30-43 GPa. Further
investigation of hardness of y-Si3Ny also revealed high values of about Hy(?) = 35 GPa (Jiang
et al. 2001) and of Hv(0.001) = 43 GPa for material with low oxygen content (< 0.5 wt.%)
(Tanaka et al. 2002). These results indicated that cubic silicon nitride is the third hardest
material after diamond and c-BN. Another property which is very important for different
applications is the thermal stability. The studies of high-temperature behaviour of y-SizN4 in
argon atmosphere showed that the reverse y-to-B transformation of nanocrystalline shock-
wave powders starts at about 1673 K (Sekine & Mitsuhashi 2001). Bulk multi-anvil samples

were found to be stable in air at least up to 1673 K and have transformed to a mixture of a-

" The value in parenthesis indicates the applied load in kilograms, i.e. Hy(0.5) means the Vickers hardness

measured at a load of 0.5 kg (L =4.9 N).
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and B-Si3N4 phases at 1873 K (Jiang et al. 2001). Thus, y-Si3Ny drastically outperforms other
superhard materials, such as diamond, c-BN, c-BC,N, stishovite-SiO;, B4C and B¢O in
thermal (meta)stability in air. Additionally, y-Si3N4 was found to be a semiconductor with an
energy band gap between 3.3 and 4.3 eV. The lower value was determined from optical
transmission spectra and cathodoluminescence (Zerr et al. 2002b), the upper was obtained by
a combination of X-ray absorption and emission spectroscopy (Leitch et al. 2004). These

findings suggested cubic silicon nitride to be suitable for fabrication of blue LEDs.

Combination of such useful properties of novel y-Si3Ny as high hardness, exceptional thermal
and oxidation stability, wide energy band gap, as well as ability to produce y-SizN4 powder in
commercial amounts and for reasonable costs using shock-wave methods (Zerr et al. 2006a)

opens a broad area for its potential industrial applications.

By analogy with y-Si3sN4 cubic spinel y-GesNs was synthesized at high pressures and high
temperatures independently by two research groups. Serghiou et al. (1999) have prepared
v-GesNy from elemental germanium and nitrogen above 14 GPa and 2000 K employing LH-
DAC. Leinenweber et al. (1999) have transformed the mixture of a- and B-Ge;N4 into the
cubic spinel phase using both LH-DAC and the multi-anvil technique at 24 GPa / 700 K and
12 GPa / 1300 K, respectively. Later, a successful preparation of y-GesN4 nanopowder using
shock-wave methods was reported (He et al. 2001). Being almost 20 % denser than the
ambient-pressure phases, high-pressure y-Ge;N4 was also found to have high bulk modulus of
295 GPa (Somayazulu et al. 2000) (in a reasonable agreement with predicted values) and high
hardness of Hvy(0.1) = 28 GPa (Shemkunas et al. 2004). The bulk modulus of y-Ge;Ny is
significantly higher than By of a- and B-Ge;N4 (Soignard et al. 2004a).

Simultaneously with the discovery of v-SizNs and y-Ges;Ns, cubic spinel Sns;Ns was
synthesized via a chemical reaction of SnBr, (or Snls) with KNH, at 573 K and ambient
pressure (Scotti et al. 1999). Later Shemkunas et al. (2002) obtained spinel tin nitride by solid
state metathesis reaction of Snly with LisN at 623 K and elevated pressure of NH4Cl
(2.5 GPa) using piston-cylinder apparatus. The Vickers hardness of 11 GPa for y-Sn3N4
measured at 0.1 kg load (Shemkunas et al. 2004) is, however, significantly lower than those
reported for y-GesNy and y-SizNa.

The discovery and further experimental studies of spinel nitrides were accompanied by a
number of theoretical calculations. Electronic structure, optical, -elastic, thermal,
thermodynamic and vibrational spectroscopic properties of binary y-A3;N4 (A = Si, Ge, Sn)

were investigated using different computational methods (e.g. Mo et al. 1999; Dong et al.
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2000; Bagayoko & Zhao 2001; Ching et al. 2001; Fang et al. 2003; Ching & Rulis 2006).
Existence and interesting properties of these compounds motivated further theoretical studies
of other hypothetical nitrides having spinel-type structure. Cubic spinel y-Cs;Ny4, y-Ti3Ny,
v-Z13Ny4 and y-Hf3N4 were initially postulated to exist. Based on this supposition the stability
and properties of ternary spinel nitrides were investigated for all possible combinations of
tetravalent cations of the group 14 (C, Si, Ge, Sn) and the group 4 (Ti, Zr, Hf) elements
(Ching et al. 2000; Ching et al. 2001; Ching et al. 2002a; Dong et al. 2003). Of all
hypothetical ternary nitrides only nine were suggested to be stable with respect to their
decomposition into binary constituents. Three of them, y-CSi,Ny4, 7-CGeaNy and y-SiGe,Ny
were calculated to be semiconductors, the others y-CTi;Ny, y-SiTi;Na, y-GeTi,Ny, v-ZrTiaNy,
v-SnTi1;Ny, v-ZrHf;N4 were predicted to be metals (Ching et al. 2001; Ching et al. 2002a).
First principle studies of the postulated spinel nitrides of the group 4 transition metals,
v-M3Ny (M =Ti, Zr, Hf), revealed that y-TisN4 and y-Zr;sN4 could be narrow band gap
semiconductors whereas y-Hf;N4 a metal (Ching et al. 2000; Ching et al. 2002a). A detailed
theoretical examination of Zr;N4 has shown that an ordered defect rock-salt structure, Zr;oNy,
has the lowest energy at ambient pressure when compared with spinel y-Zr;Ns and
orthorhombic 0-Zr;N4 (Ching et al. 2002b). This does not agree with later calculations of
Kroll (2003), where 0-Zr;N4 was found to be stable at ambient conditions. It should be
mentioned, however, that none of the above discussed hypothetical binary and ternary spinel

nitrides were synthesized so far.

The theoretical predictions were accompanied by experimental work on new binary and
ternary spinel nitrides. Investigation of Si3N4-Ge;N4 system at high pressures and high
temperatures revealed the existence of a continuous spinel-type solid solution above 23 GPa
and 2000 K (Soignard et al. 2004b). At lower pressures two immiscible phases of y-Ge;Ny
and y-Si,GeNy (in contrast to the suggested y-SiGe,;N4) have been observed (Soignard et al.
2001b). In turn, high-pressure high-temperature experiments with group 4 transition metal
nitrides resulted in the discovery of novel c-Zr;Ns and c-Hf3N4 having cubic Th;Ps-type
structure (Zerr et al. 2003). Synthesis and results of earlier experimental and theoretical

studies of c-M3Ny4 (M = Zr, Hf) are highlighted in the following paragraph.

1.3.2 Group 4 transition metal nitrides: 6-MN and c-M3N4

At ambient pressure, the group 4 transition metal nitrides commonly appear in the 1:1
stoichiometry and possess a cubic NaCl-type structure (Figure 1.6). They are also referred to

as mononitrides and denoted 6-MN (where M is Ti, Zr or Hf). The 6-MN are well known
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refractory materials with unique combinations of mechanical, thermal, chemical and electro-
magnetic properties (s. below). They have found a broad industrial application as hard wear
resistant coatings of cutting tools, corrosion and abrasion protection layers on mechanical and
optical components, diffusion barriers and superconductors in microelectronics (Toth 1971;

Ettmayer & Lengauer 1991; Oyama 1996; Pierson 1996; Lengauer 2000).

Figure 1.6. Crystal structure of group 4 transition metal mononitrides, 6-MN (NaCl-type,

space group Fm3m, No. 225). Both metal atoms (light-grey spheres) and nitrogen atoms
(dark-grey spheres) are in octahedral (6-fold) coordinations.

The group 4 transition metal mononitrides exhibit metallic behaviour. However, in contrast to
the related transition metals, they are brittle and hard. The Vickers hardness values for 6-MN
are reported to vary between 14 and 20 GPa depending on composition and microstructure
(Samsonov 1969; Ettmayer & Lengauer 1991; Lengauer 2000). These compounds also
possess high elastic moduli (e.g. By and Gy of about 250-400 GPa and 140-200 GPa,
respectively) and high strength (Kral et al. 1998; Teter 1998; Brazhkin et al. 2002). The 6-MN
belong to a class of refractory materials due to their high melting points (3300-3700 K in
nitrogen atmosphere) and a comparatively high thermal oxidation resistance (start to oxidize
in air between 800 and 1000 K) (e.g. Samsonov 1969; Toth 1971; Wiame et al. 1998).
Moreover, they are superconductors with relatively high critical temperatures of 5.8, 10.5 and
6.9 K for TiN, ZrN and HfN, respectively (Lengauer 2000). Another important property of
these nitrides is their defect structure. Maintaining NaCl-type structure, the mononitrides may
exhibit significant variation in stoichiometry toward both metal and nitrogen rich compounds

by formation of vacancies on the corresponding lattice sites. For example, for 6-HfN, x can
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vary from 0.74 to 1.7, while for 3-ZrN, from 0.54 to 1.35 (Toth 1971; Fix et al. 1991; Kral et
al. 1998). The presence of vacancies in 6-MN, significantly affects all their properties —
mechanical, thermal, electrical, magnetic and superconducting. In particular, 6-HfN, and
0-ZrN, with x> 1 transform from metallic to insulating phases with increase of nitrogen
content, whereas 0-TiN, is metal for all known compositions (Andrievski 1997). The structure
of the transition metal nitrides with high nitrogen content was suggested to be related to that

of NaCl-type with rhombohedral distortion; however, it is not completely clear yet.

With respect to stoichiometric M3Ns compounds of the group 4 transition metals, only
orthorhombic zirconium(I'V) nitride, 0-Zr;Ny (Figure 1.7), was known for a long time (Juza et
al. 1964; Yajima et al. 1983; Lerch et al. 1996). The 0-Zr;N4 was found to be non-conductive
and diamagnetic. On heating in nitrogen it decomposes above 1100 K into 0-ZrN and Nj. In
air it starts to oxidise at 800 K (Lerch 1997). Other properties of this material were not
investigated so far. It should be also mentioned that the density of 0-ZrsNy (6.32 g/em’) is
considerably higher than that of predicted y-Zr;N, (5.77 g/em’). Therefore it is very unlikely

for spinel zirconium nitride to be stable at high pressures.

(a) (b)

Figure 1.7. Crystal structure of orthorhombic zirconium(IV) nitride, o-ZrsN4 (space group
Pnam, No. 62): (a) unit cell with Zr- and N-atoms represented by grey and black spheres,
respectively; (b) the polyhedral structure plot showing the interconnection of
ZrNg-polyhedra.

The high-pressure high-temperature investigation of group 4 transition metal nitrides was a

logical extension of the studies on spinel nitrides. The discovery of novel y-A3;N4 (A = Si, Ge,
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Sn) has entailed speculations on possible stability of spinel nitrides of other tetravalent
elements (i.e. group 4 transition metals). To verify this supposition the chemical reaction of
Ti, Zr and Hf metals or their mononitrides (6-MN) with molecular nitrogen, was performed at
high pressures and temperatures using a LH-DAC (Zerr et al. 2003). In the experiments with
Ti-N system no formation of any other phase besides 6-TiN was observed at pressures of
17.5-25 GPa and temperatures of 1500-3000 K. In contrast to titanium, the experiments with
Zr-N system at 15.6-18 GPa and 2500-3000 K and Hf-N system at 18 GPa and 2800 K
resulted in synthesis of novel compounds. The examination of structure and stoichiometry

using XRD and EDX has shown that the reaction products are stoichiometric nitrides Zr;Ny4

and HfsN, with cubic ThsP4-type structure (space group 143d , No. 220) (Figure 1.8a) (Zerr
et al. 2003). Compounds having such structure are denoted throughout the thesis as c-M3Ny,

where M = Zr or Hf. The structure solution was confirmed by observation of Raman-active
vibrational modes, allowed by the symmetry group (/43d or T ). In the ThsP, structure type

cations are eight-fold coordinated by nitrogen atoms (Figure 1.8b), which themselves are six-
fold coordinated by metal atoms (Figure 1.8c). The cation coordination number of eight is
higher than those in the NaCl-type mononitrides and in 0-Zr;N4 (six-fold coordination) as
well as in the predicted spinel nitrides (four- and six-fold coordinations). As a result, the
density of c-Zr3Ny is almost 13 % higher than that of 0-Zr;Ny. In fact, c-Zr;N4 and c-Hf3Ny
are the first binary nitrides with such a high cation coordination number (Zerr et al. 2003).
Preliminary compressibility measurements have indicated high bulk moduli of = 250 GPa and

~ 260 GPa (assuming B, = 4) for zirconium(IV) and hafnium(IV) nitride, respectively, which

could indicate high hardness. By analogy with y-Si3N4, the authors have also presumed a high
thermal (meta)stability for c-M3;Ny (Zerr et al. 2003).

Subsequent theoretical studies of the electronic properties of these transition metal nitrides
supported the structure assignment and low compressibility of ¢c-M3Ny (By of 195-265 GPa
and 215-283 GPa for c-Zr;N4 and c-Hf3Ny, respectively) (Kroll 2003; Mattesini et al. 2003;
Lowther 2005) as well as their semiconducting behaviour, suggested in the original synthesis
work. The indirect band gap, depending on the calculation method, was predicted to be
between 0.56 and 1.1 eV for c-Zr;N4 and between 0.84 and 1.8 eV for c-Hf3N,4 (Kroll 2003;
Mattesini et al. 2003; Xu et al. 2006). The band structure analysis of c-M3;N4 has also
indicated “fingerprints” of superconductivity, which is expected in these materials after
appropriate electron doping (Kroll 2003). It was also shown that c-Zr;N4 and c-Hf3N4 have
relatively large static dielectric constants (Xu et al. 2006). Such combination of opto-

electronic and superconducting properties could suggest these materials for potential
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applications in microelectronics. Kroll (2003) has also computed and assigned the Raman-
active vibrational modes for c-M3;N4, which, however, are difficult to compare with
experimental spectra measured at high pressures (Zerr et al. 2003). Additionally, the elastic
constants of c-M3N4 were calculated using ab initio methods. Using these results and a
correlation between hardness and shear modulus reported by Teter (1998), Mattesini et al.

(2003) suggested a Vickers hardness value of about 20 GPa for both transition metal nitrides.

(a) (b)

Figure 1.8. (a) Crystal structure of c-M;3N, (cubic ThsP4-type, space group [43d , No. 220),
where the grey spheres represent the metal atoms (M = Zr or Hf) and the black spheres
represent the N-atoms. In this structure cations and anions are eight- (b) and six-fold
coordinated (c), respectively.

Later, theoretical investigation of nitrogen rich part of Ti-N, Zr-N and Hf-N P-T phase
diagrams has provided data on phase equlibria conditions between 8-MN + N, and c-M3;Ny
(Kroll 2004). Calculated minimum P-T conditions for stabilization of c-M3N4, however,
significantly overestimate experimental ones. Kroll (2004) has also suggested that phase
transition from low-pressure orthorhombic structure (0-M3;N4) to high-pressure Th;Ps-type
phase will occur at 6 GPa and 9 GPa for Zr;N, and Hf3Ny, respectively.

Further interest in these materials was excited by the recent finding that thin films composed
of c-Zr;Ny are significantly harder than those of 6-ZrN and, moreover, dramatically
outperform J-TiN in wear resistance during machining of a low-carbon steel (Chhowalla &
Unalan 2005). Titanium mononitride, in turn, is a well known hard wear-resistant material. It
is traditionally used in mono- and multilayer coating of cutting and milling tools, because it

considerably increases their service life (e.g. Ettmayer & Lengauer 1991; Su & Kao 1998).
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The films of c-Zr;N4 were prepared via the technique of physical vapour deposition (PVD)
(Chhowalla & Unalan 2005). For deposition, a modified filtered cathodic arc (FCA) method
was applied. In this method the metal vapour, generated by an arc discharge on pure
zirconium cathode, was reacted with fully ionized atomic nitrogen. The authors were able to
control the stoichiometry and the structure of the nitrides and to deposit stoichiometric -ZrN
or Zr;N4 with either orthorhombic or cubic structure. The formation of ¢-Zr;N4 was confirmed
by XRD and Raman spectroscopy examination: the measured X-ray diffractogram and Raman
spectrum agree with those of the material synthesized in a LH-DAC. It was suggested that,
during deposition, the high-pressure c-Zr;N4 was stabilized by large compressive stress (> 9
GPa) in the film and high temperature in the deposition zone. In nanoindentation tests with
maximum applied load of 5 mN, the c-Zr;Ny4 films were found to be significantly harder (= 36
GPa) than 6-ZrN films (= 27 GPa) obtained using the same deposition technique. Moreover,
milling tests with low carbon steel showed that a carbide tool coated with c-Zr;Ny is almost
one order of magnitude more wear resistant than an uncoated one or a tool coated with
traditional 8-TiN (Chhowalla & Unalan 2005). These results demonstrated a great potential of

c-M3Ny for industrial application as hard wear-resistant coatings.

In summary, the recently discovered cubic zirconium(IV)- and hafnium(IV) nitrides are of
potential interest for use in microelectronics and for wear-resistant applications. However, up
to this work there was no information on bulk synthesis of these materials, as well as only
limited preliminary experimental data on their properties were available. The present work
extends the knowledge on the high-pressure bulk synthesis and on the properties of c-Zr3Ny4
and c-Hf3Ny.

1.4 Subject of the work

The aim of the present work is the exploration of the recently discovered cubic
zirconium(IV)- and hafnium(IV) nitrides having Ths;P4-type structure. In the frame of this
study the high-pressure high-temperature synthesis of macroscopic amounts of oxygen-
bearing c-Zr;N4 and c-Hf;N4 was performed. Furthermore, structure and composition of the
synthesized high-pressure nitrides were determined, as well as their elasto-mechanical and

thermal properties relevant for potential industrial applications were investigated.

The initial part of the experimental work is concerned with preparation of starting material for
high-pressure synthesis. Since solid zirconium- and hafnium nitrides with nitrogen to metal

ratio >4/3 are not commercially available, a simple ambient-pressure method for the
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preparation of large amounts of nanocrystalline M3Ny., powders (M = Zr or Hf, x > 0) was
developed (Li et al. 2005). The method and its further improvement with respect to higher
nitrogen and lower oxygen content in the resulting materials are introduced in Chapters 2.1

and 3.1.

The high-pressure high-temperature synthesis of c-M3;Ny4 from nanocrystalline nitride powders
was performed employing a multi-anvil apparatus. The choice of the appropriate high-
pressure technique and experimental details of the synthesis are described in Chapters 2.2 and
3.2. The samples were recovered under ambient conditions and characterized using various
methods. In particular the phase content and the structure of the high-pressure nitrides were
investigated using powder X-ray diffraction (XRD) and transmission electron microscopy
(TEM) (Chapters 3.2, 3.3.2). Electron probe microanalysis (EPMA) was used for
determination of the sample composition (Chapter 3.3.1). Morphology of the high-pressure
materials was examined employing scanning electron microscopy (SEM) combined with
energy dispersive X-ray analysis (EDX) (Chapter 3.3.5). Analysis of the results from XRD,
TEM and EPMA suggested the formation of cubic oxygen-bearing zirconium(I'V) nitride (or
oxynitride) having ThsPs-type structure, c-Zr3(N,O)s. In the case of hafnium nitride,
contamination of the sample with minor amount of an oxidic phase didn’t allow to conclude
unambiguously about extent of oxygen incorporation into c-Hf3N4 structure. The Rietveld
refinement of the XRD data was performed in order to derive the structure parameters for

c-Zr3(N,0)4 and c-Hf3Ny4 (Chapter 3.3.2).

The investigation of elasto-mechanical properties included determination of elastic moduli
(Bo, Go, Ey, v) and hardness of the synthesized materials. The bulk moduli of c-Zr3(N,0)s and
c-HfsNy were derived from their equations of state, V(P), measured on quasi-hydrostatic
compression to 50 GPa in a diamond anvil cell using in situ XRD (Chapter 3.4.1). For
c-Zr3(N,0)s the Vickers hardness and the nanoindentation hardness were measured
(Chapters 3.4.2 and 3.4.3). Moreover, the isotropic shear modulus, Young’s modulus and
Poisson’s ratio of c¢-Zr3(N,O)s were determined by combination of compression and
nanoindentation measurement results (Chapter 3.4.4). Since SEM revealed high porosity of
both high-pressure materials, its influence on the measured hardness and elastic moduli values
is additionally discussed. The high-temperature behaviour of c-Zr3(N,0); was also
investigated in air between room temperature and 900 K using in situ XRD. The thermal
expansion coefficient was derived from the high-temperature XRD data (Chapter 3.5).
Finally, the results of this work are summarized and the structural features as well as the

property profiles of c-M3N4 are compared with those of other hard high-pressure materials.



2 Experimental techniques

The present chapter introduces experimental methods and devices employed in this work.
Firstly, equipment for preparation of nitrogen-rich zirconium and hafnium nitrides via
ammonolysis is described. They were used as starting materials in high-pressure synthesis
experiments. The following chapter briefly overviews modern high-pressure techniques; a
multi-anvil apparatus used for high-pressure high-temperature synthesis of c-Zr;Ns and
c-Hf3N, is described in detail. Analytical methods applied for characterisation of recovered
materials, namely powder X-ray diffraction, transmission and scanning electron microscopy,
electron probe microanalysis, Raman spectroscopy, are presented in Chapter 2.3. The last part
of this chapter deals with techniques for investigation of elasto-mechanical properties
(compressibility measurement, indentation methods) and high-temperature behaviour (high-

temperature X-ray diffraction) of the synthesized high-pressure nitrides.

2.1 Preparation of starting material

In order to synthesize c-Zr;N4 and c-Hf;N4 in macroscopic amounts at high pressures,
appropriate starting materials were required. Since solid nitrides with N/M-ratio > 4/3
(M =Zr, Hf) are not commercially available, a simple ambient-pressure method for
preparation of large amounts of nanocrystalline M3;N4 powders having distorted NaCl-type
structure was developed in our research group (Li et al. 2005). Some improvement of this
method, as described below, allowed obtaining such powders with N/M ratio even higher than

4/3 and with minimised amount of oxygen.

2.1.1 Ammonolysis of metal dialkylamides

Powders of nanocrystalline Zr;Ny4., and Hf3N4., having distorted NaCl-type structure were
synthesized by ammonolysis of metal dialkylamides, namely tetrakis(diethylamido)zirconium
and -hafnium (Zr(NEt;)s and Hf(NEt,)s, where Et = C,H5s), at high temperatures up to 873 K
(L1 et al. 2005). Since the metal dialkylamides are highly air- and moisture sensitive fluids,
they were kept and handled only in a glove-box under controlled oxygen-free dry argon
atmosphere. The synthesis procedure was as follows: prior to ammonolysis of M(NEt,)s

(M = Zr or Hf) a quartz Schlenk-type tube with a quartz boat inside was dried by heating in
35
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the tube furnace at 873 K for 3 h in order to remove residual moisture. Heating of the tube
was conducted under continuous dry argon flow. This preliminary treatment of quartz
glassware improved the composition of the nanocrystalline Zr;N4+, so that it exhibited higher
nitrogen and lower oxygen content than in the products obtained in the earlier work (Li et al.
2005). The quartz boat was filled with up to about 4 ml of Zr(NEt,)s or Hf(NEt,)4 and placed
into the Schlenk-type tube (Figure 2.1). The tube with the boat inside was then mounted in a
tube furnace. Following the work of Li et al. (2005), the ammonolysis of the metal
dialkylamides was performed using high-purity ammonia (99.999 %) supplied with the rate of
about 1-1.5 I/h. The ammonia was fed from a gas bottle to the quartz tube through the inner
part of a coaxial hose: in order to diminish hydrolysis of ammonia during ammonolysis,
continuous dry argon flow was sustained in the outer hose (Figure 2.1). The heating schedules
for ammonolysis of Zr(NEt;)s and Hf(NEt,), are given on Figure 2.2. After step-wise heating,
the furnace was switched off and the samples allowed to cool slowly down to room
temperature. The ammonolysis of about 4 ml (i.e. 10.8 mmol) of M(NEt,), yielded typically
about 1.2 g and 1.7 g of powder for M = Zr and Hf, respectively. In order to prevent
contamination with moisture, the obtained nanocrystalline powders were handled in the

glove-box under inert dry argon atmosphere.

Ar { 4

D ) E/ M(NEt,),

Figure 2.1. Schematic drawing of the ammonolysis setup: (A) quartz Schlenk-type tube,
(B) quartz boat, (C) coaxial hose, (D) teflon fitting.

2.1.2 Hot-gas-extraction elemental analysis

The nitrogen and oxygen content in the nanocrystalline Zr;Nas., and Hf3N4., powders was
determined using a hot-gas-extraction analyser LECO TC-436 (LECO Corporation). The
powdered samples were burned in a graphite crucible at about 3000 K under helium
atmosphere. Oxygen in the samples reacted with carbon forming carbon monoxide which was

oxidized to CO; using CuO catalyst. The CO, was then quantitatively analysed by infrared
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absorption spectroscopy. Thermally released molecular nitrogen was measured by thermal
conductivity method. ~ Titanium nitride (TiN), O-containing titanium metal and N/O-
containing steels (LECO Corporation) were used as standards for the analyser calibration. The
nitrogen and oxygen contents in the samples were determined with accuracies of 5 ppm and
1 % of the measured amount, respectively. In order to obtain good statistics at least five

measurements were made for each sample.
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Figure 2.2. Heating schedules for ammonolysis of Zr(NEt,)s (a) and Hf(NEt,)s (b). These
schedules allowed to obtain nanocrystalline powders of M3N4i, (M = Zr or Hf) with N/M
ratio > 4/3 and low oxygen content.

*ASTM E1019; LECO TC-436 instrument manual



38 CHAPTER 2. Experimental techniques

2.2 High-pressure techniques for synthesis and in situ examination

High-pressure techniques were used in the present work for two purposes. Firstly,
macroscopic amounts of cubic Zr;N4 and Hf5N4 were synthesized at pressures of 12 GPa and
high temperatures. Secondly, compressibility of the nitrides was measured on compression up

to about 50 GPa.

This chapter gives an introduction to the most important static high-pressure techniques able
to generate pressures in excess of 1 GPa. The main attention is paid to a multi-anvil apparatus
and a diamond anvil cell (DAC) which were employed in the present work. A multi-anvil
apparatus used for high-pressure high-temperature (HP-HT) synthesis of c-Zr;N,4 and c-Hf3N4
is described in detail in Chapter 2.2.2. An extended description of the DAC technique is given
in Chapter 2.4.1. The moderate-pressure equipment (up to 1.5 GPa), such as cold-seal vessels
and auto-claves (e.g. Spain & Paauwe 1977; Holloway & Wood 1988), is not considered here
because it operates below the pressures related to this work. Description of dynamic methods
of pressure generation is also omitted. These methods allow achievement of ultra-high
pressures = 100 GPa and higher and simultaneous ultra-high temperatures via generation in a
sample of shock waves by hypervelocity impact or explosion (Davison et al. 2002; Fortov et
al. 2004). Despite large amounts of shock-wave products (in order of 10 cm?®), very short
compression times (microseconds or less) usually result in formation of ultradispersed

powders with reduced crystallinity.

2.2.1 Introduction to high-pressure techniques

For generation of static pressures exceeding 1 GPa a few high-pressure apparatuses can be
used: piston-cylinder systems, belt-type apparatuses, toroid-type cells, multi-anvil apparatuses
and diamond anvil cells (DAC). In addition to the principal difference in design and
production/operation costs, these techniques also differ in the maximal achievable pressure,
temperature and sample volume. One should mention that design of the devices listed above
is based on two main principles of static pressure generation: piston-cylinder and opposite

anvils (s. below).

In a piston-cylinder system (Boyd & England 1960; Eremets 1996) pressure is generated by
forcing a piston into a sample chamber within a cylinder (Figure 2.3a). The volume of a high-
pressure chamber can vary from 1 to 100 cm’. The maximum pressure (about 5 GPa)

achievable with this apparatus is limited by the tensile yield strength of the cylinder and
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decreases with the sample volume increase. Samples can be heated by a resistance furnace

assembly located within the pressure chamber up to 2000 K.
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Figure 2.3. Schematic drawing of a piston-cylinder (a) and Bridgman’s opposite anvils (b).
Hutched and grey areas represent pressure volume and gasket, respectively. Arrows indicate
the direction of applied load.

Another principle of pressure generation implies opposite anvils, originally designed by
P. W. Bridgman (Bridgman 1952). In this method thin disc of sample material is compressed
between two opposite anvils made of hard and strong material (Figure 2.3b). The sample disc
is contained by a gasket ring which seals the pressure chamber by friction. The maximum
pressure achievable by this method is determined by the ratio between the force applied to
anvils and the anvil-face (culet) area and is limited by the compressive yield strength of the
anvil material. For example, use of the laterally supported tungsten carbide anvils allows
reaching pressures around 10 GPa (Eremets 1996). While the original Bridgman’s anvils are
rarely used today, the principle of gasketed opposite anvils is implemented, to a variable

extent, in design of the most modern high-pressure devices.

The efforts to generate pressures exceeding 5 GPa in the comparably large volumes
(> 0.1 cm’) resulted in development of new high-pressure techniques, such as belt, toroid and
multi-anvil apparatuses. Belt-type apparatus (Hall 1960; Kanke et al. 2002) consists of two
conical tungsten carbide semi-pistons which compress the sample in a tungsten carbide
cylinder with specially shaped walls. Both cylinder and pistons are laterally supported by
stressed binding rings (Figure 2.4a). Belt-type apparatus allows routine experiments up to
8 GPa and temperatures of 2300 K in the volume of about 100 mm’. Different versions of this
high-pressure device are used today for industrial production of diamond and cubic boron

nitride.
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Figure 2.4. Schematic drawing of belt (a) and toroid-type (b) high-pressure apparatuses,
where pressure volume and gasket are represented by hatched and grey areas, respectively.
The direction of applied load is shown by arrows.

Toroid-type cells (Khvostantsev et al. 1977; Khvostantsev et al. 2004) represent the
modification of Bridgman’s opposite anvils where each anvil has a lens-shaped pressure
chamber encircled by a toroidal recess (Figure 2.4b). Such geometry allows generation of
pressures up to 11 GPa within the volume of 300 mm’. However, the toroid cell has
disadvantages as compared with the belt apparatus: significant pressure gradients are present
within the pressure chamber; considerably higher press loads are required for achievement of

similar pressure and sample volume.

The above described high-pressure apparatuses can produce large amounts of material (up to
several hundreds cm’ per one load). Therefore, they are widely used today for materials
syntheses on industrial scales. However, the maximum pressure achieved in these apparatuses
commonly does not exceed 10 GPa. Considerably higher pressures can be created by another

two devices: diamond anvil cells and multi-anvil apparatuses.

A diamond anvil cell (DAC), combined with laser-heating technique, is, apparently, the most
powerful high-pressure device with respect to generation of high pressures and high
temperatures and to employment for in situ studies (Ming & Bassett 1974; Boehler &
Chopelas 1991; Holzapfel & Isaacs 1997; Boehler 2000; Zerr et al. 2000). The principle of
pressure generation in a DAC is similar to that in the Bridgman’s anvils: a diamond anvil cell
consists of two opposed diamond anvils with flat-polished tips (culets) between which a
sample is compressed (Figure 2.5a). Owing to exceptional strength of diamond (more than 20
times as much as that of tungsten carbide (Eremets et al. 2005)), a DAC can generate much
higher pressures than can be achieved, for example, with WC-Co anvils. The diamonds are

usually mounted on tungsten carbide seats. The typical diamond culet diameter is between 0.1
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and 0.5 mm, while the diameter of the diamond table (surface opposite to the culet) is usually
around 3 mm. The conical shape of diamond anvils allows pressure multiplication: the
maximum pressure achievable in a DAC increases with the ratio of table area to culet area of
diamonds. Accordingly, a DAC with sufficiently small culets can reach pressures in excess of

500 GPa (Ruoff et al. 1992).

A sample in a DAC can be either simply squeezed between the diamond culets or placed
inside a hole drilled in the centre of preindented thin metal gasket which is then compressed
between the anvils (Figure 2.5a). In particular, gasket is required for compression of liquids
and gases. It seals the pressure chamber by friction and provides lateral support to diamond
anvils at high pressures. Liquids or gases can also be used as a nearly hydrostatic pressure
transmitting medium even if they transform to solid state on compression. This is of particular
importance for compressibility measurements, when non-hydrostatic stresses in a sample

chamber can bias the measured values and thus are unacceptable (s. Chapter 2.4.1).

A great benefit of a DAC technique is related to the diamond transparency to X-ray radiation,
IR and visible light. This allows application of a variety of spectroscopic and diffractional
methods for examination of samples in situ at high pressures in a DAC. In particular, the
compressibility of the synthesized materials was measured in the present work in a DAC
using in situ X-ray powder diffraction. The detailed description of this method is given in the
corresponding section below (Chapters 2.3.1.2 and 2.4.1). For heating of samples in a DAC
several techniques can be used. The external heating with a resistance heater located around
the diamonds is limited to about 1800 K. Above this temperature diamond transforms to
graphite even in inert atmosphere (Eremets 1996). Heating of conductive samples can be
performed internally by passing of electric current through them. Alternatively, samples in a
DAC can be heated internally via optical absorption of infrared laser radiation. In this method
intense Nd-YAG or CO, lasers are focused on a sample through the IR-transparent diamond
anvil (Boehler & Chopelas 1991; Boehler 2000; Zerr et al. 2000). High temperatures up to
7300 K can be achieved using this technique (Zerr et al. 2006b). The only significant
disadvantage of a laser-heated DAC is the extremely small sample size. The typical culet
diameter of 0.1-0.5 mm implies that only very small samples (< 10 mm?®) can be loaded in a
DAC. Such sample amounts can be characterized only using microscale techniques and are

well below industrial scale.
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Figure 2.5. Principle of a diamond anvil cell (a) and a multi-anvil device (b). The hutched
area represents the pressure volume. An opposite anvil system (a) is loaded uniaxially. In
multi-anvil system (b) pressure chamber in the shape of a regular tetrahedron, cube, or
regular octahedron is compressed from several directions by four, six or eight identically
shaped anvils, respectively. Load directions are shown by arrows.

In experiments with piston-cylinder and opposite-anvils devices samples are compressed by
applying uniaxial load. Thus, (quasi)hydrostatic conditions within the pressure chamber can
be achieved only by using a soft pressure medium. More homogeneous load distribution can
be attained by sample compression from several directions simultaneously. This idea led to
development of multi-anvil apparatuses, where a sample volume in the shape of a regular
polyhedron is compressed by several identically shaped anvils (Figure 2.5b). The
compression is achieved by forcing the anvils along their axis toward the centre of a
polyhedron. Thus four-, six- and eight-anvil apparatuses for compression of tetrahedral, cubic
and octahedral volumes, respectively, were designed and successfully employed (Hall 1958;
Von Platen 1962; Osugi et al. 1964; Kawai 1966; Kawai & Endo 1970). Today the most used
devices are the various versions of two-stage octahedral (also known as 6/8-type) multi-anvil
apparatus (Kawai & Endo 1970; Onodera 1987; Walker et al. 1990). The name “6/8” is due to
the number of anvils in each stage: eight cubic tungsten carbide inner-anvils (second stage)
are enclosed by six hardened steel outer-anvils (first stage). The eight cubic anvils have corner
truncations so that, when assembled together, they form an octahedral pressure chamber. As
the first stage, different cubic-compression system are used, such as split-sphere system
(Kawai & Endo 1970), split-cylinder cluster (Walker et al. 1990) (s. below) or a DIA-type
cubic multi-anvil apparatus (Osugi et al. 1964; Kondo et al. 1993). The geometrical
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construction of a 6/8-type system allows redistribution of the uniaxial load of a hydraulic
press into a nearly uniform (quasi-hydrostatic) compression of the octahedral pressure
chamber. The 6/8-type multi-anvil apparatus has met particular success, because it allows
generation of pressures up to 25 GPa and temperatures up to 3000 K in comparably large
sample volume (= 1 mm®). Moreover, it allows holding stable HP-HT conditions for
significant periods of time (up to several weeks). Even higher pressures (up to 40 GPa) are
achievable with inner-anvils made of sintered diamond, however for a smaller sample volume

of about 0.1 mm”® (Ohtani et al. 1989).

In the present work the 6/8-type multi-anvil apparatus was chosen for HP-HT synthesis of
c-Zr;N4 and c-HfsN4 because, in contrast to other considered high-pressure devices, it
operates within a wide range of pressures (up to 25 GPa) and temperatures (up to 3000 K),
and the amount of synthesized material (> 1 mm”®) is sufficient for characterization using
standard techniques. The detailed description of the multi-anvil high-pressure assembly and of

the sample environment is given in the following chapter.

2.2.2 Multi-anvil (MA) apparatus

For HP-HT synthesis of c¢-Zr;N4 and c-Hf3Ny4 presented in this thesis, a 6/8-type multi-anvil
apparatus with a Walker-type module (Walker et al. 1990) was employed. The experiments
were performed at the Institut fiir Geowissenschaften, J. W. Goethe-Universitit, Frankfurt am
Main, Germany. Description of this device, its working principle and sample environment is

given below.

2.2.2.1 Walker-type module

As was mentioned above, in the 6/8-type multi-anvil system the uniaxial load of a hydraulic
press is uniformly distributed through six outer anvils (first stage) between eight inner cubic
anvils (second stage), thus providing quasi-hydrostatic compression of the octahedral pressure
chamber. A Walker-type module (Walker et al. 1990) represents a simple method of such load
redistribution and combines satisfactory compression efficiency with reasonable costs of
parts. It consists of a set of six tool-steel anvils (or wedges), cut as segments from a cylinder
and shaped so as to compress the cubic second stage (Figure 2.6a). This cylindrical assembly
(with cubic second stage inside) fits into a massively supported containment ring and is

loaded with an uniaxial hydraulic press via pressure distribution plates (Figure 2.6b-d).
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Figure 2.6. Working principle of the Walker-type module: the cubic second compression
stage is nested within split-cylinder six-wedge cluster (a) which fits into the containment
ring (b); the module is loaded uniaxially via pressure distribution plates (c¢) using the
800-tonnes hydraulic press (d).

The second compression stage consists of eight cubes made of tungsten carbide cermet (WC5-
6%Co composite). Each cube has a triangular corner truncation so that when all eight anvils
assembled in a cubic set, the corner truncations form an octahedral pressure chamber (Figure
2.7a). In this chamber a ceramic pressure-transmitting medium containing encapsulated
sample, furnace and thermocouple is placed (s. below). In order to allow volume reduction, to
support the anvils on loading, and to seal the high-pressure chamber, pyrophyllite gaskets are

placed between the WC-Co cubes as shown on Figure 2.7b.
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(a) (b)

Figure 2.7. Second compression stage of a 6/8-type multi-anvil apparatus: (a) schematic
view of eight tungsten carbide cubes with corner truncations arranged around octahedral
pressure medium; (b) trapezoidal pyrophyllite gaskets are attached to the WC-Co cubes
faces close to truncations so as to properly fit around octahedron.

The maximal pressure which can be achieved with the Walker-type module is determined by
the maximal applied uniaxial load and effective area of “anvils-to-pressure medium” contact.
The maximal applied load is usually limited by the capability of a hydraulic press or by the
strength of the containment ring. On the other hand, attainable pressure can be increased (up
to the compressive strength of the anvils) by decreasing of truncation area of the anvils (i.e.
truncation edge length, TEL) and, correspondingly, of volume of the octahedral pressure
medium (characterized by octahedral edge length, OEL). There exist several particular sizes
of assemblies, described by the OEL/TEL notations (e.g. Walter et al. 1995; Huppertz 2004;
Keppler & Frost 2005). The commonly used OEL/TEL combinations and corresponding
pressure ranges attainable with employed in the present work 800-tonnes uniaxial hydraulic
press are listed in Table 2.1. For present high-pressure experiments the 14/8 assembly was
chosen. It employs 32 mm edge length WC-Co cubes with TEL of 8 mm and ceramic

octahedral pressure medium with OEL of 14 mm.

Table 2.1. Standard OEL/TEL assemblies employed at the Institut fiir Geowissenschaften,
J. W. Goethe-Universitdt, Frankfurt am Main, and corresponding pressure ranges, gasket
dimensions and approximate sample volume (Steinberg 2005).

Assembly OEL/TEL  Pressure range Gasket thickness x width ~ Approx. sample volume

[mm] [GPa] x inner length [mm] [mm’]
18/11 3-8 3.0x5.0x 16.5 8
14/8 6-14 2.75%x5.0x12.0 3

10/4 10-24 2.75x5.0x7.5 1
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In order to heat the sample at high pressures, a resistance furnace was used (s. below). An
external power supply (maximal AC power of 3 kW) allows to apply a voltage to the opposite
tungsten carbide cubes which are in contact with the furnace. The resulting electric current
sent through the furnace leads to heat emission. In order to prevent short circuit between the
anvils, WC-Co cubes faces were additionally insulated from each other by an adhesive teflon
tape and from the Walker module by fibre-glass plastic plates. The heater design and

materials used for the furnace and thermal insulation are described below.

2.2.2.2 The octahedral pressure assembly

As described in the previous chapter, a 6/8-type multi-anvil system compresses an octahedral
pressure medium (ceramic octahedron), which contains not only the sample, but also a
resistance furnace, a thermal insulation and a thermocouple for temperature control. The

details of the octahedron assemblage are given below.

MgO-octahedron. The octahedron with OEL of 14 mm used in the multi-anvil experiments
was made of porous MgO ceramic doped with 5 wt.% of Cr,O; (Ceramic Substrates &
Components Ltd). The MgO-based ceramics are usually used as a pressure transmitting
medium in multi-anvil apparatuses because magnesium oxide has high melting point and is
soft at high-temperatures, thus providing nearly hydrostatic pressure conditions (e.g. Keppler

& Frost 2005).
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Figure 2.8. Schematic drawing of the octahedral pressure cell: (a) cross section (b)
assembled octahedron; thermocouple wires are guided through the grooves to opposite
edges of the octahedron and leave pressure medium via soft steel tubes.
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Thermal insulation. In order to reduce the heat loss and to smooth temperature gradients in
the sample at high-temperatures, the thermal insulation layer is usually placed around the
heating element. In the present work a ZrO,-sleeve with outer and inner diameters of 6.0 and
2.6 mm, respectively, served as thermal insulator. It was mounted in the hole drilled in the

MgO-octahedron as shown on Figure 2.8a.

Furnace. The cylindrical resistance furnace was made by wrapping a rhenium foil of
0.125 mm in thickness. The rhenium cylinder was 3 mm longer than ZrO;-sleeve. Both ends
of the furnace, inserted in the ZrO;-sleeve, were then incised and bent as shown on Figure

2.8b in order to provide electrical contact between the furnace and WC-Co cubes.

Sample encapsulation. In order to prevent reaction of sample material with the surrounding
pressure medium, the sample is usually loaded in a noble metal capsule. When having high
thermal conductivity, the encapsulating material can also smooth temperature gradients within
the sample.” In the present work the capsules were made of platinum tubing with outer
diameter of 1.6 mm and wall thickness of 0.1 mm. The piece of the Pt-tubing of about 4 mm
in length was first closed from one side with a Pt-cap, arc-welded and formed with a pressing
mould. The sample powder was filled in the capsule and tightly compacted using a punch and
a hammer. The filled capsule was closed then with the Pt-disc (0.1 mm thick and 1.4 mm in
diameter) and Pt-cap and sealed afterwards mechanically in a pressing mould. The sample
loading and capsule sealing were performed in a glove-box under controlled argon
atmosphere in order to diminish contamination with oxygen and moisture. The final safe
sealing of the capsule was performed under ambient atmosphere in the pressing mould using a
small hydraulic press. Finally, the sample capsule of about 2-2.5 mm in height was placed in
the centre of the octahedron and was insulated from the Re-furnace by MgO-sleeve. MgO-
tube (for thermocouple insertion) and MgO-rod filled the space at the top and the bottom of

the sample capsule, respectively (Figure 2.8a).

In order to reduce contamination of sample with oxygen, which can diffuse from oxide
pressure medium through the Pt-capsule during heating (Schwarz et al. 2000) a “double
encapsulation” was performed in some experiments. The sealed Pt-capsule was inserted in the
molybdenum capsule made of two wrapped layers of 0.025 mm thick Mo-foil. The outer

capsule was closed and sealed mechanically in the way described above.

" http://multianvil.asu.edu
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Thermocouple. The temperature at high pressures was monitored using a W5%Re-W26%Re
thermocouple (0.127 mm wires diameter, Omega Engineering Inc.) which is suitable for
temperature measurements up to about 2600 K. An additional advantage of the W-Re based
thermocouples is a lower pressure effect on the electromotive force, when compared with
other thermocouple types (Walter et al. 1995; Li et al. 2003). The thermocouple wires were
inserted in alumina sleeve and crossed, thus forming a junction. The thermocouple assembly
was then inserted in the MgO-tube above the capsule so that the junction was in contact with
the sample container (s. Figure 2.8a). Thermocouple wires were insulated from the Re-furnace
by alumina sleeves of 0.6 mm in diameter and guided through grooves in the octahedron and
through soft steel tubes in the gaskets out of the pressure chamber (Figure 2.8b). The soft steel
tubes (0.6 mm in diameter and 1 cm in length) were used in order to prevent breakage of the
thermocouple wires during gasket extrusion. The remaining free space in the ZrO,-sleeve and

grooves in the octahedron were filled with ceramic cement.

2.2.2.3 Pressure and temperature measurement

The actual sample pressure in the multi-anvil experiments was determined from the pressure-
versus-press load calibration curve. The sample pressure as a function of the press load was
calibrated for each OEL/TEL assembly using known high-pressure phase transitions
(Steinberg 2005). The room temperature (RT) calibration is based on the HP phase transitions
of Bi and ZnTe. At high temperatures, however, sample pressure is usually lower than at RT,
therefore additional high-temperature calibration is required. The high-temperature calibration
is based on the known HP-HT phase equilibria in minerals, such as CaGeO; (garnet-
perovskite), SiO, (coesite-stishovite) and Mg,SiO4 (forsterite-wadsleyite). Further
experimental details on the low- and high-temperature pressure calibration can be found

elsewhere in the literature (e.g. Walter et al. 1995; Rubie 1999; Keppler & Frost 2005).

The actual sample temperature was obtained from the thermocouple signal. No corrections for
the pressure dependence of the electromotive force of the thermocouple were made in this
work. In the case of thermocouple failure (e.g. wire breakage), temperature could be

alternatively estimated via monitoring of the electric power applied to the Re-furnace.

2.2.2.4 HP-HT experimental procedure

The Walker-type module with an assembled octahedron inside was compressed with the
uniaxial hydraulic press (load rate 1500 kN/h) to the required sample pressure in accordance
with a HT pressure-calibration curve. The sample was then heated at 50 K/min up to the

intended temperature, kept at the maximum temperature for about 20 minutes and quenched
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by switching off the heating electric power. The water-cooling of the Walker-type module
allows holding the temperature of WC-Co cubes below 373 K (Steinberg 2005). Therefore the
sample temperature falls down to about 400-430 K in a few seconds. After quenching the load
has to be reduced slowly (with rate of about -180 kN/h) in order to relieve the large residual

stresses in WC-Co cubes.

2.2.2.5. Sample recovery

After load reduction, the WC-Co cubes assembly was removed from the Walker module and
opened. The densified MgO-octahedron was broken in order to recover the sample capsule.
The capsule was then embedded in epoxy and polished with SiC-paper, until the sample
surface appeared. After that, sample was cut using a diamond wire saw (Well Model 4240,
Well Diamantdrahtsdgen GmbH) into a few pieces for further examination using techniques

described below.

2.3 Analytical methods

This chapter introduces analytical techniques used in the present work for examination of
structure, composition and morphology of the synthesized high-pressure nitrides: powder
X-ray diffraction, electron probe microanalysis, transmission and scanning electron

microscopy, and Raman spectroscopy.

2.3.1 Powder X-ray diffraction

X-ray diffraction (XRD) is a standard non-destructive characterization method which
provides detailed information about crystalline structure of investigated materials. The XRD
is based on the constructive interference of X-rays elastically scattered by a regular periodic
system of atoms (more precisely, electrons) in a crystalline solid. If the wavelength of the
X-ray radiation is comparable with the interatomic distances, the atomic planes of crystal
lattice can be considered as a three-dimensional diffraction grating for X-rays. The basic
condition for the constructive interference of radiation of wavelength 4 diffracted by atomic

planes with spacing d is given by Bragg’s law:
nA=2dsné,

where 7 is an integer and 6 is the angle between the incident beam and the diffracting atomic
planes. The angle between the incident and the diffracted beam is therefore equal to 26. For

monochromatic X-ray radiation (4 = const) the XRD data are represented by intensity / as a
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function of diffraction angle 26 (diffraction pattern or diffractogram), where diffraction peaks
(or reflections) correspond to the particular d-spacings of the crystal lattice. This technique is
referred to as the angle dispersive X-ray diffraction (AD-XRD). For polycrystalline samples
(powders) with randomly oriented grains, X-ray radiation is scattered symmetrically around
the primary beam into diffraction cones. Thus AD-XRD data can be collected either in the
form of concentric circles using a flat image-plate or CCD detector (s. Chapter 2.3.1.2), or in
the intensity /(26) as a function of 26 by a curved or linear position sensitive detector or an

X-ray photon counter.

Alternatively, powder X-ray diffraction measurement can be accomplished using
polychromatic X-ray radiation. In this case diffraction patterns are collected at fixed
diffraction angle (260 = const) using a Si(Li) or Ge energy dispersive X-ray detector. This
technique provides the diffracted intensity / as a function of the radiation energy E = hc/A
(where 4 is Planck’s constant and c is the light speed in vacuum) and is referred to as energy
dispersive X-ray diffraction (ED-XRD). The condition for the constructive interference of

diffracted radiation at the angle 26 is given by Bragg’s law with 4 = Ac/E.

In the present work the powder AD-XRD technique was used for phase identification,
investigation of the high-temperature behaviour (Chapter 2.5) and determination of structural
parameters of synthesized compounds by means of full-profile Rietveld structure refinement
(s. below). The synthesized amount of high-pressure nitrides (> 1 mm®) allowed employment
of a low-intensity X-ray beam provided by standard “in-house” diffractometers at the FG
Strukturforschung, FB Material- und Geowissenschaften, TU Darmstadt. Alternatively, high-
brilliance monochromatic synchrotron radiation was used in order to obtain high-quality
powder XRD pattern of c-Hf3N4 in a reasonable period of time. The ED-XRD was employed
for measurement of the lattice parameters and, accordingly, specific volumes of high-pressure
nitrides as a function of pressure upon compression in a diamond anvil cell (s. Chapter 2.4.1).
Since the sample amount in a DAC is very small, polychromatic synchrotron radiation was

used in those experiments.

2.3.1.1 In-house X-ray diffractometers

Reflection geometry. In order to preliminary examine the phase content of the synthesized
products, the powder XRD patterns were measured from the polished sample surface in the
reflection geometry using an automated four-circle diffractometer STOE STADI-4 (Stoe &
Cie GmbH) with Co-anode (A = 1.7890 A). Diffraction intensity was recorded in 26-w scan
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mode (26:w = 2:1, where 26 is the diffraction angle and w is the angle between the incident

X-ray beam and the sample surface), so that to obtain conventional /(26) diffraction patterns.

Transmission geometry. The powder XRD pattern of cubic zirconium(IV) nitride was
measured in the Debye-Scherrer geometry using a STOE STADI P diffractometer (Stoe & Cie
GmbH) with Mo-K,; radiation (4 = 0.70932 A). The diffractometer is equipped with a
position sensitive detector with 6° aperture. A NIST-NBS640b Si standard was used for
preliminary calibration of sample-to-detector distance. The slice of the sample was cut with a
diamond wire saw and crushed into powder using a tungsten carbide tool. The powdered
sample was filled in a glass capillary of 0.3 mm in diameter which was rotated in order to
obtain texture-free powder XRD pattern. The sample height was about 2-2.5 mm. Intensity,

1(26), versus diffraction angle 26 from 10° to 61° was collected in steps of A(26) = 0.01°.

2.3.1.2 Synchrotron radiation

Because of strong absorption of Mo-K,; radiation by hafnium, the above described in-house
diffractometer could not provide for hafnium nitride the XRD pattern of a quality sufficient
for detailed structural characterization. Use of a glass capillary of 0.1 mm in diameter also did
not yield a satisfactory result, probably because of the small sample volume. Therefore a
high-brilliance X-ray radiation source was necessary for the XRD study of cubic hatnhium(I'V)
nitride. The XRD experiments were performed at the beamline ID27 of the European
Synchrotron Radiation Facility (ESRF), Grenoble, France. The XRD data were collected with
a MAR345 image-plate detector (MarResearch GmbH) using monochromatic synchrotron
radiation (wavelength 1 = 0.3738 A). The detector distortion and sample-to-detector distance
was calibrated using a NIST-NBS640c Si standard. The sample chip of about 50 pm in size
was mounted on a glass capillary in the centre of a Gandolfi camera (Gandolfi 1967) and
aligned in the 200x200 um parallel synchrotron beam. A Gandolfi camera allows generation
of an ideal powder X-ray diffractogram from a small single crystal by rotating the crystal
around two nonparallel axes (Gandolfi 1967). Thus, texture free diffraction patterns were
collected. The two-dimensional XRD patterns were integrated using Fit2D software
(Hammersley et al. 1996) in order to obtain conventional diffractograms, where the

diffraction intensity /(26) is a function of the diffraction angle 26.

The ED-XRD patterns of investigated material compressed in a DAC (s. Chapter 2.4.1 for
details) were measured using polychromatic synchrotron radiation at the beamline F3 of the
HASYLAB/DESY, Hamburg, Germany. In order to avoid diffraction from the gasket
material, the X-ray beam was collimated between 50x50 and 30x30 pm. The ED-XRD
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patterns were collected at the diffraction angles 26 around 9° in the energy range from 13 to
64 keV using a Ge-detector (IGP-25, Princeton Gamma-Tech) with tungsten slits open to
200 um. The full-width-at-half-maximum resolution of the detector was about 120 eV. The
detector was calibrated using K1, Ko, Kgi1 and Ky, X-ray fluorescent lines of Rb, Mo, Ag, Ba
and Tb excited by radioactive americium-source as well as fluorescent lines of a Mo-Sn-Ba-
Gd-W-doped glass excited by synchrotron radiation. The diffraction angle, 26, was precisely

determined by means of Au powder as a standard.

2.3.1.3 Data processing

Phase identification was done with the help of the ICSD database.” The full-profile Rietveld
structure refinement of powder AD-XRD data was carried out using the program Fullprof
(Rodriguez-Carvajal 1990). The Rietveld method is based on the fitting of a model full
powder XRD pattern to the experimentally measured one by varying a number of structural
and instrumental parameters. The search of the optimal parameter combination is performed
by minimisation of the difference between the calculated and the observed pattern using the

least squares method (Rietveld 1969; Young 1993).

The ED-XRD patterns were processed as follows: the diffraction energies were determined by
fitting four-parameter Voigt function to each diffraction peak of investigated materials.
Corresponding d-spacings were obtained using Bragg’s equation. Finally, the average lattice

parameter was taken from the values calculated for each diffraction peak.

2.3.2 Electron probe microanalysis (EPMA)

Chemical composition of the synthesized products was determined by the electron probe
microanalysis (EPMA). This technique is based on the analysis of the characteristic X-ray
fluorescence spectra from the sample excited by a focused high-energy electron beam (= 1 um
in diameter). The generated X-rays are selected and counted by a wavelength dispersive X-ray
(WDX) detector which includes a single-crystal monochromator and an X-ray counter. In
contrast to energy dispersive Si(Li)- and Ge-detectors, it has significantly higher energy
resolution and allows more accurate quantitative analysis. Chemical composition is
determined by comparing the intensities of characteristic X-rays fluorescent lines from the
sample material with those from standards. The incident electron beam also causes emission

of secondary and back-scattered electrons which can be used for sample imaging. The EPMA

" Inorganic Crystal Structure Database by Fachinformationszentrum (FIZ) Karlsruhe
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technique was chosen in the present work because it allows non-destructive quantitative
analysis of light (N, O) and heavy (Zr, Hf) elements in microscopic sample volumes as well

as elemental mapping of the sample surface.

Measurements were performed using an electron probe micro-analyser CAMEBAX SX-50
(CAMECA) at the FG Chemische Analytik, FB Material- und Geowissenschaften, TU
Darmstadt. The analyser is equipped with four wavelength dispersive X-ray spectrometers
(WDX), energy dispersive Si(Li) detector (Princeton Gamma-Tech), secondary electron (SE)
and backscattered electron (BSE) detectors. The data were collected at 20 kV accelerating
voltage and 20 nA beam current for all elements. In order to examine chemical homogeneity
of the synthesized materials the element mappings were taken at beam operating conditions of
20 kV and 40 nA in a beam-scan mode. Chemical composition was determined using
characteristic N-K,, O-K,, Zr-L, and Hf-M,, fluorescent lines. Pure zirconium and hafnium
metals and zirconium(IV) oxide served as standards for Zr, Hf and O, respectively. As
nitrogen standard, BN and Si;N4 were used, because certified Zr/N and Hf/N reference
materials are not commercially available. Measured spectra were corrected for matrix effects

applying a standard ZAF procedure.

Prior to analysis the samples were embedded in epoxy, coarse-polished with SiC-paper down
to 4000 grit and fine-polished with a diamond suspension down to 0.25 um particle size. The
polished samples were coated with a thin conductive carbon layer in order to avoid charging

effects on the sample surface due to nonconducting embedding material.

2.3.3 Transmission electron microscopy (TEM)

The structure and phase content of synthesized materials were additionally examined by
transmission electron microscopy. TEM exploits a high-energy fine-focused monochromatic
electron beam. By passing through a thin sample, some electrons are scattered by atoms both
inelastically and elastically (diffracted electrons). The rest of electrons are transmitted without
any interaction occurring inside the specimen (non-scattered electrons). The latter electrons
can be focused by an objective lens onto a screen in order to obtain a sample image, while the
scattered electrons can be blocked by an aperture. Weakening of the beam due to the sample
thickness variation, composition contrasts and/or electron scattering contributes to the Bright
field image formation. Furthermore, elastically scattered electrons can be focused by a lens on
a screen, thus providing an electron diffraction pattern formed via constructive interference of
the diffracted electrons in accordance with Bragg’s law (s. above). This pattern can then yield

information about the crystal structure, orientation and phases present in the area being



54 CHAPTER 2. Experimental techniques

examined. In contrast to the powder XRD, TEM allows imaging of the sample with very high
spatial resolution as well as investigation of the crystal structure of its individual grains.
Moreover, chemical analysis of the investigated sample volume can be performed
simultaneously both via detection of the characteristic X-ray fluorescence excited by the
incident electron beam (EDX) and/or by analysis of inelastically scattered electrons using

electron energy-loss spectroscopy (EELS).

In the present work the TEM experiments were performed on a PHILIPS CM20 transmission

electron microscope equipped with an EDX-detector (HPGe, Voyager, Noran Instruments).

2.3.4 Scanning electron microscopy (SEM)

Investigation of the morphology of the sample surface was performed using a high resolution
scanning electron microscope (XL30 FEG, PHILIPS) with the acceleration voltage of 10 to
25 kV. The SEM produces images by detecting low-energy secondary electrons which are
emitted from the surface of the sample due to excitation by the primary high-energy electron
beam. In situ semi-quantitative elemental analysis was performed using energy dispersive
X-ray (EDX) module (CDU, EDAX Inc.) via detection of the characteristic X-ray
fluorescence excited by the incident electron beam. For SEM examination, the sample surface

was polished and sputtered with carbon as described in Chapter 2.3.2.

2.3.5 Raman spectroscopy

Raman spectroscopy is used to investigate vibrational properties of molecules and crystals. In
particular, a Raman spectrum of a crystal provides information about frequencies of its optical
phonons (lattice vibrations). The Raman effect is based on inelastic scattering of light by
optical phonons of the crystal lattice (Loudon 1964). Via interaction with crystal lattice, the
incident photon can excite or destroy phonon and lose or gain energy, respectively. The light
scattered with lower energy (longer wavelength) is called Stokes scattering, while that with
higher energy (shorter wavelength) — anti-Stokes scattering. The change in energy of the
scattered light is equal to the energy of the phonon and is referred to as Raman shift.
Intensities of Raman peaks depend on the wavelength of the incident light and/or on its
polarization. It should be mentioned that not all optical phonons in the crystal lattice give rise
to Raman scattering: only lattice vibrations having certain symmetry are Raman active. These
vibrations can be determined by factor group analysis (Loudon 1964). Moreover, for a
particular lattice vibration Raman shift is independent of the wavelength of the exciting

radiation. Hence, Raman spectrum is a characteristic property of a material which can be used
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for identification of known phases as well as can provide information on the presence of
certain structural units (e.g. SiOs-tetrahedra) in the investigated material. For excitation of
Raman spectra monochromatic light (usually laser radiation in visible, near IR or near UV
range) can be used. The spectra are measured as intensity of the scattered light versus Raman
shift given in wavenumbers [cm™'] (relative to the laser wavelength) and converted so that the

more intensive Stokes shifts are positive.

In the present work Raman spectra were excited with a continuous wave Ar-ion laser
(wavelength 4 = 514.5 nm, TEMOO, Stabilite 2017, Spectra Physics) and measured in the
reflection geometry using a micro-Raman spectrometer (Dilor XY, HORIBA Jobin Yvon)
equipped with a CCD-detector cooled with liquid nitrogen. The spectra were collected from

sample area down to ~ 1 pm’.

2.4 Elasto-mechanical properties

As discussed in Chapter 1.2.1 of the introduction, the elastic properties of polycrystalline
materials are completely described by two independent elastic moduli, for example bulk and
shear moduli, B and G. In the present work the bulk moduli of synthesized materials were
derived from their volume-pressure dependencies, V(P), also known as equation of state. For
cubic zirconium(IV) nitride, the second elastic modulus (namely reduced elastic modulus, E;)
was determined employing instrumented indentation technique (Chapter 2.4.3). Moreover,
hardness and fracture toughness of c-Zr;Ns were measured using different indentation

methods which are described in Chapters 2.4.2 and 2.4.3.

2.4.1 Compressibility measurements

Compressibility of the high-pressure nitrides was studied using diamond anvil cell (DAC)
technique (s. Chapter 2.2.1). This technique allows compression of microscopic samples up to
several tens of gigapascals at nearly hydrostatic conditions, as well as in situ high-pressure
investigation of the samples using X-ray diffraction or various spectroscopic methods. In the
present work the specific volume-pressure dependence, V(P), of investigated crystalline
compounds was measured in a DAC by energy dispersive powder X-ray diffraction combined
with synchrotron radiation (s. Chapter 2.3.1.2). The experimental V(P) data were then fitted
with the Birch-Murnaghan equation of state (s. Chapter 1.2.1.1) in order to obtain the bulk

moduli of high-pressure nitrides.
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For the compression measurements a DAC with bevelled anvils having culets of 350 um in
diameter was employed.” Such geometry allows routine experiments up to pressures of
50 GPa. Polycrystalline pellets of the investigated compounds (approximately 50x50x10 pm
in size) and a pressure transmitting medium were loaded in a 150 pm hole in the preindented
stainless steel gasket (Figure 2.9). The gasket was used in order to seal the high-pressure
chamber upon compression. Argon, which solidifies above 1.2 GPa, served as a quasi-
hydrostatic pressure transmitting medium (Lahr & Eversole 1962; Richet et al. 1988). The use
of a nearly hydrostatic pressure medium is of prime importance for compressibility
measurements, because non-hydrostatic stresses may have a strong effect on volumetric strain
in the investigated material, thus leading to significant deviation of measured V(P)-

dependence from the real equation of state (e.g. Otto et al. 1997).

to detector

|

sample Ar medium

anvil metal gasket

|
polychromatic
X-ray beam

Figure 2.9. Schematic drawing of a DAC used for compressibility measurements.

The samples volumes were measured on compression up to about 45 GPa. The pressure was
determined from the earlier measured equation of state of crystalline argon (Richet et al.

1988). The specific volumes of investigated material and of argon at high pressures were

" The diamond anvil cell was kindly provided by Dr. Reinhard Boehler (Hochdruckgruppe, Max-Planck-Institut
fiir Chemie, Mainz, Germany)



2.4 Elasto-mechanical properties 57

derived from ED-XRD patterns, collected using polychromatic synchrotron radiation (s.

Chapter 2.3.1.2).

2.4.2 Vickers indentation

The indentation hardness of hard ceramic materials is usually determined using standard sharp
(pointed) indenters such as Vickers, Knoop or Berkovich (McColm 1990; Fischer-Cripps
2000). In the present work microindentation hardness of synthesized material was determined
by standard Vickers test. The Vickers indenter represents a square-based diamond pyramid
with a standard half-apex angle (angle between the face and the height of the pyramid)
w = 68°. The Vickers hardness (Hy) is defined as the load applied to the indenter divided by

the surface area of the remaining impression. Hence Hy can be expressed in terms of the
applied load, L, and the average diagonal length of the impression, (d ) :
L 1.8544L
Hy = 2 . = 2
(d,))*/@2siny)  (d,)

b

The hardness values throughout the manuscript are given in SI units, GPa [l GPa =

10° N/m?].

2.4.2.1 Indentation size effect (ISE)

The Vickers hardness of ceramic materials usually increases with decrease of the applied
load. This phenomenon is known as indentation size effect, ISE, and especially noticeable at
low loads (s. Chapter 1.2.2.1). Several mechanisms and, accordingly, several analytical
expressions were suggested to explain the ISE. One of the most frequently used is known as a
proportional specimen resistance (PSR) model as well as its modifications. The relationship

between applied load, L, and diagonal length of the remained impression, d,, is based on an

energy balance equation: Ld, = ad, +a,d} +a,d.

., where the left part is related to the
external work done by the indenter. The terms in the right part, depending on the suggested
model modification, can be associated with various material related factors and processes
accompanying indentation: “a;” is related to test-specimen resistance (Hays & Kendall 1973)
or residual surface stresses in the sample (Gong et al. 1999), “a,” — to formation of new
surfaces and microfracture during indentation (Bernhardt 1941; Frohlich et al. 1977) or to
elastic deformation of the indented material and to friction between indenter and material

surface (Li & Bradt 1993; Li et al. 1993). The constant a3 is concerned with permanent

(plastic) volume deformation and suggested to be a measure of the load-independent “true
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hardness” (Frohlich et al. 1977; Hirao & Tomozawa 1987; Li & Bradt 1993; Quinn & Quinn

1997). Thus the true Vickers hardness can be obtained from the energy balance equation by
assuming d, — o0, so H{" =1.8544 a,. In order to reveal the ISE in the sample material and

to derive the load-independent hardness value, Vickers indentations were performed for

different applied loads (s. below).

2.4.2.2 Indentation fracture toughness

Fracture toughness is a measure of resistance of a material containing a crack to crack
propagation. This is an important material property characterising its ability to withstand
fracture. If a specimen containing a crack is loaded perpendicularly to the crack surface
(tensile mode or mode I), the magnitude of the stress field at coordinates (7, @) near the crack

tip is characterized by a scale factor Kj also known as the stress intensity factor. The stress
tensor can be written as o, =K, f;(¢)//27r , where f; are nondimentional functions of

angle ¢ and i, j = x, y, z. The stress intensity factor depends on the applied load, on the crack
size and on the geometry of specimen, so K, = o7 cY, where o is the tensile stress, c is

the crack length and Y is a geometric factor. The fracture toughness, Ki, is defined as the
critical stress intensity factor at which crack propagation occurs (Lawn 1995; Hertzberg

1996).

The fracture toughness of cubic zirconium(IV) nitride was estimated using Vickers
indentation fracture (VIF) test. This method was applied in the present work because it allows
assessment of the fracture toughness for small samples, for example, from multi-anvil
experiments (about 1x1x1 mm®). In contrast, the standard fracture testing techniques, such as
single edge precracked beam (SEPB), surface crack in flexure (SCF) and Chevron notched
beam (CNB)* require large samples (up to 50 mm in one of the dimensions) of specific shape.

Basic principles of the VIF test are described below.

The indentation of hard brittle materials is usually accompanied by formation of various crack
systems in the vicinity of the indenter impression. The shape and size of cracks is determined
by a number of factors, such as indenter geometry, applied load, loading speed and certainly
by properties of the indented material (Cook & Pharr 1990). Indentation with Vickers indenter
commonly results in generation of four radial surface cracks, emanating from or close to the

impression corners. With respect to under-surface geometry two types of cracks can be

"ISO 15732, ISO 18756 and ISO 24370, respectively.
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distinguished: half-penny cracks and Palmgvist cracks (Figure 2.10) (Cook & Pharr 1990).
According to one of the suggested mechanisms, half-penny cracks are initiated mainly under
high loads at the deepest point of the plastic zone beneath the indenter and propagate to the
specimen surface, thus forming the semicircular final shape with radius ¢ (Figure 2.10a) (e.g.
Lawn & Marshall 1979). At moderate loads the Vickers indentations of hard brittle materials
generally produce Palmgqvist cracks (Cook & Pharr 1990): directly below the surface, four
radial shallow cracks of length / emanate from the corners of the impression (Figure 2.10b)
(Palmqvist 1957). Usually crack morphology can not be unambiguously determined from the
observed surface crack dimensions and/or their relation to the size of the impression and the
applied load (Lankford 1981, 1982; Laugier 1985; Cook & Pharr 1990; Li et al. 1991).
However, analysis of numerous experimental data have shown that moderate load Vickers
indentation of the most crystalline ceramic materials is accompanied by formation of the
Palmqvist cracks rather than half-penny cracks (Cook & Pharr 1990). Since the indentation
loads in the present work were below 10 N, it was assumed that the observed cracks are those

of Palmqvist type.

Half-penny crack
Palmqvist crack

> &

vy | -

(a) (b)

Figure 2.10. Crack systems commonly observed for Vickers indentations: (a) half-penny
cracks, (b) Palmgqvist cracks. The hatched area indicates the plastic zone which develops in
specimen beneath the indenter during indentation.

The Vickers indentation fracture (VIF) test is based on assessment of the relation between the
radius/length of cracks, generated during indentation, and the applied load. Proportionality
coefficient in such relation depends on fracture toughness, hardness, Young’s modulus and/or

Poisson’s ratio of the investigated material. Thus, if H, £ and/or v of the specimen are
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known, its fracture toughness can be calculated from the length of cracks produced by Vickers
indentation. The fracture toughness value obtained by the VIF test is usually referred to as the
indentation fracture toughness, Ki.i, and is suggested to be comparable with the mode I

critical stress intensity factor, Ki., measured on macroscopic samples using standard methods.

The VIF method was developed by Evans & Charles (1976) for half-penny crack geometry by
means of the dimensional fracture mechanics analysis. Later it was modified and extended for
both half-penny and Palmqvist cracks (e.g. Evans 1979; Lawn et al. 1980; Anstis et al. 1981;
Niihara et al. 1982; Laugier 1985; Shetty et al. 1985). The numerous suggested analytical
solutions mainly differ in the method of calculation of the elastic-plastic stress field, in the
chosen crack geometry and in calibration coefficient (e.g. Ponton & Rawlings 1989b). It
should be, however, mentioned that the VIF test was subjected to a strong criticism by several
research groups (e.g. Morrell 2006; Quinn & Bradt 2007). The authors have questioned the
ability of the indentation method to provide accurate and reliable fracture toughness values of
studied material comparable with Kj. from standard measurements. Since the amount of the
high-pressure material synthesized in the present work is much smaller than required for
standard fracture testing techniques, the reliability of the obtained Ki.ir values could not yet
be verified. More information on comparability of the VIF test with standard fracture testing
methods can be found elsewhere (Li et al. 1989; Ponton & Rawlings 1989a; Ghosh et al.
1996; Quinn & Bradt 2007).

In the present work the indentation fracture toughness of cubic zirconium(IV) nitride was
estimated by means of equations suggested by Niihara et al. (1982) and Shetty et al. (1985)
for Palmqvist cracks. These equations were chosen because they yield the most reliable values
of fracture toughness for hard ceramic materials, such as WC-Co, Si3N4 and SiC (Shetty et al.
1985; Li et al. 1989; Dusza 1992; Rudnayova et al. 1993). According to Niihara et al. (1982)
the indentation fracture toughness can be related to the average Palmgqvist crack length /

through the equation:
K, .=0.009 E**HYd, /1,
where E is Young’s modulus and Hy is the Vickers hardness of the tested material, and d, is

the Vickers impression diagonal. In contrast to Niihara’s equation, the equation of Shetty et

al. (1985) does not include the Young’s modulus:

K. .=pH,L/AL,

where S is a geometry factor, Hy is the Vickers hardness of tested material, L is the applied

load and / is the average Palmqvist crack length. The geometry factor £ is calculated from the
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standard half-apex angle of the Vickers pyramid, y = 68°, and Poisson’s ratio, v, of the

indented material: £ =1/[37">(1-v*)(2"*ztany)"*].”

Since in the indentation fracture toughness equations the hardness value is load independent,
the derived Vickers true hardness value (s. Chapter 2.4.2.1) was used for calculation of Kj jt.
Moreover, in order to minimize possible influence of ISE on the fracture toughness, only high

load indentations (2.94, 4.9 and 9.8 N) were taken into consideration.

2.4.2.3 Measurement procedure

Vickers indentations were performed on a mirror polished sample surface using a
LECO M-400G2 hardness tester. At least five indentations were made for each applied load
from 0.49 N (50 g) to 9.8 N (1 kg). The higher loads were not applied because of comparably
small sample surface (~ 1 mm?). The loading time was fixed at 15 seconds. The impression
diagonals were measured using an optical system of the hardness tester and verified using
calibrated SEM. SEM was also used for measurement of the crack length for high load

impressions.

2.4.3 Instrumented nanoindentation

Hardness and elastic properties of cubic zirconium(IV) nitride were examined by means of
instrumented nanoindentation technique. Development of this technique was stimulated by
miniaturization of engineering and electronic components, as well as by an extended
application of thin films and nanocomposites which required a method for probing
mechanical properties of used materials on microscopic scales. During the last few decades
the instrumented indentation technique has been considerably developed and, with the help of
high-resolution testing equipment, extended to a nanoscale: the instrumented nanoindentation
allows precise control of the applied force down to a few micronewtons with the indenter
displacements in the nanometer range (Fischer-Cripps 2002). Thus, this technique can be
readily employed for probing samples having surface area of about 1 mm®”. Below a brief

overview of nanoindentation methods applied in the present work will be given.

The instrumented nanoindentation technique allows also collecting more information about
elasto-mechanical properties of the examined material than the Vickers hardness test. In the

latter only a residual impression after indentation is considered, thus only irreversible (plastic)

1/2

* In the original article the factor 1/z"2 in the equation for # was missed during formula manipulation.
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behaviour of material is examined. In contrast, instrumented indentation technique (EN ISO
14577) allows examination of both plastic and elastic behaviour of the tested specimen
because the applied load, L, and the corresponding indenter displacement, 4, are measured
simultaneously upon loading and unloading. The obtained load-displacement data, L(/4), can
be analytically processed in order to derive both hardness and reduced elastic modulus, E;, of

the indented material (s. below).

Nanoindentation measurements are usually performed using a standard Berkovich indenter

which represents a three-sided diamond pyramid with a standard half-apex angle y, = 65.27°

(angle between the face and the height of the pyramid). Berkovich indenter is designed so as
to have the same cross-sectional (projected) area 4, of indenter at distance / from the indenter

tip as Vickers pyramid. The 4,(4)-dependence is referred to as indenter area function and for

ideal Berkovich and Vickers indenters 4, = 24.5h* . Berkovich indenter, however, has an

advantage over the Vickers indenter for the small scale indentations: in the three-sided
pyramid it is easier to obtain a sharp single pointed vertex, while a line usually occurs at the

vertex of the four-sided pyramid (e.g. Fischer-Cripps 2000).

Accordingly, in the present work nanoindentation of samples was done with Berkovich
indenter. A standard Oliver-Pharr method (O&P) (Oliver & Pharr 1992) as well as continuous
stiffness method (CSM) (Oliver & Pethica 1989; Li & Bhushan 2002) were used for
determination of hardness and reduced elastic modulus, E.. Alternatively, E; was derived from
the Hertzian contact analysis (Hertz 1881; Johnson 1985) of the indentation data. Basic

principles of these methods are described below.

2.4.3.1 Oliver -Pharr method (O&P)

As was mentioned above, during nanoindentation both the applied force and the displacement
of a diamond indenter are recorded simultaneously, thus providing a load-displacement curve,
L(h) (Figure 2.11a). The loading part of the load-displacement curve characterizes the
resistance of the specimen to the indenter penetration, thus reflecting both elastic and plastic
properties of the tested material. The unloading part is mainly determined by elastic recovery
of the material. Therefore, in addition to hardness value, elastic properties of the specimen can

be assessed from load-displacement data using an appropriate interpretation method.

A method for subtraction of elastic component from total load-displacement curve was
suggested by Doerner & Nix (1986) and further extended by Oliver & Pharr (1992, 2004). In

this method the elastic unloading curve is analysed according to a model for deformation of
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an isotropic elastic half-space by an elastic indenter (Sneddon 1965). The main values which
can be measured from a load-displacement curve are maximum applied load, Ly, maximum

displacement, /imax, and the contact stiffness, S, =(dL/dh),_, , defined as the slope of the

initial portion of the unloading curve (Figure 2.11a). Using these values, the projected area of
contact between indenter and specimen (4,) under maximum load can be derived, thus
providing the value for hardness (Oliver & Pharr 1992):

H=L,/A4,. (2.4.1)

Furthermore, in combination with contact stiffness, 4, can be used for determination of the

reduced elastic modulus (Sneddon 1965; Doerner & Nix 1986; Oliver & Pharr 2004):

E =5 | ™ (242)
2n\ 4,

where 77 is a correction constant for axially nonsymmetrical indenters, e.g. for Berkovich
indenter 7= 1.034 (King 1987). The reduced elastic modulus, E;, accounts for the elastic
deformation of both, the tested specimen and the indenter, during indentation and is related to
the Young’s modulus £ and the Poisson’s ratiov of the specimen through the relationship:

1 1- viol-v?

_ LV 2.43
E. E E (243

T 1

where E; = 1141 GPa and v,=0.07 are values for diamond, the indenter material (e.g.

Oliver & Pharr 1992).
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Figure 2.11. Schematic illustration of typical indentation load-displacement data L(%) (a)
showing parameters used for determination of hardness and reduced elastic modulus
(s. text) and of indentation procedure (b) showing the displacement quantities used for
analysis (Oliver & Pharr 1992).
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Thus, in order to evaluate the hardness and the reduced elastic modulus of the tested material,
the contact stiffness and the projected contact area at maximum load should be determined. In
the present work the load-displacement data was analytically processed using the method

proposed by Oliver & Pharr (1992).

Contact stiffness. In order to obtain the contact stiffness, the unloading part of the load-

displacement curve is fitted by the power function: L =x(h—h;)?, where x and g are the
fitting parameters and 4, is the residual impression depth (Figure 2.11). The analytical

differentiation of the wunloading curve fit gives the contact stiffness:

S, =(dL/dh),, =xq(hu, —h)"".

Projected contact area. The projected area of contact between indenter and specimen is
determined by the indenter geometry (namely its area function) and the effective contact

depth .. The contact depth can be expressed as h, =h_, —h , where hs represents the

amount of sink in, i.e. the elastic displacement of the surface outside the contact perimeter
(Figure 2.11b) (Oliver & Pharr 1992). Under the assumption of indentation of a flat elastic
half-space by a rigid indenter (Sneddon 1965), the sink in value can be determined from the

load-displacement curve: h =¢L, /S, , where the constant & depends on the indenter

geometry (for Berkovich indenter £ = 0.75) (Oliver & Pharr 1992, 2004). The indenter area

function of the ideal Berkovich pyramid is known: A4 (h,) = 24.5h? . However, real indenters

are usually blunted and have more complicated area-depth relation. Therefore additional
calibration of the indenter area function is required, using a standard material with known

reduced elastic modulus (Oliver & Pharr 1992).

Finally, nanoindentation hardness and reduced elastic modulus of the tested specimen can be
calculated by substituting the projected contact area and the contact stiffness into Equations
2.4.1 and 2.4.2. The above described analysis of the load-displacement data is based on the
elastic contact theory, so it works well for indentation of hard ceramic material where sink in

predominates (Li & Bhushan 2002; Oliver & Pharr 2004; Bull 2005).

2.4.3.2 Continuous stiffness measurement (CSM) technique

In addition to the above described method, the contact stiffness of the investigated material
was measured during loading part of the indentation using a continuous stiffness measurement

(CSM) technique (Oliver & Pethica 1989; Oliver & Pharr 1992; Li & Bhushan 2002). The

CSM is accomplished by superimposing of a low amplitude harmonic force L  exp(iw?) on a
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continuous load (Figure 2.12a). The displacement response of the indenter,

h(w) = h,exp(iot + ¢), and the phase angle between the force and displacement signals, ¢,

are measured continuously as a function of depth. The analysis of the dynamic model of the
entire indentation system (Figure 2.12b) allows calculation of the contact stiffness S. from the
measured displacement amplitude or from the phase angle using following equations:

L

0s

()

=\/((Sc‘1 +K)+ K, —mw2)2 +w’D?,

oD

tang = 5
¢ ST+KDH+ K —mo?®

where Kr and K, are the stiffness of the load frame and the indenter support springs,
respectively, D is the damping coefficient and m is the mass of the indenter, which are
determined experimentally (Oliver & Pharr 1992; Li & Bhushan 2002). Further, the projected
contact area can be derived using the contact stiffness value. Thus, the CSM technique allows
simultaneous measurements of applied force L, indenter displacement / and contact stiffness
S. at every data point of the loading part of a single indentation, providing the hardness and

the reduced elastic modulus values as functions of indentation depth.

Load, L

{3

Displacement, h
(a) (b)

Figure 2.12. Schematic representation of CSM load-displacement curve (a) with a low
amplitude oscillating force superimposed on a continuous load (inset) and of a dynamic
model of the CSM module (b) (Oliver & Pethica 1989; Li & Bhushan 2002).

2.4.3.3 Hertzian contact analysis

Alternatively, the reduced elastic modulus of the synthesized material was derived using the

Hertzian contact equation. In contrast to the O&P and CSM methods, for Hertzian contact
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analysis only the initial loading part of the load-displacement curve is considered. Brief

description of this method is given in the following.

As was mentioned above, the pointed indenters are not ideally sharp if we consider a
submicron scale. For example, a standard Berkovich indenter has a radius of a tip curvature,
R;, of about 150 nm." At low loads when displacement is much less than the tip radius
(h << R;) one can assume a pure elastic contact of a sphere of radius R; with the flat surface of
a specimen. The theoretical analysis of this contact model was suggested by Hertz (1881) and
is commonly used today for evaluation of elastic properties of materials (Johnson 1985;

Fischer-Cripps 2000).

Figure 2.13. Schematic drawing of purely elastic contact between nonrigid spherical
indenter of radius R; and nonrigid flat surface.

The Hertzian elastic contact model considers the contact of a sphere of radius R; (with
Young’s modulus E; and Poisson’s ratio v;) with the specimen surface, which radius of
curvature R -, and Young’s modulus and Poisson’s ratio are £ and v, respectively.
Additional assumptions of the Hertzian contact problem are: (1) each body is approximated
by an isotropic elastic half-space, i.e. the dimensions of each body must be large compared to
the radius of the contact area r.; (2) the radius of the contact area is small compared to the

radii of curvature of the surfaces, 7. << R;; (3) the strains are small to satisfy the linear

" Hysitron, Inc. (http://www.hysitron.com), User Support, Tip Selection Guide
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elasticity; (4) the contact is frictionless. Hertz showed that the pressure within the contact area
is distributed as

2

3 L X
P(x)=— 1-—,
) 2wt r?

C C

where x <r, is the distance from the contact point and L is the applied load. This pressure

distribution, in its turn, results in displacements of the specimen surface of:

1-v* 3L
E 87

u.(x) = (217 =x)

as well as in the similar displacements of nonrigid indenter u! (Figure 2.13), where Young’s

modulus and Poisson’s ratio are those with the subscript “i”. Thus, for the total indenter

displacement /4, deformations within the contact area can be expressed as:

1-v¢ 1-v7)3L :
A% n Vl _3(2}/;;2_)62) — h_x_.
E E |8 2R,

u.(x)+u;(x) = (

Substitution of x =7, and x = 0 in the above equation provides the relationship between the
indenter displacement 4, the applied load L, the indenter radius R; and the reduced elastic
modulus £, also known as Hertzian contact equation:
9L’
W=— 24.6
16E’R, (24.6)
The detailed derivation of the contact pressure distribution, the shape and the displacement of

the contact surfaces can be found elsewhere in the literature (e.g. Landau & Lifshitz 1975;

Johnson 1985).

In the present work the initial contact between indenter and the sample surface was assumed
to be purely elastic. The initial loading parts of the measured load-displacement curves (up to
h =15 nm) were fitted with the Hertzian contact equation (Equation 2.4.6) taking the reduced
elastic modulus as a fitting parameter. The obtained values for E; are considered as those of an

isotropic polycrystalline material.

2.4.3.4 Measurement procedure

All nanoindentation experiments were carried out at the Lehrstuhl fiir Allgemeine
Werkstoffeigenschaften (WW1), Institut fiir Werkstoffwissenschaften, Friedrich-Alexander-
Universitit Erlangen-Niirnberg, Erlangen, Germany. Nanoindentation tests were done on a
Nanoindenter XP (MTS Nano Instruments) equipped with the continuous stiffness

measurement (CSM) module in the dynamic contact mode (DCM) which provided a very
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high displacement resolution for low loads. For additional nanoindentation tests a
nanoindenting atomic force microscope (NI-AFM; Hysitron Triboscope on a Multimode-
Scanner) was employed. All indents were done with a standard Berkovich indenter. The
indenter area function, A4,(%), was calibrated using fused quartz (£ =72 GPa, v=0.170; i.e.
for diamond indenters: E,=69.6 GPa). The tip radius for Hertzian contact analysis
(Ri=160.3nm) was determined on GaAs (E;=99.5GPa (Lilleodden 1995)) and

electropolished aluminium, both showing a pronounced elastic-plastic transition (pop-in).

2.4.4 Elastic moduli evaluation

The reduced elastic modulus derived from instrumented indentation is a function of the
Young’s moduli and Poisson’s ratios of both investigated specimen and indenter material (s.
Equation 2.4.3). While the values for the indenter are usually known, £ and v of the
investigated specimen can not be extracted from E; if there is no additional information on the
elastic moduli. In the present work combination of experimental values for By and E; from
compressibility and nanoindentation measurements, respectively, allowed experimental
determination of all other elastic moduli of cubic zirconium(IV) nitride. Such combination of
experimental methods to determine the isotropic elastic moduli was first introduced in the

earlier work on cubic silicon nitride, y-Si3N4 (Zerr et al. 2002a).

For the calculation of Ey, Gy and vy the well known relations between £, B, G and v for an
isotropic elastic material were used (Landau & Lifshitz 1975):
E=9BG/3B+G),
v=03B-2G)/(6B+2G).
These expressions for £y and vy were substituted in the equation defining £, (Equation 2.4.3).
For diamond indenter the Young’s modulus and the Poisson’s ratio are E; = 1141 GPa and
vi = 0.07, respectively. Substituting the experimentally measured By and E; in the resulting
equation, the Young’s modulus, the shear modulus and the Poisson’s ratio of the investigated
material can be derived. The obtained elastic moduli are considered as those of isotropic

polycrystalline material.

2.5 Thermal expansion and high-temperature oxidation

In addition to hardness and stiffness there are other important properties which can be useful
for a certain application of hard materials. In particular, abrasive materials, coatings of cutting

tools and corrosion resistant layers are usually subjected to high temperatures and chemically
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aggressive environments, therefore these materials should be chemically and thermally stable

and have low thermal expansion coefficient.

In the present work the investigation of thermal expansion and thermal oxidation stability of
cubic zirconium(IV) nitride was conducted using in sifu high-temperature powder X-ray
diffraction. The HT-XRD patterns were collected in the Debye-Scherrer geometry using a
STOE STADI P diffractometer with Mo-K,; radiation (4 = 0.70932 A). The diffractometer is
equipped with a curved imaging plate position sensitive detector (STOE IP-PSD, 1-90°
20-range with FWHM resolution of = 0.1°) and a furnace (STOE HT-attachment 0.65.1). The
powdered sample was filled in a quartz capillary of 0.3 mm in diameter and inserted coaxially
in a quartz capillary of 1 mm in diameter so that to be rigidly fixed. The capillary was rotated
inside the furnace in order to obtain texture-free XRD patterns. The HT-XRD patterns were
measured in air at room temperature (RT) and starting from 373 K up to 873 K with intervals
of 100 K. The sample temperature was monitored by a NiCr-Ni thermocouple. After 1 min
stabilization time at a given temperature each HT-XRD pattern was recorded during 30 min.
The detector distortion and the sample-to-detector distance were calibrated using a
NIST-NBS640b Si standard. In order to derive the lattice parameters, the Profile Matching of

diffractograms was performed using Fullprof software (Rodriguez-Carvajal 1990).



3 Results and discussion

This part of the thesis presents the first results on bulk synthesis, characterisation and
investigation of properties of oxygen-bearing cubic zirconium(IV)- and hafnium(IV) nitrides
having ThsP4-type structure, c-M3Ny (where M = Zr or Hf). In the original work only
microscopic amounts of c-Zr;N4 and c-Hf;N4 were synthesised at high pressures and high
temperatures using a laser-heated diamond anvil cell (LH-DAC) (Zerr et al. 2003).
Preliminary compressibility measurements, performed in that work, have shown high bulk
moduli of these materials thus suggesting their high hardness. Two years later c-Zr;sN4 was
also prepared as thin films using a filtered cathodic arc (FCA) physical vapour deposition
technique (Chhowalla & Unalan 2005). The nanoindentation hardness and wear resistance of
these films were found to be considerably higher than those of 6-ZrN and 6-TiN films.
However, until the present work there was no information on the bulk synthesis of the new
nitrides c-M3N4 and only limited information on their structural and functional properties was

available.

The following Chapter 3.1 outlines the preparation and the chemical analysis of the
nanocrystalline nitrogen-rich nitride powders used as starting materials for the high-pressure
synthesis experiments performed in this work. The description of the HP-HT synthesis of
macroscopic amounts of oxygen-bearing c-Zr;N4 and c-Hf;N4 using a multi-anvil apparatus is
given in Chapter 3.2. Further, the examination of the composition, the crystal structure and
the morphology of the synthesized new (oxy)nitrides is presented (Chapter 3.3). In the last
Chapters 3.4 and 3.5 the results on the investigation of the elasto-mechanical and thermal

properties of the high-pressure c-Zr;Ny4 and c-Hf3Ny are discussed.

70
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3.1 Synthesis of nanocrystalline Zr;Ny4.. and Hf;N,., powders

As has been mentioned in Chapter 2.1, solid zirconium and hafnium nitrides with
nitrogen/metal ratio > 4/3 are not commercially available. That is why the preparation of a
suitable starting material for HP-HT synthesis of macroscopic amounts of ¢-M3;Ny4 (M = Zr,
Hf) in a multi-anvil apparatus had to be undertaken in the present work. As such starting
nanocrystalline nitrogen-rich zirconium- and hafnium nitride powders (M3N4i,) having
distorted NaCl-type structure were prepared. They were synthesised via ammonolysis of the
corresponding metal-dialkylamides (Chapter 2.1) according to the method described by Li et
al. (2005). The equipment available in the laboratory of the Fachgebiet Disperse Feststoffe
allowed to produce in each synthesis sequence about 1-2 g of powder. The N and O contents
in the obtained powders were determined using the hot-gas-extraction analysis. The results,
presented in Table 3.1, are compared with the composition of products synthesised earlier (Li
et al. 2005) as well as with the theoretically expected values for Zr;Ny4, ZrN, Hf3sN4 and HfN.
The nitrogen/metal ratios were measured to be 1.34-1.48 and 1.56-1.61 for zirconium and

hafnium nitride, respectively, which correspond to the ammonolysis reaction of the following

type:
CH CH
2 5\N _/CoHs
C,Hs C,Hs
AN | / C,Hs
ON—M—N o+ %NH3 — > %M3N4 + 4HN<
C,H; I|\I C,H; CoHs
/7 \\
C,Hs C,Hs

It should be noticed that preliminary high-temperature treatment of the ammonolysis
glassware, as described in Chapter 2.1, improved the composition of Zr;N4., powder so that it
exhibited higher nitrogen and lower oxygen content than in the products synthesised in the
earlier work. For comparison, the sample Z1 prepared without any preliminary glassware
treatment was found to contain 16.72 wt.% of nitrogen and 1.73 wt.% of oxygen which is
comparable with the samples Zr2 and Zr3 from previous experiments (Li et al. 2005). In
contrast, the samples Z2, Z3 and Z4 were found to contain 18.28-18.44 wt.% of nitrogen and
0.53-0.67 wt.% of oxygen. A slightly higher oxygen content in the nanocrystalline Hf3Ny.,
obtained in this work is attributed to a minor oxidation of the starting tetrakis(diethylamido)-

-hafnium due to a short accidental exposure to air. Since the ammonolysis conditions (i.e.
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heating schedules and NH; flow) were the same as described by Li et al. (2005), carbon,
hydrogen and chlorine contents of the nanocrystalline powders of both Zr;Na., and Hf3Nyi

were not determined and considered to be similar to those reported earlier (Table 3.1).

Table 3.1. Elemental composition of the nanocrystalline M3Ny:, (M = Zr or Hf) powders in
comparison with that synthesized in the earlier work (Li et al. 2005) and with theoretical
values for stoichiometric M3N4 and MN. The compositions are given in weight percents
[wt.%]. The chlorine content in products from earlier experiments was reported to be below
the detection limit of 0.1 wt.%. Zr, Hf, C, H and CI contents were not determined in the
present work. The chemical formulae were calculated assuming that the powder contained
only metal, nitrogen and oxygen.

Preliminary
Sample N O C H Formula high-temperature
treatment
Z1 16.72(68) 1.73(7) ND ND  ZrN; 340012 No treatment
72 18.33(36) 0.53(8) ND ND  ZrN; 470004 Tube and boat
73 18.44(30) 0.54(6) ND ND  ZrN; 430004 Tube and boat
74 18.28(35) 0.67(19) ND ND  ZrN; 470005 Tube only
H1 10.88(7) 0.57(7) ND ND  HifNj 560007 Tube and boat
H2 10.99(28) 0.56(3) ND ND  HifNj 530007 Tube and boat
H3 11.13(30) 0.61(15) ND ND  HfN; 600,08 Tube only
Previous experiments (Li et al. 2005)
Zrl 16.05 0.52 1.57 037
Zr2 16.61 1.13 1.18  0.33
713 16.35 1.42 091 ND
Hfl 11.55 0.36 <0.01 ND
Theoretical composition
ZrN 13.31 — — — ZrN
713Ny 16.99 - - - ZrNj 33
HIN 7.28 - - — HIN
Hf3N, 9.47 - - - HfNj 33

ND — not determined

Earlier reports on syntheses of nitrogen-rich zirconium and hafnium nitrides, with N/M ratio
> 4/3, describe deposition of films using both PVD and CVD techniques (e.g. Johansson et al.
1986; Ristolainen et al. 1987; Fix et al. 1990; Fix et al. 1991; Straboni et al. 2000; Becker et

al. 2004). Such methods are, however, not suitable for preparation of large powder amounts.
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There are only a few reports on synthesis of powders of Zr;N4 (Juza et al. 1964; Yajima et al.
1983; Lerch et al. 1996) and Hf;N,4 (Yajima et al. 1986). Since in all these works halogen-
containing precursors were used, the products were contaminated with chlorine or iodine.
Moreover, synthesis conditions had to be carefully controlled in order to decrease
contamination of products with halogen elements and to preclude incomplete reaction or

decomposition of M3;Ny at higher temperatures.

As far as is known, the bulk synthesis of nanocrystalline Zr;N4:, and Hf3Ny4:, powders having
distorted NaCl-type structure (Li et al. 2005) was reported for the first time. The present
synthesis route has a number of advantages when compared with the above mentioned
deposition and bulk synthesis methods. Firstly, relatively low temperatures of ammonolysis
prevent decomposition of the products and allow to obtain the nitrides with N/M ratio
exceeding 4/3. Secondly, taking a few simple precautions against oxidation/hydrolysis of
dialkylamides (s. Chapter 2.1.1) one can significantly reduce the oxygen contamination of the
nitride products. Furthermore, use of pure metal dialkylamide precursors (which are
commercially available) excludes contamination of the resulting nitride powders with halogen
elements. Next, the simplicity of the method allows an easy scale-up of the material
production. Last but not least, nanocrystalline M3;N4., are more suitable for high-pressure
synthesis than well crystalline compounds, because of a lower kinetic barrier for the transition
to the high-pressure phase (s. Chapter 1.1.1). Use of nanocrystalline M3N4 powders instead of
well-crystalline ones can significantly lower P-T conditions of their transformation to the

high-pressure c-M3;N4, however, not below the pressure of its thermodynamic stability.

3.2 High-pressure multi-anvil synthesis of c-Zr;N, and c-Hf;N,

One of the main tasks of this work was the synthesis of macroscopic amounts of cubic
zirconium(I'V) and hafnium(IV) nitrides. Since in the original work the LH-DAC synthesis of
c-M3N4 was performed at pressures above 16 GPa, an appropriate high-pressure technique
able to achieve similar pressures for large sample volumes was required. The overview of
available HP-techniques, given in Chapter 2.2.1, showed that only a multi-anvil apparatus
fulfils these requirements. Therefore it was used in the present work for HP-HT synthesis of

C-M3N4.

For HP-HT experiments the nanocrystalline M3;Ny., powders having maximal nitrogen and
minimal oxygen content, namely samples Z2, HI and Hf1 (s. Table 3.1), were chosen as the

starting materials. In HP experiments labelled as Z2-01, Z2-02 and H1-01 the nanocrystalline
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powders were encapsulated with a Pt capsule. In experiments H1-02, H1-03 and H1-04
double Pt/Mo capsules were used with the aim to reduce possible contamination of the
products with oxygen due to its diffusion from the surrounding oxidic pressure medium,
heated to high temperatures, into the sample volume. The detailed description of sample
encapsulation and HP-HT experiment can be found in Chapter 2.2.2. The samples were
compressed up to the chosen pressure (Pnax), heated to the intended temperature (7max), kept
at Thax for a time period t,01q and then temperature-quenched. The parameters of the HP-HT
experiments including the pressure-temperature conditions of synthesis as well as the

information on the obtained products are summarized in Table 3.2.

Table 3.2. Parameters of the HP-HT multi-anvil synthesis experiments along with a brief
information on phase content of the products (s. below). The starting materials are denoted
here in the same manner as in Table 3.1.

Starting Capsule  Prax  Tmax Thold

Exp. D material material [GPa] [K] [min] Products

72-01 Z2 Pt 12 1873 20 c-Zr3Ny4 (oxygen-bearing)
72-02 72 Pt 5 1673 20 unidentified phase(s)
H1-01 H1 Pt 12 1873 20 c-Hf3N4 + oxide/oxynitride
H1-02 H1 Pt/Mo 12 1773 <1 c-Hf3N4 + oxide/oxynitride
H1-03 Hf1 Pt/Mo 12 1873 20 c-Hf3Ny4 + oxide/oxynitride
H1-04 H1 Pt/Mo 12 1873 10 c-Hf3N4 + oxide/oxynitride

In the experiments Z2-01, H1-01, H1-03, H1-04 the synthesis was performed at pressures and
temperatures of 12 GPa and 1873 K, respectively. The holding time at the maximal
temperature was 20 minutes for the first three and 10 minutes for the latter experiment
(H1-04). In the experiment H1-02 the thermocouple contacted the furnace at about 1773 K,
below the intended 7imax, and the heating electric power was switched off automatically, thus
the sample was abruptly quenched from 1773 K without extended heating. Only one synthesis
experiment (Z2-02) was performed at lower pressure and temperature of 5 GPa and 1673 K,
respectively. It was conducted with the aim to examine a possibility of formation of c-Zr;Ny
at P-T conditions where industrial synthesis, e.g. using belt-type high-pressure apparatuses,

becomes feasible.
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Figure 3.1. SEM pictures of preliminary polished surfaces of two high-pressure products:
(a) zirconium nitride sample (Z2-01) and (b) hafnium nitride sample (H1-01). Both
samples are surrounded by platinum, the capsule material.

After pressure release, undamaged sample capsules were recovered from the MgO-pressure
medium, embedded in the epoxy and polished with SiC-paper, until the well compacted
sample material appeared (Figure 3.1). In contrast to the starting brownish Zr;Ny, and dark-
yellowish Hf3N4., powders, the high-pressure products were opaque, dark-grey and exhibited
a dull lustre after polishing with SiC-paper down to 4000 grit. It should be also mentioned
that all high-pressure products could be easily recovered by unwrapping the Pt-capsule.
Neither reaction of starting material with platinum nor infiltration of platinum into porous

samples was observed.
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In order to reveal the phase content of the synthesized products, all samples were preliminary
examined by powder XRD. The diffractograms were collected from the polished samples
(still surrounded by the Pt-capsules) in the reflection geometry (s. Chapter 2.3.1.1). The XRD
pattern of the zirconium nitride sample Z2-01 showed, in addition to reflexes of platinum,
diffraction peaks of a cubic phase which structure could be attributed to that of c-Zr;Ny
(Figure 3.2). Therefore, this sample was further characterized using EPMA, TEM, powder
XRD, SEM/EDX, and Raman spectroscopy (Chapter 3.3). As will be shown below (s.
Chapter 3.3), the sample material slightly oxidised during heating at high pressures and, as a
result, an oxygen-bearing zirconium(IV) nitride having Th;Ps-type structure,
c-Z17.86(No.8sOo.12)4, formed. A detailed structural characterisation of the synthesized novel
zirconium oxynitride is presented in Chapter 3.3.2.1. Further, its elasto-mechanical and
thermal properties such as hardness, elastic moduli, fracture toughness, thermal expansion and

high-temperature oxidation stability were determined (Chapters 3.4 and 3.5).
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Figure 3.2. Preliminary powder XRD pattern of the zirconium nitride sample (Z2-01)
synthesized in this work at 12 GPa and 1873 K using a multi-anvil apparatus. The
diffractogram was collected from the polished sample surface in reflection geometry. The
diffraction peaks of c-Zr;N,4 having Ths;P4-type structure and of platinum (Pt), the capsule
material, are indicated. The intensities of the diffraction peaks of both c-Zr;N4 and Pt are

affected by texture.
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For the sample Z2-02 obtained at lower P-T conditions, a preliminary XRD pattern revealed
reflexes which could not be attributed to any of the known zirconium nitrides, oxides or
oxynitrides or their mixtures. No diffraction peaks of c-Zr;Ns were observed. Further
investigation of this material was not performed since this was not a subject of the present
work. This result, however, indicates that c-Zr;N4 (as well as 0-Zr;N4) is not stable at

pressures below 5 GPa and at high temperatures.
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Figure 3.3. Preliminary powder XRD pattern of hafnium nitride sample (H1-01)
synthesized in this work at 12 GPa and 1873 K using a multi-anvil apparatus. The
diffractogram was collected from the polished sample surface in reflection geometry. The
diffraction peaks of c-Hf3N4 having ThsP4-type structure and of platinum (Pt), the capsule
material, are indicated. The asterisks denote the reflexes from contaminating oxidic phase
(s. text). The intensities of the diffraction peaks of both c-Hf;sN4 and Pt are affected by

texture.

With respect to experiments on hafnium nitride, a cubic phase having Th;Ps-type structure
was found to be the major constituent of all high-pressure products (H1-01 - H1-04). Besides
c-Hf3Ny4 and platinum, the capsule material, powder XRD revealed the presence of a minor
amount of additional crystalline phase(s) (Figure 3.3). Preliminary indexing of a few weak
diffraction peaks suggested that this could be one of the known ambient-pressure hafhium
oxynitrides (Pialoux 1993) or high-pressure hafnium oxides (Ohtaka et al. 2001). Possible

assignment of the contaminating phase is discussed below in Chapter 3.3.2.2. The
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morphology and semi-quantitative composition of all hafnium nitride products was examined
using SEM/EDX. Since no significant difference between the phase content and the
composition of the synthesized hafnium nitride products was observed, only the sample
H1-01 was further investigated. Examination of the chemical composition and crystal
structure of the formed compounds is presented in Chapters 3.3.1 and 3.3.2.2. The
compressibility of c-Hf3N,4 was studied using a sample from the earlier LH-DAC experiments
(Chapter 3.4.1.2). Indentation measurements have not been performed on hafnium nitride
products because a sufficiently large area containing only c-Hf3N4 could not be found on the

sample surface.

To summarize, the macroscopic amounts of oxygen-bearing zirconium(IV) nitride and
hafnium(IV) nitride having ThsPs-type structure were synthesised for the first time at high
pressures and high temperatures using a multi-anvil apparatus. These results confirm the
earlier work on synthesis of ¢c-M3N4 (M = Zr, Hf) using a LH-DAC, where the high-pressure
nitrides were obtained via chemical reaction of pure transition metals or their mononitrides
with condensed nitrogen at pressures above 16 GPa and temperatures above 2500 K. It is
worth to be mentioned that the present P-T synthesis conditions (12 GPa and 1873 K) are
considerably lower than those in the LH-DAC experiments. In the present work c-M3;N4 were
obtained from nanocrystalline M3Ny., powders with a distorted NaCl-type structure. Neither
decomposition into mononitrides nor complete reaction with diffusing oxygen of the samples
was observed. Thus, cubic zirconium(IV)- and hafnium(IV) nitrides having Ths;Ps-type
structure appear to be thermodynamically stable phases at pressures above 12 GPa and
temperatures above 1873 K. The stability regions of these compounds were not further
studied in the present work. Reaction of the sample material with diffusing oxygen during
heating at high pressure resulted, however, in formation of oxygen-bearing c-Zr;Ny4 (sample
72-01) as well as in contamination of c-Hf3N4 with small amounts of oxidic phase(s) (samples
H1-01 to H1-04). Results of a detailed characterisation of the high-pressure products using
EPMA, TEM, powder XRD, Raman spectroscopy and SEM/EDX are presented in the

following chapter.
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3.3 Samples characterisation

The zirconium- and hafnium nitride high-pressure products (from experiments Z2-01 and
H1-01, respectively) were further characterised using EPMA, SEM/EDX and powder XRD.
The zirconium nitride sample was additionally investigated by TEM and Raman
spectroscopy. The obtained results on chemical composition, morphology and crystal

structure of the synthesised materials are described below.

3.3.1 Chemical composition of the high-pressure products

The elemental composition of the sample material from the experiment Z2-01 was determined
by means of EPMA. Measurements were performed on a mirror-polished sample surface (s.
Chapter 2.3.2). The results are shown in Table 3.3 along with the chemical composition of the
starting material and of the ideal Zr;N4. The EPMA revealed the presence of 2.4 wt.% of
oxygen in the high-pressure product, so that the resulted composition of the Z2-01 sample can

be expressed by the formula Zr; g6(No.8800.12) 4.

Table 3.3. Elemental composition of the high-pressure zirconium nitride product (Z2-01)
determined by EPMA. N- and O-content in the starting material (Z2) and the theoretical
composition of the stoichiometric Zr3Ny4 are given for reference.

Composition [wt.%]

Sample

N O Zr Hf
72-01 15.6(8) 2.4(3) 82.4(5) 0.12(6)
Starting material (Z2) 18.33(36) 0.53(8) ND ND
Theoretical (Zr3N4) 16.99 - &3.01 -

ND — not determined

The element mappings for zirconium, nitrogen and oxygen, collected from the sample surface,
showed a homogeneous distribution for all three elements throughout the sample (Figure 3.4).
The oxygen content in the high-pressure product (2.4 wt.%) is higher than that in the starting
material (0.53 wt.%). This observation can be explained by diffusion, during heating, of
oxygen from the surrounding oxide pressure medium, through the Pt-capsule, into the sample
volume (for experimental details see Chapter 2.2.2). Further investigation of the sample
material using powder XRD and TEM showed that no amorphous phase was present in the

sample and, thus, oxygen is incorporated in the structure of c-Zr;N4. This observation
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suggested that the average composition obtained from the EPMA measurements is that of the
crystalline product having Th;P4-type structure, namely oxygen-bearing cubic zirconium(IV)
nitride, c-Zr,86(No.8sOo.12)s. A detailed structure examination of this novel compound is given

in the following chapter.

BSE_Z N Zr 0 20 kY 40 nA

Figure 3.4. Back scattered electron (BSE) image and element mappings of a portion of the
polished surface of the c-Zr;N4 sample (Z2-01) measured using EPMA (256%x256 pixels,
step size of 0.36 um). For each element, intensity of the grey colour represents the measured
content. In this sample, Zr, N and O are homogeneously distributed throughout the surface.

Similarly to the zirconium nitride sample, EPMA of the hafnium nitride product, H1-01,
revealed presence of a minor amount of oxygen. The measured average nitrogen and oxygen
contents in the high-pressure product were determined to be 8.4(10) and 1.9(13) wt.%,
respectively. Analogous to the zirconium nitride sample, the oxygen content in H1-01
(1.9 wt.%) was found to be significantly higher than that in the starting material (0.57 wt.%).
This could be explained, again, by oxygen diffusion, at HP and HT during synthesis, from the
surrounding oxide pressure medium into the sample through the Pt-capsule. Element
mappings of a polished surface of H1-01 revealed, however, an inhomogeneous distribution
of both nitrogen and oxygen in the sample (Figure 3.5). This can be attributed to the presence
of the oxidic phase(s) detected earlier by the XRD measurements (Chapter 3.2). Indeed, the
oxygen- and nitrogen contents measured for each particular spot on the hafnium nitride
sample varied from 0.5 to 6 wt.% and from 5 to 10 wt.%, respectively. This explains the high

standard deviation values for the average O- and N-contents presented above.
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Figure 3.5. Back scattered electron (BSE) image and element mappings of the polished
surface of the hafnium nitride sample (H1-01) measured using EPMA (256%256 pixels, step
size of 2 um). For each element, intensity of the grey colour represents the measured
content. While hafnium is homogeneously distributed throughout the sample area, an
inhomogeneous distribution of both N and O is apparent.

It was not possible to determine, in the present work, the elemental composition of each of the
constituting compounds, c-Hf3N, and of the oxidic phase(s), using EPMA because the spatial
resolution of the electron probe micro-analyser of about 3 um was not sufficient to examine
only one of the compounds. It will be shown below that both c-Hf3N4 and the oxidic material

were mixed on a very fine scale of less than 1 pm (Chapter 3.3.5).

Finally, it should be also mentioned that no detectable amount of platinum was found by
EPMA in the high-pressure products, even in a close vicinity to the Pt-capsule. This finding
indicates that platinum neither reacted with the sample material nor infiltrated into the

samples at high pressures and high temperatures.

Summarizing, the presented EPMA measurements confirmed the formation of nitrogen rich
compounds with average N/M ratios of 1.23 and 1.18 for zirconium- and hafnium nitride
samples, respectively (M = Zr or Hf). The measured nitrogen contents in the high-pressure
products were, however, slightly lower than those in the ideal M3Ns, (N/M = 1.33). The
microprobe analysis also revealed the presence of about 2 wt.% of oxygen in both zirconium
and hafnium nitride samples which is considerably higher than the oxygen content in the

starting powders (about 0.5 wt.%). In the hafnium nitride sample (H1-01) oxygen was found
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to occur primarily in contaminating oxidic phase(s), detected by the XRD-, EPMA- and
SEM/EDX-measurements. In contrast to the hafnium nitride sample, in the zirconium nitride

sample (Z2-01) oxygen was found to be incorporated in the crystal structure of c-Zr;Ny.

3.3.2 Rietveld structure refinement

3.3.2.1 Oxygen-bearing c-Zr3;Ny

One of the possible explanations of the high oxygen content of 2.4 wt.% found in the sample
72-01 could be the presence of an oxidic phase, in addition to ¢-Zr;N4. Whould it be the case,
the amount of the contaminating material would approach 9 wt.% for zirconium dioxide
(ZrO;,) or even more for an oxynitride. Such amount would be easily detectable in the XRD
measurements. The XRD examination of the product, however, did not reveal any other
crystalline phase besides that of cubic zirconium nitride having Th;P4-type structure.
Moreover, in a subsequent TEM study no amorphous oxidic particles or layers on the surfaces
of the c-Zr;Ny crystallites were detected. This is in contrast to y-SizsN4 synthesised in a multi-
anvil apparatus where contaminating oxygen occurred as amorphous SiO, or SiN,Oy layers on
the crystallite surfaces (Schwarz et al. 2000). These observations allowed to conclude that
oxygen was incorporated in the crystal structure of c-Zr;Ny, thus resulting in the formation of
an oxygen-bearing cubic zirconium(IV) nitride. In order to fulfil the electrical neutrality
condition, the general composition of such oxygen-bearing nitride can be given by the

formula
ZI‘3_M(N1_MOM)4, (3 3. 1)

where zirconium, nitrogen and oxygen have the oxidation states of 4+, 3- and 2-, respectively.
From Formula 3.3.1 follows also that the substitution of nitrogen by oxygen at the anion sites
of the ThsP4-type structure requires, as a consequence of the electrical neutrality condition,
the formation of vacancies at the cation sites. To verify the supposition of a partial
substitution of anions and formation of vacancies on the cation sites a full-profile Rietveld
structure refinement of the powder XRD data was performed using the program FullProf
(Rodriguez-Carvajal 1990). The X-ray powder diffractogram (Figure 3.6) was taken for the
zirconium nitride sample, Z2-01, in the Debye-Scherrer transmission geometry (Chapter
2.3.1.1). The full width at half maximum (FWHM) of the diffraction peaks was found to be
even smaller than that of the Si standard, used for the calibration of the sample-to-detector

distance.
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Figure 3.6. Powder XRD pattern of oxygen-bearing c-Zr3N4 (Z2-01) synthesized in this
work using a multi-anvil apparatus: measured (circles) and calculated (solid line)
intensities. The difference curve is given at the bottom of the graph. The calculated peak
positions of the ThsP4-type structure are denoted by tick marks.

With cations and anions represented in the cubic Ths;Ps-type structure by Zr and N,
respectively, and site occupation factors fixed according to the full occupancy (Zr;Ny), the
Rietveld refinement led to isotropic temperature factors Bi, = 0.172 A? for Zr and
Bi, = -0.344 A? for N. The negative value for Bjs, of nitrogen indicated that in our material
the ratio &= sf(anion)/sf(cation) of averaged atomic scattering factors, sf, at the anion and
cation sites, respectively, was higher than for pure stoichiometric Zr;N4. This increase of &
can be explained by the presence of oxygen at the anion sites (Wyckoff position 16¢) and by a
simultaneous formation of cation vacancies according to the electrical neutrality condition
(Formula 3.3.1). Based on the idea that, in the first approximation, the scattering factors of Zr,
O and N are related as 40:8:7 throughout the whole 26-range of the measured diffractogram,

the dependence of £ on u can be obtained using the Formula 3.3.1:
E(u) = (28 — 28u + 32u)/(120 — 40u) = (7 + u)/(30 — 10u). (3.3.2)
From Equation 3.3.2 the dependence u(&) has been derived:

u(@) = (305 —7) / (10& + 1). (3.3.3)
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In the further Rietveld refinement the excess of the relative anion scattering power was
modelled by a zirconium nitride where the site occupancy factor (SOF) of nitrogen was
allowed to vary while the SOF of zirconium was fixed. The isotropic temperature factor of
nitrogen was fixed at a reasonable value Bis, = 0.5 A%, From the Rietveld refinement the N/Zr-
ratio was calculated to be 1.4538 which results in § = 0.2544. From Equation 3.3.3 followed
then that u# =0.18 and the corresponding sample composition should be Zr;g>(N¢.8200.18)4
which is reasonably close to the EPMA result. Since the elemental composition measured by
EPMA corresponds, within the experimental errors, to the electrically neutral compound
(Formula 3.3.1), it was used for the final step of the structure refinement. The SOFs of Zr, N
and O were fixed at the values, which correspond to composition from EPMA measurement,
Z1.36(No.33sO0.12)4. Following the above consideration of substitution of nitrogen by oxygen, it
was presumed that oxygen is randomly distributed at the anion sites. Results of the refinement
are summarized in Table 3.4 and compared with those reported for c-Zr;N4 synthesised in the
LH-DAC experiments (Zerr et al. 2003). Low values of R-factors and of x* obtained in these
final calculations as well as a negligible difference between the measured and calculated
intensities (Figure 3.6) support the conclusion that the space group of Z2-01 material is that of

cubic ThsP4 and that oxygen is randomly distributed at the anion sites.

It appears that during heating at high pressures not only transformation of the starting material
to the c-Zr;Ny but also substitution of nitrogen with oxygen in the Th;P4-type structure takes
place. One can presume that the degree of substitution can vary from negligible (u = 0) to that
observed in the present work (= 0.12) and depends on a number of experimental parameters
such as temperature, pressure, heating rate and duration, capsule material, type of the pressure
media surrounding the capsule with the starting material, and so forth. Moreover, it appears
that the upper limit of the u-value, when Zr;_,(N;_,0,)s still maintain the cubic Th;Ps-type
structure, was not reached in this work since no other phases were found in the sample.
Influence of all experimental parameters on the composition and structure of the high-

pressure products was, however, not investigated in the present work.

The lattice parameter of the oxygen-bearing cubic zirconium(IV) nitride was found to be
ao = 6.7549(1) A which is about 0.22 % larger than a, reported earlier for c-Zr;N, (Table 3.4).
This observation contradicts an expected decrease of ay due to both, substitution of N* anions
by O* anions having smaller ionic radius and by formation of cation vacancies. However,
recent theoretical calculations have shown that incorporation of oxygen in ¢c-M3;N4 (M = Zr or
Hf) results in a weakening of the cation-anion bonding (Lowther 2008). This leads to

reduction of elastic moduli of oxygen-bearing c-M3;Ny4 and, on reaching of a critical oxygen
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concentration, to expansion of the unit cell (Lowther 2008). Thus, for 12.5 % nitrogen atoms
substituted by oxygen, the lattice parameter was calculated to be about 0.21 % higher than
that of oxygen-free c-Zr;N4. Unfortunately, the influence of cation vacancies on the lattice

parameter and elastic moduli of c-Zr;N4 was not considered in those calculations.

Table 3.4. Results of the Rietveld structure refinement for c-Zr;g6(NogsOo.12)4 (Z2-01) in
comparison with structural data for c-Zr;Ny4 synthesised in a LH-DAC.

c-Zr2.36(No.8300.12)4 c-Zr3Ny (Zerr et al. 2003)
(this work)
Structure type Th3Py4
Space group 143d (Ne 220)
Lattice parameter, a [A] 6.7549(1) 6.740(6)
Cell volume [A’] 308.22 306.18
Formula units per cell, Z 4 4
Molar mass [g/mol] 317.89 329.7
Calculated density, p_,,. [g/cm’] 6.850 7.159
Refined parameters (structural, profile) 4, 6 n/a
Profile function pseudo-Voigt n/a
Rg, Rp, Rwp [%] 1.71,3.31,4.35 6.19, n/a
v 1.001 n/a
Zr: Wyck. pos. 12a 3/8,0, 1/4 3/8,0, 1/4
Biso [A%] 0.165(9) n/a
N, O: Wyck. pos. 16¢ (x, x, x) x=10.0661(3) x=0.063(2)
Biso [A%] 0.457(74) n/a
Cation-anion distances [A] 4 x2.217(2) 4 x2.19(1)
4 x 2.469(2) 4 x 2.49(2)

The increase of the cubic lattice parameter and formation of about 4.7 % of cation vacancies
reduce the density of c-Zr;g6(NogsOo.12)s to 6.85 g/cm3 which is about 4 % lower than the
density of c-Zr;N, with 7.159 g/em® (Zerr et al. 2003). However, the density of the oxygen-
bearing cubic zirconium(IV) nitride is still about 8 % higher than that of orthorhombic Zr;Ny4
(Lerch et al. 1996). One should point out that the average cation-to-anion bond length in
c-Z1286(No.sgOo.12)4 of 2.343 A is higher than that in 0-Zr;N4 with about 2.24 A (Lerch et al.
1996). Such increase of the average bond length in a high-pressure compound is, however, a

common consequence and is related to the increase of the coordination number (e.g. Kleber &
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Wilke 1969): in c-Zr3N4 the cations are eight-fold coordinated by anions while the cations in

orthorhombic Zr3Ny are six-fold coordinated.

To summarize, the Rietveld structure refinement further supported the finding that oxygen can
be incorporated in the structure of c-Zr;N4. Oxygen substitutes nitrogen on the anion cites,
thus resulting in formation of zirconium(IV) oxynitride having ThsPs-type structure,
c-Zr3., (N1, 0,)s, where formation of cation vacancies is required by the electrical neutrality
condition. It was found that this compound can accept at least 2.4 wt.% of oxygen. The
oxygen incorporation in the structure of c-Zr;N, resulted in minor increases of the lattice
parameter (by about 0.22 %) and of the x value (by about 5 %) describing the position of
anions in the unit cell (Table 3.4) when compared with those reported for oxygen free c-Zr;Ny

(Zerr et al. 2003).

3.3.2.2 c-Hf;N,

By analogy with c-Zry36(NogsOo.12)s, one could expect for hafnium nitride sample (e.g.
H1-01) formation of oxygen-bearing cubic hafnium(IV) nitride having general composition
Hf5.,(N;.,0,)s. However, the presence of an oxidic phase in the obtained samples indicated
that the upper limit of the u-value, when Hf;,(N;.,O,)4 still maintain the cubic Th;Ps-type
structure, is well below u = 0.17 derived from the EPMA results (s. Chapter 3.3.1). Moreover,
the u-value in c-Hf;_(N;.,0,)4 can be very low and approach u = 0. The particular value could
be estimated if the amount of the oxidic phase and its oxygen content in the sample H1-01
would be known. The spatial resolution of the EPMA technique of = 3 um was, however, not
sufficient for a reliable determination of the composition of the detected compounds. For that
reason, the extent of possible oxygen incorporation in the structure of c-Hf;N4 was not studied
in the present work. The structure refinement for the synthesized cubic hathium(IV) nitride
was performed under the assumption of the oxygen free c-Hf3N4. This assumption was
supported by the finding that the lattice parameter of the cubic hafnium(IV) nitride
synthesised in this work was equal, within the experimental uncertainties, to that of c-Hf3Ny

obtained in a LH-DAC (s. below).

In order to derive the structural parameters of the c-Hf3N4 synthesises in this work and to
identify the contaminating oxidic phase, a high-quality X-ray powder diffractogram (Figure
3.7) was measured employing monochromatic synchrotron radiation and the Gandolfi camera
technique (Chapter 2.3.1.2). A full-profile Rietveld structure refinement was performed using
the program FullProf (Rodriguez-Carvajal 1990). The brilliant synchrotron radiation was

required because the available in-house diffractometers could not deliver the XRD patterns of
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a sufficient quality, most probably due to a high absorption of the X-ray radiation by the
heavy hafnium atoms. Similar to the preliminary XRD examination (Chapter 3.2) a few weak
diffraction peaks were observed in addition to the reflexes of the ThsP4-type structure. The
three additional most intense peaks at 26 of 7.30, 8.48 and 14.06° (Figure 3.8), which
correspond to the d-spacings of 2.935, 2.53 and 1.527 A, respectively, could be attributed to a
few known hafnium oxides or oxynitrides. These are y-Hf;N,O (Clarke et al. 1999),
B-Hf7;N4Og, B-Hf7N,O;; (Pialoux 1993) with the fluorite-related structure, as well as high-
pressure hafnium oxides with orthorhombic (ol-HfO, (Ohtaka et al. 1991)) or tetragonal
(t-HfO, (Curtis et al. 1954; Ohtaka et al. 2001)) structures. On the other hand, presence of
very weak reflexes at 20 of 4.2, 5.2 and 5.9° (d-values of about 5.07, 4.13 and 3.63 A,

respectively) limited the contaminating phases to y-HfN,O (space group a3, No. 206),
ol-HfO, (space group Pbca, No. 61) or, most probably, their mixture (Figure 3.8).

c-Hf N, + y-Hf N_O + ol-HfO, (H1-01)
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Figure 3.7. Powder XRD pattern of c-HfsN4 sample (H1-01) synthesized in this work
using a multi-anvil apparatus. The pattern is measured employing monochromatic
synchrotron radiation and a Gandolfi camera. The sample is contaminated with y-Hf;N,O
and ol-HfO,. Measured and calculated intensities are presented by circles and solid line,
respectively. The difference curve is given at the bottom of the graph. The calculated peak
positions of c-Hf3Ny4, y-Hf;N,O and ol-HfO, are denoted by upper, middle and lower tick
marks, respectively.
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c-Hf,N, +y-Hf NO + ol-HfO, (H1-01)
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Figure 3.8. Sections of the powder XRD pattern of the hafnium nitride sample (H1-01) for
different 26 regions. The diffraction peaks of c-Hf3Ny4, y-HfN>O (y) and ol-HfO, (ol) are
indicated. The calculated peak positions of y-Hf;N,O and ol-HfO, are denoted by upper
and lower tick marks, respectively. For the contaminating oxidic phases only those peaks
having relative intensities above 2 % are shown.
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The latter possibility is supported by the observation of T. Locherer who obtained a mixture
of these two phases in experiments on the Hf-N-O system where samples were 7-quenched
after subjecting to 18 GPa and 1273 K (Locherer et al. 2008). It was also suggested that high-
pressure orthorhombic-I hafnium oxide can be stabilized at ambient conditions due to the
particle size and/or matrix effects.” Therefore, the structure refinement for the sample H1-01

was performed assuming a mixture of c-Hf3N4 with minor amounts of y-Hf;N,O and ol-HfO,.

Table 3.5. Results of the Rietveld structure refinement for c-Hf3Ny4 (sample H1-01) compared
with structural data for c-Hf3N4 synthesised in a LH-DAC (Zerr et al. 2003). The given
number of the refined parameters and R-values are related to the c-Hf3N4 phase.

c-Hf3Ny (this work) c-Hf3N4 (Zerr et al. 2003)

Structure type ThsPy4-type structure

Space group 143d (Ne 220)

Lattice parameter, ag [A] 6.7014(2) 6.701(6)

Cell volume [A’] 300.95 300.90

Formula units per cell, Z 4 4

Molar mass [g/mol] 591.5 591.5

Calculated density, p_,. [g/cm’] 13.055 13.058

Refined parameters (structural, profile) 4, 6 n/a

Profile function pseudo-Voigt n/a

Rg, Rp, Rwp [%0] 1.64, 1.95, 2.68 5.35, n/a

v 1.13 n/a

HE  Wyck. pos. 124 3/8,0, 1/4 3/8,0, 1/4
Biso [A%] 0.25(1) n/a

N: Wyck. pos. 16¢ (x, x, x) x=0.0616(6) x=10.063(3)
Biso [A%] 0.33(15) n/a

Cation-anion distances [A] 4 x2.170(4) 4 x2.17(2)

4 x 2.486(4) 4 x2.47(2)

The obtained structural parameters of cubic hatnium(IV) nitride are summarized in Table 3.5
and compared with those reported for c-Hf3N, prepared in a LH-DAC. The lattice parameter

ay=6.7014(2) A of c-Hf3N, synthesized in a multi-anvil apparatus is in excellent agreement

" T. Locherer (personal communication, June, 2008)
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with the value ao = 6.701(6) A reported for c-Hf;N, obtained via a reaction of elements in a
LH-DAC (Zerr et al. 2003). Accordingly, if the lattice parameter is dependent on the amount
of oxygen incorporated in c-M3N, as was found for c-Zr;86(No.ssOo.12)4 (s. Chapter 3.3.2.1)
and supported by calculations (Lowther 2008), cubic hafnium(IV) nitride synthesised in the
present work (H1-01) appears to be oxygen-poor.

Results of the presented Rietveld structure refinement were also used to estimate the phase
content of the HI1-01 product: c-Hf3N4, y-HfN,O and ol-HfO, should constitute about
83.7(4), 8.6(3) and 7.7(2) wt.% of the total material amount, respectively. According to this
result, the average oxygen content in the H1-01 was estimated to be 1.5 wt.% which is in a
reasonable agreement with the average composition measured by EPMA. This result also

supports the above assumption on a negligible oxygen contamination of c-Hf3Ny.

3.3.3 Raman spectroscopy of oxygen-bearing c-Zr;N,.

In addition to the XRD examination, the Raman spectrum of c-Zr;gs(NossOo.12)4 Was
measured and compared with that of c-Zr;Ny4 synthesised from elements in a LH-DAC (Zerr
et al. 2003) (Figure 3.9). In contrast to the LH-DAC material, the spectrum of
c-Z1786(N0s300.12)4 from the multi-anvil synthesis is not strongly dominated by only one
Raman line at 323 cm’': in addition to the line at 161 cm'l, five Raman lines at 136, 366, 403,

514, and 668 cm™ can be clearly identified. The factor group analysis for the ThsP4-type

structure (space group /43d or Tq’) yields the following symmetry species of vibrational
modes: I'=A; +2A, + 3E + 5T, + 5T, (Karavaev & Khrapov 1975; Provenzano et al. 1977).
Nine of them (A; + 3E + 5T,) are Raman-active and five (5T,) are also IR-active. Therefore
all seven lines observed for the material from the multi-anvil synthesis are attributed to those
of c-Zr; 36(No.8s00.12)4, including the line at 403 cm’! not detected for c-Zr3Ny. Observation of
the additional line for the material from the multi-anvil synthesis could be attributed to the
partial substitution of nitrogen by oxygen on the anion sites of c-Zr;N4 and to the presence of
cation vacancies. The frequency differences (Table 3.6) could be caused by the shift of the
Raman bands of the sample from the LH-DAC to lower frequencies because it could have
been heated to higher temperatures by the absorbed radiation of the Ar-laser used to excite the
Raman spectra. A higher temperature of the sample from the LH-DAC synthesis, compared

with that from multi-anvil synthesis, could be a result of a significantly lower sample volume.
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Figure 3.9. Raman spectra of c-Zr;gs(No.3300.12)4 synthesized in this work using a multi-
anvil apparatus (a) and of c-Zr;Ny4 synthesized in the earlier work (Zerr et al. 2003) using a
LH-DAC (b). Both spectra were measured at ambient pressure.

The Raman shifts of c-Zr; g6(No.ssOo.12)s and c-Zr;N4 measured at ambient pressure are listed
in Table 3.6 along with other available experimental (Zerr et al. 2003; Chhowalla & Unalan
2005) and theoretical (Kroll 2003) values for c-Zr;N4. The Raman shifts reported by Zerr et
al. (2003) and Chhowalla & Unalan (2005) exhibit higher frequencies due to compressive
stresses present in the investigated samples. After analysis of the available data for Ths;P4-type
compounds, Zerr et al. (2003) suggested that the dominant Raman band (323 and 318 cm™ for
c-Z17.86(No8300.12)4 and c-Zr;Ny, respectively) could be assigned to the T, mode. A reliable
assignment of the other observed Raman bands to the symmetry species is only possible by
single-crystal polarization studies. However, a single crystal of c-Zr; g6(No.gsOo.12)s With the
size sufficient for such measurements was not found in the sample Z2-01. Assignment of the
Raman-active lattice vibration modes of c-Zr;N4 and calculation of their frequencies, which
are in a reasonable agreement with the present data (Table 3.6), were reported in the

theoretical work of Kroll (2003).
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Table 3.6. Raman shifts [cm'l] of ¢-Zr;36(No8300.12)4 (Z2-01) synthesised in the present
work in a multi-anvil apparatus and of c-Zr;N4 synthesised earlier using a LH-DAC in
comparison with other reported experimental values. Suggested assignment of the Raman-
active vibrational modes of ¢-Zr;N4 and their calculated frequencies after Kroll (2003) are
given for reference.

c-Z12.86(NossO0.12)4 " c-Zr3Ny
1 atm 1 atm® 16 GPa" ~9 GPa (film)* Theoretical values®
136 163 165 142 (T)
161 158 196 195 165 (E)
282 (T>)
336 (A)
323 318 387 387 368 (T»)
366 356 416 415 423 (Ty)
403
514 504 551 550 506 (Ty)
641 609 (E)
668 665 707 710 670 (E)
* This work.

®(Zerr et al. 2003).
¢(Chhowalla & Unalan 2005).
4 (Kroll 2003).

3.3.4 Thermodynamics of c-Zr; g6(No.ss00.12)4

In the original experiments with a LH-DAC, c-Zr;N4 was obtained at high pressures (above
15.6 GPa) and high temperatures (above 2500 K) via chemical reaction of pure Zr-metal or
0-ZrN with condensed nitrogen (Zerr et al. 2003). This result unambiguously showed that
c-Zr;N4 free of oxygen contamination exists. In contrast to these earlier experiments, results
of the present work indicated that up to 12 % of nitrogen anions in c-Zr;N4 can be substituted
by oxygen without a significant alteration of the crystal structure. Based on the existing
theoretical and experimental data for the Zr-N-O system, possible influence of oxygen
incorporation in the structure of c-Zr3N4 on the energetics of this high-pressure modification

is discussed below.

As was mentioned in the introduction, two phases o and B are in equilibrium if their Gibbs

free energies are equal. For a constant temperature (e.g. room temperature, RT) one can write
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the Gibbs free energy as G =G + j VdP , where Gy is the energy at pressure P =0 and V(P)

is the volume at the particular pressure. For a phase transition (a. — ) at RT holds:
P,
AG =~ [AV,4dP.
0

If the bulk moduli of the considered phases are significantly higher than the pressure of the

phase transition, then AV is nearly independent of pressure and can be considered in the first

approximation as constant. Accordingly, AG,,,=-AV, _[ dP=-AV_P_ . Hence, the

af” tr

transition pressure can be estimated from the expression P From

tr

=—AG,,/ AV, .

thermodynamic considerations follows that the entropy difference that contributes to AG

for solid state crystal structures is at moderate temperatures (as the case for RT) typically very
small. Thus AG in the above equation for transition pressure at RT can be replaced by the
enthalpy of transformation, AH, at RT (298 K). Taking into account the above assumptions,

the pressure of the a — [ phase transition can be derived as

P

tr

=—[AHP*(B)— AH*(a) ]/ [V, -V, ],

where AH?” is the standard enthalpy of formation and ¥ is the molar volume of the

corresponding phase at 298 K.

At ambient conditions the Zr-N-O system can by represented by a mixture of the
thermodynamically stable orthorhombic zirconium(IV) nitride, o-Zr;N4, and monoclinic
zirconium dioxide, m-ZrO,, further denoted by “o0” and “m”, respectively. Transformation of
this mixture to the oxygen-bearing cubic zirconium(IV) nitride, c-Zr3,(N;.,O,)s, can be

expressed by the following equation normalized to one mol of Zr:
wZiN, 5 (0) +[1-w] ZrO, (m) — Z1N,,,5,0,.,,(c)

Since for c-Zr;g6(NossOo.12)s synthesized in the present work 5 GPa <P, <12 GPa (s.
Chapter 3.2), V. = 16.2 cm*/(mol of Zr) and Vs = 21.21 - 3.88w = 17.65 cm’/(mol of Zr), the
enthalpy of the “o + m — ¢” transformation is estimated to be between 7.25 and 17.4 kJ/(mol
of Zr) (Figure 3.10). On the other hand the enthalpy of “o0 — ¢” transformation for pure Zr;Ny4
is calculated to be AH = 10.84 kJ/(mol of Zr) (Kroll 2004), which is also between the above
estimated limits for c-Zry36(NossOo.12)4. Thus, the above estimation does not provide
unambiguous information about stability of c-Zr3_,(N;.,0,)4 With respect to the mixture of the

low-pressure modifications (Figure 3.10).
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Figure 3.10. The enthalpy of formation, AH;”, of the high-pressure ¢-ZrN3,40,.2, as a
function of oxygen content, O/(O+N) = 3(1-w)/(3-w) (grey area). The estimated maximum
and minimum AH;” for c-Zrygs(NossOo12)s (Ww=0.92) are denoted by squares. The

enthalpy of formation of the mixture (w)o0-ZrNys+ (1-w) m-ZrO, stable at ambient
pressure is given for reference (solid line). The enthalpy of the “o — ¢” transformation for
Zr3Ny (Kroll 2004) and the estimated upper and lower limits for the enthalpy of the
“0 + m — ¢” transformation for Zr, 36(No.8sO0.12)4 (this work) are given by numbers.

However, the obtained values can be further used for estimation of the higher and the lower

limits for the standard enthalpy of formation of c-Zr; 36(No.8300.12)4 using the known values of

AH?98 for 0-Zr;N4 and m-ZrO, (Table 3.7). The dependence of the “starting” mixture

enthalpy on the O-content can be modelled by the equation: AH;”** (0 +m)=-1100.6 + 774w,

which provides -391.1 kJ/(mol of Zr) for the composition of interest (w=0.92). Since the

enthalpy difference between the low and high pressure states 1s known,
AH; (¢ - Z1, 4, (N 5s0,.12),) can be found to be between -373.7 and -383.9 kJ/(mol of Zr)

(Figure 3.10). It is worth mentioning that the estimated enthalpy of formation of
c-Z17.86(No 8800.12)4 1s more exothermic than that of pure c-Zr;Ny4 and even of the low-pressure
0-Z13N4 (Table 3.7). Accordingly, the substitution of 12 % of nitrogen by oxygen in c-Zr3Ny
results in a stronger enthalpy change (decrease) than the enthalpy change (increase) due to the
phase transition from orthorhombic to cubic phase. A detailed investigation of
thermodynamic stability of c-ZrsN4 (as well as of c-Hf3N4) with respect to the oxygen

incorporation could be a subject of the future experimental and theoretical work.
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Table 3.7. The enthalpies of formation (AH;*), densities (o), molar masses (My,), and
molar volumes (Vm= M _/p) of 0-Zr3Ny, c-Zr;Ns, m-ZrO, and c-Zr; 36(NogsOo.12)s. The
values are normalized to one mole of Zr.

AH™® p M, Vi
[kJ/mol of Zr] [g/cm’] [g/mol of Zr]  [cm’/mol of Zr]
0-Z13Ny -326.6" 6.341 109.90 17.33
c-Zr3Ny -315.8° 7.159 109.90 15.35
m-ZrO, -1100.6° 5.809 123.22 21.21
C-Zr2.86m0,8800,12)4 -383.9... -373.7d 6.SSe 11 l.Ole 16.2e
* (Molodetsky et al. 2000).
® (Kroll 2004).
¢ (Lide 2005).

4 Estimated from 5 GPa <P, <12 GPa.
¢ Experimental values obtained in the present work.

3.3.5 Microstructure

The microstructure of oxygen-bearing c-Zr;Ny (sample Z2-01) and of hafnium nitride samples
(H1-01 — H1-04) was studied using SEM equipped with an EDX detector. The SEM/EDX
investigation of a polished surface of Z2-01 revealed the presence of a chemically
homogeneous, highly porous material with pore sizes ranging from about 0.05 to 2 um
(Figure 3.11a). The average volume fraction porosity (VFP) was estimated to be between 0.25
and 0.3. Crystallites of the c-Zr;N4 of about 0.8 um in size could also be observed on pore
walls (Figure 3.11b).

Similar to oxygen-bearing c-Zr;N4, SEM investigation of a polished surface of H1-01
revealed a highly porous material with pore sizes from 0.05 to 2 um (Figure 3.12a). The
average VFP was estimated to be about 0.27. Additionally a few areas of higher density
(VFP <0.1) were observed (Figure 3.12b). In contrast to the homogeneous Z2-01, on the
majority of the H1-01 sample surface two phases could be distinguished (Figure 3.12c). The
major phase is light-grey in appearance and highly porous, while the “islands” of the darker
phase have a few small (< 50 nm) or no pores at all. Because of a nonuniform and texturally
fine distribution of the dark phase within the sample, it was difficult to estimate its average

volume fraction.
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Figure 3.11. SEM pictures of c-Zr;g6(NossOo.12)4 (sample Z2-01) synthesized in the
present work in a multi-anvil high-pressure apparatus: (a) image of the polished sample
surface showing highly porous material; (b) crystallites of c-Zr, 36(No.8sOo.12)4 observed on
pore walls.

Semi-quantitative EDX analysis of both phases revealed a significantly higher oxygen and
lower nitrogen content in the dark phase when compared with those in the light phase. This
was also visible from the element distributions of nitrogen and oxygen measured on the
sample surface using the EDX detector (Figure 3.13). Thus, the light phase was identified as
c-Hf3N4, while the darker phase — as the oxidic phase detected in the powder XRD
experiments (s. Chapter 3.3.2.2). Additionally, crystallites up to 1 um in size were observed
on the pore walls (Figure 3.12d). The chemical composition of the crystallites was found to be

similar to that of the light phase. Therefore, they were attributed to c-Hf;N4.
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Figure 3.12. SEM pictures of hafnium nitride sample (H1-01) synthesized in the present
work using a multi-anvil high-pressure apparatus: (a) porous sample surface; (b) dense
sample surface; (c) light-grey c-HfsN4 together with contaminating darker oxidic phase
(s. text); (d) crystallites of c-Hf3N,4 observed on pore walls.

(a) (b) (c)

Figure 3.13. SEM picture of the surface of the hafnium nitride sample, H1-01, showing
the presence of two phases of different colours (a) and corresponding element mappings of
nitrogen (b) and oxygen (c¢) collected using the EDX detector. The intensity scale on the
mappings is normalized to the maximum content of each element.
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It should also be mentioned that, similar to XRD measurements, SEM/EDX examination of
the other hafnium nitride samples (H1-02 — H1-04) revealed the presence of comparable
amounts of the oxidic phase. Thus, application of the doubled Pt/Mo-encapsulation did not
significantly reduce the oxygen diffusion from the surrounding oxide pressure medium into
the sample volume during HP-HT synthesis. Most likely, the Mo/Pt-encapsulation alone
doesn’t work as a good oxygen-diffusion barrier, and an additional encapsulation (e.g. h-BN)

is required.

An interesting feature of all investigated high pressure products is their high volume fraction
porosity (VFP) up to 0.3. A possible explanation of such a high porosity is that after reduction
of the specific volume due to the transition to dense and hard c-M3;N4 phase the material did
not deform plastically and thus can not be sintered even under the extreme conditions of high
pressures and temperatures. Moreover, release of the nitrogen excess (about 2.7 wt.% for
zirconium nitride and 2.5 wt.% for hafnium nitride) during the transformation of the starting
M;N4y, powders into c-M3;Ny at high pressures and high temperatures may have also
contributed to the pore formation. In the case of hafnium nitride, the contaminating oxidic
material filled pores between the c-Hf3N4 crystals thus forming regions with a low VFP
(Figure 3.12c). This suggests a method for fabrication of dense sintered c-M3;N4 bodies by

employing appropriate oxidic sintering additives.

It is well known that porosity can significantly alter various physical properties of materials
(Rice 1998). In particular, it can decrease the material hardness and effective elastic moduli.
Therefore, the influence of porosity on hardness and elastic properties of oxygen-bearing

c-Zr3Ny, investigated in the present work, is taken into account in the following chapters.
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3.4 Elasto-mechanical properties

In the original work on the synthesis of c-Zr;sN4 and c-HfsN4 in a LH-DAC, preliminary
compressibility measurements revealed high bulk moduli of about 250 GPa which allowed to
suggest high hardness for these two materials (Zerr et al. 2003). The subsequent study of the
mechanical properties of deposited c-Zr;Ny films showed that their nanoindentation hardness
(36 GPa) exceeds significantly that of 8-ZrN (27 GPa) prepared by the same deposition
technique (Chhowalla & Unalan 2005). Moreover, it was found that c-Zr;N4 exhibits an
exceptional wear resistance by milling of a low-carbon steel: it outperformed by almost one
order of magnitude the wear resistance of 0-TiN. Several theoretical studies have also
predicted high bulk moduli of ¢-Zr;N4 and c-Hf3Ny in the range of 195-283 GPa and Vickers
hardness of about 20 GPa (Kroll 2003; Mattesini et al. 2003; Lowther 2005), indicating that
both high-pressure nitrides can be of interest for applications as hard wear resistant materials.
This is why elasto-mechanical properties of c-Zr;N4 and c-Hf;Ny4, important for potential

industrial uses, were studied in detail in the present work.

In the following chapter compressibility measurements and determination of the bulk moduli,
By, of oxygen-bearing c-Zr3N4 and of pure c-Hf3Ny are presented. Further, Vickers hardness
and indentation fracture toughness of c-Zr;g6(NossOo.12)4 (Z2-01) were obtained (Chapter
3.4.2). Additionally, hardness and reduced elastic modulus, E;, of oxygen-bearing cubic
zirconium(IV) nitride were measured using nanoindentation technique (Chapter 3.4.3).
Finally, the shear modulus, the Young’s modulus and the Poisson’s ratio of
c-Z1786(No.3sOo.12)4 were estimated using experimental values for By and E., exclusively

(Chapter 3.4.4).

3.4.1 Compressibility measurement

In the present work the first accurate experimental data on the bulk moduli, By, and their first

pressure derivatives, B,, for both oxygen-bearing c-Zr;N4 and pure c-Hf;N; were obtained.

The values were derived from the pressure dependences of specific volumes of high-pressure
nitrides, V(P), measured up to about 45 GPa. Measurements were performed under quasi-
hydrostatic load conditions in a diamond anvil cell (DAC) using energy dispersive powder

X-ray diffraction (ED-XRD) combined with synchrotron radiation (s. Chapter 2.4.1).
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3.4.1.1 Oxygen-bearing c-Zr3;Ny
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Figure 3.14. ED-XRD patterns of c-Zr36(NogsOo.12)4 alone at ambient pressure and
embedded in the solid argon pressure medium at high pressures of 14.4, 19.4 and
44.1 GPa. The first two patterns were measured at the diffraction angle of 260 = 9.38° and
the last two at 20 = 8.87°. Ky~ and Kg;-fluorescence peaks of tungsten (the slits material)
at 57.98 and 59.32 keV (#) were observed at lower diffraction angles. A broad peak
indicated by (o) is due to the diffraction from steel, the gasket material. The (400)
diffraction peak of c-Zr,36(NogsOo.12)4 Was not observable at high pressures due to the
texture.

For the compressibility measurements of c-Zr;gs(NogsOo.12)s a thin pellet of the sample
powder obtained in the experiment Z2-01 was compressed in a DAC. In situ high-pressure
ED-XRD patterns were collected using a polychromatic synchrotron radiation (s. Chapter
2.3.1.2). At ambient and at high pressures up to ten diffraction peaks for c-Zr; g6(No.3sO00.12)4,
namely (211), (220), (310), (321), (400), (420), (332), (422), (510) and (521), were observed.
For crystalline argon, served as a quasi-hydrostatic pressure transmitting medium, up to five
peaks, (111), (200), (220), (311) and (222), were detected. On compression, the intensities of
the diffraction peaks of both argon and investigated material were affected by texture. Figure
3.14 shows the ED-XRD patterns measured at ambient conditions and at 14.4 GPa at the
diffraction angle 26 = 9.38° as well as patterns measured at pressures of 19.4 and 44.1 GPa at

the diffraction angle 26 = 8.87°. In the ED-XRD patterns measured at lower diffraction angle
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the Kq»- and Ky -fluorescence peaks of tungsten (the slits material) at 57.98 and 59.32 keV
were also observed. A broad peak at about 43 keV was due to the diffraction from the gasket

material.

The average specific volumes of c-Zr;g6(Nos3Oo.12)4 and of argon at each pressure were
derived from the lattice parameters calculated for each diffraction peak. By calculation of the
specific volumes, the diffraction peaks of c-Zr;g6(No.3s00.12)4 and of argon overlapping on
increasing pressure with each other or with the X-ray fluorescence peaks were discarded from
consideration. The lattice parameters ap of c-Zr;s6(No.ssQo.12)4 at ambient conditions was
found to be 6.759(6) A, which is in good agreement with ay = 6.7549 A derived by Rietveld
structure refinement (Chapter 3.3.2.1). Accordingly, the former value was used for the
calculations to determine the ratios V/V,, where V and V, are the specific volumes of

c-Z17.36(No.8300.12)4 at high and ambient pressure, respectively.

c-Zr, _ (N
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Figure 3.15. Pressure dependence of V/Vj of c-Zr; 36(No.8300.12)4 measured on compression
at room temperature to 45 GPa. The experimental data are shown by solid squares. The
solid line represents the least-squares fit of the third-order BM-EOS to the experimental
data. The fit yielded Bo=219(13) GPa and B,=4.4(1.0).

The results of the compression measurements for c-Zr; 36(No.gsOo.12)4 are shown in Figure
3.15. As the uncertainty in the V/Vj-ratios, the maximum difference among all observed
diffraction peaks was chosen. Similarly, the pressure uncertainties correspond to the
maximum difference in the pressure values calculated for each diffraction peak of argon. This

was necessary because argon exhibits a significant elastic anisotropy on compression (Zerr et
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al. 1993). A small change of the specific volume by about 14 % at the maximum pressure of
45 GPa indicated a high bulk modulus of ¢-Zr; 36(No.8sO0.12)4. From the least-squares fit of the
third-order Birch-Murnaghan equation of state (s. Chapter 1.2.1.1) to the experimental data
we obtained the bulk modulus By=219(13) GPa and its first pressure derivative B,= 4.4(1.0)

for c-Zr;36(No.ssOo.12)4. In Figure 3.15 the result of the fit is represented by a solid line. For
the second-order Birch-Murnaghan EOS, with B; fixed at 4, By =224(5) GPa was obtained.

This experimental value is about 10 % lower than the previously reported By~ 250 GPa

(B,= 4 fixed) for pure c-Zr3;N4 (Zerr et al. 2003). Such decrease of B for the oxygen-bearing

zirconium(I'V) nitride could have been caused by the substitution of nitrogen with oxygen
leading to a weakening of the cation-anion bonding (Lowther 2008). The theoretical
predictions for By of c-Zr;N4 (195-265 GPa) (Kroll 2003; Mattesini et al. 2003; Lowther
2005) scatter around the present value (Table 3.8).

In Figure 3.16 the experimental data and both fit results are shown on the F( f)-plot, where F'
is the normalized pressure and f is the Eulerian strain (s. Chapter 1.2.1.1). The third- and
second-order Birch-Murnaghan EOSs are presented here by straight solid and dashed lines,
respectively. The intercept of the line with the F-axis yields By and the slope corresponds to

B, . This form of representation is, in contrast to the V(P) plot in Figure 3.15, very sensitive to

the experimental uncertainties. It can be clearly recognised in Figure 3.16 that all

experimental data points agree, within the experimental uncertainties, with both fit results.
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Figure 3.16. Compression data of c-Zr; 36(NossOo.12)4 in terms of normalized pressure, F,
and Eulerian strain, f. This form of representation is very sensitive to experimental
uncertainties. Fits to the third- and second-order BM-EOS are represented by solid and
dashed lines, respectively.
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Table 3.8. Experimental and theoretical values of bulk modulus and its first pressure
derivative for c-Zr;g6(NossOo.12)4, ¢-Z13(N,O)s, c-Zr3Ny, 8-ZrN, c-Hf3N4, 6-HfN. Typical
experimental bulk moduli of ¢-SizNy4, c-BN and diamond are given for comparison.

Phase By [GPa] B, Ref.
C-Zrz,gé(N0,8800.12)4 219(13) 44(1 0) This work

224(5) 4-fixed This work
C-ZI‘3N3,7500.25 241a 6.56 (LOWthGI‘ 2008)
c-Z13(No.87500.125)4 227° 7.05 (Lowther 2008)
c-Zr3Ny ~ 250 4-fixed (Zerr et al. 2003)

265, 195 (Kroll 2003)

262°, 218" (Mattesini et al. 2003)

251° 6.75 (Lowther 2005)
0-ZrN 248 4-fixed (Chen et al. 2005)

285" (Chen et al. 2005)
c-Hf3Ny4 227(7) 5.3(6) This work

241(2) 4-fixed This work

~ 260 4-fixed (Zerr et al. 2003)

283% 215" (Kroll 2003)

276, 228" (Mattesini et al. 2003)

268" 6.56 (Lowther 2005)
o-HIN 260 4-fixed (Chen et al. 2005)

306" (Chen et al. 2005)

313%, 270 (Kroll 2003)
c-SisNy 290 4.9 (Zerr et al. 2002a)

302 4-fixed (Zerr et al. 2002a)
c-BN 369-382 (Brazhkin et al. 2002)
Cq (diamond) 433-442 (Brazhkin et al. 2002)

“ Theoretical bulk modulus calculated employing the local density approximation (LDA).
® Theoretical bulk modulus calculated employing the generalized gradient approximation

(GGA).
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3.4.1.2 c-Hf3N4

For the compressibility studies of c-Hf3Ny4, the sample material was synthesised in a LH-DAC
via a chemical reaction of hafnium mononitride with molecular nitrogen at high pressures and
temperatures  in accordance with the earlier work (Zerr et al. 2003). Synthesis was performed
using the equipment of the Hochdruckgruppe (leader - Dr. R. Boehler), Max-Planck-Institut
fir Chemie, Mainz. A platelet of the compacted mononitride powder (3-HfN, 99 %,
Chempur), isolated from the lower diamond anvil by a thin layer of NaCl, was embedded in
the nitrogen pressure medium, squeezed to about 19 GPa and heated up to 2850 K with the
radiation of a Nd:YLF laser. After synthesis the polycrystalline sample of c-HfsN4 was
recovered from the DAC, washed by dissolving NaCl in bi-distilled water, and loaded again

in a DAC for compression measurements.
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Figure 3.17. ED-XRD-patterns of c-Hf3N4 and of the solid argon pressure medium
measured at 11.1 GPa (at the diffraction angle of 8.92°), at 39.4 GPa (20 = 8.85°). The
lower pattern was obtained only for the sample material at ambient conditions (26 = 8.85°).
Ky - and Ky -fluorescence peaks of hafnium at 54.61 and 55.79 keV (V¥) and of tungsten
(the detector slits material) at 57.98 and 59.32 keV (#) were observed in all patterns. A
broad peak (o) is due to the diffraction from steel, the gasket material. The (400)
diffraction peak of c-Hf3N4 was not observable due to the texture.

" The material was kindly provided by Dr. Andreas Zerr
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The c-Hf3N4 compressibility studies were carried out in a similar way as those for
c-Z1786(No.3sOo.12)4 (s. above Chapter 3.4.1.1): sample was compressed in a DAC and the
specific volumes of sample and the solid argon pressure medium were measured using ED-
XRD. Up to ten diffraction peaks of c-Hf3N4, namely (211), (220), (310), (321), (420), (332),
(422) and (510), were observed. For the crystalline argon up to four peaks, (111), (200), (220)
and (311), were detected. Typical ED-XRD patterns measured at ambient and high pressures
are presented in Figure 3.17. By comparison of the patterns one should bear in mind that they
were measured at diffraction angles of 8.92° (11.1 GPa) and 8.85° (39.4 GPa and ambient
pressure). In the ED-XRD patterns the Ky»- and K, -fluorescence peaks of hafnium at 54.61
and 55.79 keV and of tungsten (the slits material) at 57.98 and 59.32 keV were also observed.
A broad peak around 43 keV was due to the diffraction from the gasket material. Similar to
the compressibility measurement of oxygen-bearing c-Zr;Ny, the peaks of argon and of
c-Hf3N,4 overlapping with each other and/or with the X-ray fluorescence peaks were not
considered by the calculation of the specific volumes. The lattice parameter of c-Hf3N4 at
ambient conditions was determined to be 6.707(9) A, which is in good agreement with that
reported earlier (ap = 6.701(6) A (Zerr et al. 2003)) as well as with that of c-Hf;N, synthesised
in the present work using multi-anvil apparatus (ap = 6.7014(2) A, s. Chapter 3.3.2.2) In these
measurements the former value was used for calculation of the specific volume ratios V/Vof

c-Hf3N4 on compression.
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Figure 3.18. Relative volume V/V, of c-Hf3Ny4 at high pressures to 44 GPa and room

temperature. The experimental data are shown by solid squares. The solid line represents

the least-squares fit of the third-order BM-EOS to the experimental data. The fit yielded

By=227(7) GPa and B,=5.3(6).
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The results of the compression measurements are presented in Figure 3.18. Similar to
c-Zr7.36(No.8s00.12)4, the uncertainties in the V/Vy-ratios and in the pressure values correspond
to the maximum difference in their values calculated from the observed diffraction peaks of
c-Hf3N,4 and argon, respectively. The specific volume change for c-Hf3N4 at the maximum
pressure of 44 GPa was found to be about 12 %, thus again indicating a high bulk modulus of
the investigated material. From the least-squares fit of the third-order Birch-Murnaghan EOS
to the experimental data, the bulk modulus By=227(7) GPa and its first pressure derivative
B, =5.3(6) were derived for c-HfsN4. With fixed B; =4 the bulk modulus was found to be
Bo=241(2) GPa, which is similar to the earlier reported preliminary result of 260 GPa (Zerr
et al. 2003).

In Figure 3.19 the experimental data for c-Hf3N4 and both fit results are presented in terms of
normalized pressure F and Eulerian strain f (s. Chapter 1.2.1.1). Very sensitive to the
experimental uncertainties, the F( f')-plot shows that all experimental data points agree, within

the error bars, with both fit results. The obtained bulk modulus B,=227(7) GPa (B; =5.3) or
B,=241(2) GPa (with B, fixed at 4) for c-Hf3Nj is only 13 % and 7 %, respectively, below

the preliminary estimated value of = 260 GPa (Zerr et al. 2003). Results of the first-principles
calculations on B, of c-Hf3N4 (Kroll 2003; Mattesini et al. 2003; Lowther 2005) scatter

around the present experimental value (Table 3.8).

400 - C-Hf3N4 .
B = 227(7) GPa
B’ =5.3(6)

B,=241(2) GPa
B'=4 (fixed)

0.00 | 0.01 0.02 0.03 0.04 0.05

Figure 3.19. Compression data of c-Hf3Ny4 in terms of normalized pressure, F, and Eulerian
strain, f. Fits to the third- and second-order BM-EOS are represented by solid and dashed lines,
respectively.
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In Table 3.8 (page 103) the present experimental data on B, and B of c-Zr;36(No.3300.12)4

and c-Hf;N4 are compared with the results of earlier measurements and of first-principles
calculations for c-Zr3;Ny, c-Zr3(N,0)4 and c-Hf3N4. The experimental values for bulk moduli
of 6-ZrN, o6-HfN, c-SizN4, ¢c-BN and diamond are also given for reference. Similar to
theoretical calculations and preliminary estimation, the bulk modulus for c-Hf3Ny4 is about
4 % higher than that measured for c-Zr;g6(NosOo.12)s. Since the bulk moduli of oxygen-
bearing c-Zr;N4 and c-HfsN4 are significantly lower than those of superhard materials, the
hardness of c-M3Ny is unlikely to surpass the “superhard limit” of 40 GPa. However, it could
be comparable with or exceed the hardness of the corresponding mononitrides, 6-MN. This
suggestion is only of a qualitative character since the correlation between bulk modulus and
hardness is not straightforward and should be applied with care (s. Chapter 1.2.2.2).
Obviously, direct measurements of the hardness of c-Hf3N4 and c-Zr;N4 would clarify the

issue.

3.4.2 Vickers indentation of c-Zr; g6(INo.8800.12)4

3.4.2.1 Vickers microhardness

Despite the apparent porosity of the c-Zrys6(NogsOo.12)4 sample (Chapter 3.3.5), reliable
Vickers microhardness (Hy) measurements could be performed. Indentations with Vickers
pyramid were carried out on a polished sample surface with loads from 0.49 N to 9.8 N
according to the procedure described in Chapter 2.4.2.3. The SEM pictures of typical Vickers
impressions made at loads of 0.98, 2.94 and 9.8 N are shown in Figure 3.20. The observed
dependence of Hy in these microhardness measurements on the applied load is presented in
Figure 3.21 and compared with earlier published data for a single crystal of 5-ZrN (Chen et al.
2005) and for polycrystalline 6-ZrN samples having various volume fraction porosities (VFP)
(Adachi et al. 2006). The Vickers microhardness of the porous c-Zr; g6(NogsOo.12)4 (having
VFP between 0.25 and 0.3) at the load of 9.8 N was found to be 12.0(6) GPa which is only
slightly below that for the single crystal -ZrN (12.2 GPa) and almost 2.5 times higher than
that of a polycrystalline 3-ZrN sample (4.9 GPa) having a lower VFP of about 0.18 (Figure
3.21).
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Figure 3.20. SEM pictures of typical Vickers indentations made in c-Zr;g6(No.8300.12)4
(sample Z2-01) with the applied loads of 0.98, 2.94 and 9.8 N. The loading time was fixed
at 15 seconds. The Vickers hardness values were determined to be 14.2, 12.1 and 12.0 GPa
for these indentations, respectively.
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Figure 3.21. Vickers microhardness of the porous (VFP of 0.25-0.3) oxygen-bearing
cubic Zr3Na, c-Zr236(NossOo.12)s, synthesised in the present work as a function of the
applied load (m), compared with hardness of the 3-ZrN single crystal (o) (Chen et al. 2005)
and with those of polycrystalline 6-ZrN having various VFP (0) (Adachi et al. 2006).

It should be noticed that micro-Raman examination of the indented sample surfaces did not
show any changes in the spectra of c-Zr; 36(NossOo.12)4. The latter finding indicated that no
phase transition to another Raman-active phase or even amorphisation of the synthesized

material occurred due to plastic deformation during indentation.

It follows from the results presented in Figure 3.21 that indentation size effect (ISE) takes
place for the investigated sample: the hardness value of c-Zr; g6(No 3300.12)4 was found to be
Hy(0.05) = 16.0(5) GPa at the load of 0.49 N and to gradually decrease with the load increase.
At the loads of 2.94 N and higher the hardness appears to preserve nearly a constant value of
about 12 GPa. In order to derive the load independent hardness value, the modified
proportional specimen resistance (M-PSR) equation, describing the indentation size effect
(s. Chapter 2.4.2.1), was fitted to the experimental data L(d), where L is the applied load and d
1s the mean diagonal of the Vickers impression (Figure 3.22). The results of the least-squares

fit are given in Figure 3.22. The true hardness value was calculated from the fit parameter a;
(s. Chapter 2.4.2.1) to be H" =1.8544 a,= 11.5(9) GPa. This value agrees within the errors
with those measured at high indentation loads (>2.94 N). The load independent hardness

value was used in the present work for estimation of the indentation fracture toughness of

c-Zr17.86(No.8300.12)4 (s. below), as was suggested by Gong et al. (1999, 2002).
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Figure 3.22. The applied load, L, as a function of the corresponding mean diagonal of the
resulting Vickers impression dy (solid squares) for c-Zr; 36(No.8sOo.12)4 (sample Z2-01). The
solid line represents the least-square fit of M-PSR equation, describing the indentation size
effect (ISE), to the experimental data. In the plot the final fitting parameters of the M-PSR
equation and the calculated load-independent hardness value are given.

As discussed in Chapter 1.2.2.1, the hardness of most materials decreases with an increase of
their volume fraction porosity. It was suggested to describe the hardness-to-porosity relation

by an exponential law, H = H, exp(-bp), where b is a constant, p is the volume fraction

porosity (VFP), H and H, are the hardness values of porous and dense specimen, respectively.
Analysis of a wide range of hardness data for hard ceramic materials (such as Si3Ny, SiC, TiC,
B4C, Al,O3, ZrO,, etc.) has shown that typical values of b are between 3 and 7 (Rice 1998;
Cho et al. 1999; Luo & Stevens 1999; Milman et al. 1999). Moreover, recent studies of the
porosity influence on hardness of polycrystalline zirconium mononitride have shown that
Hy(1) of 6-ZrN drops by almost 70 % for VFP of 0.2 (i.e. »=5.9) as compared with fully
dense material (Adachi et al. 2006). Assuming b =3 (minimum) and b =7 (maximum), the
lower and the upper limit values for Hy(1) of fully dense c-Zr;N4 were estimated to be 25 GPa
and 69 GPa, respectively. Thus the Vickers microhardness expected for dense c-Zr;Ny
(> 25 GPa) significantly exceeds that of dense 6-ZrN (12-15 GPa) (Samsonov 1969; Lengauer
2000; Chen et al. 2005) as well as that of 19 GPa, estimated for c-Zr;N4 by Mattesini et al.
(2003) who employed theoretical shear modulus and empirical correlation between Hy and Gy

for hard ceramic materials (Chapter 1.2.2.2).
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3.4.2.2 Indentation fracture toughness

The SEM investigation of the indented sample surface revealed for high loads (> 2.94 N) the
presence of radial cracks having their origin directly at or close to corners of the Vickers
impressions (Figure 3.23). Usually unsymmetrical cracking patterns were observed which are,
most probably, due to microstructural inhomogeneity and/or porosity of the investigated
material. The average crack length, /, was measured to be 6.7, 10.5 and 21.0 um for the
indentation loads of 2.94, 4.9 and 9.8 N, respectively. The average crack length for each
impression was then used for estimation of the indentation fracture toughness, Kic.ir, of
c-Z17.36(No 8300.12)4 using equations of Niihara et al. (1982) and Shetty et al. (1985) described
in Chapter 2.4.2.2.

Spot Magn Det WD F—————— 20 m
/40 3677x SE 101 ZRNI_Hy

Figure 3.23. The SEM picture of the Vickers impression made on the polished surface of
porous c-Zr;86(NogsOo.12)4 (sample Z2-01) with the load of 2.94 N. Four radial cracks
having their origin directly at or close to corners of the impression can be clearly
recognised.

The Niihara’s equation was derived for crack lengths, /, satisfying the condition
0.25<2/l/d,<2.5, where d, is the impression diagonal (Niihara et al. 1982). Thus, this
equation can be used in the present work, since for the observed cracks 0.6 < 2//d, < 1.2 holds
for all loads. In both equations the knowledge of hardness value is required, so the derived
load-independent hardness of c-Zr3 g6(No 83O0.12)4 of 11.5 GPa (Chapter 3.4.2.1) was used. For

Niihara’s equation the Young’s modulus of the indented specimen is also needed. It can be
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obtained by combination of experimentally determined bulk and reduced elastic moduli of
material as described above in Chapter 2.4.4. In the present work the Young’s modulus of
c-Z1386(No.8sO0.12)4 was determined to be 252 GPa (s. below Chapter 3.4.4). This value was
substituted in Niihara’s equation for the determination of Ki.i. In contrast to Niihara’s
equation, Shetty’s equation does not include Young’s modulus. However, the geometry factor
[ in this equation depends (in addition to standard half-apex angle of the Vickers pyramid

w =68°) on the Poisson’s ratio v of the indented material. For c-Zr; g6(No 8300.12)4 this value

was measured to be v=0.31 (s. Chapter 3.4.4). Accordingly, the geometry factor in Shetty’s
equation was calculated to be f=0.093. It should be also mentioned that the f value
calculated for diamond (for v=0.07) differs by less than 10 % from that obtained for the
investigated material. Thus, the Poisson’s ratio does not significantly influence the geometry

factor in the Shetty’s equation and, accordingly, the indentation fracture toughness value.
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Figure 3.24. Indentation fracture toughness of porous c-Zr;g6(NossOo.12)4 (Z2-01) in
comparison with the K. values reported for porous hot-isostatically-pressed 6-MN (M = Ti,
Zr, Hf). The ranges of VFP of these materials are specified by numbers. Typical K. values
for sintered SiC and Si3Ny4 ceramics and polycrystalline c-BN and diamond are shown for
reference. K. of single crystal c-BN and diamond are given by open squares.

The indentation fracture toughness for porous c-Zr, 36(No.ssO0.12)4 Was calculated to be 3.0(2)
and 3.4(2) MPa m"? from Niihara’s and Shetty’s equation, respectively, and was found to be
almost independent on the applied indentation load. The obtained K|..ir values are plotted in
Figure 3.24 along with fracture toughness values for hot-isostatically-pressed 6-MN (M = Ti,

Zr, Hf) having various porosities (Alexandre et al. 1993; Moriyama et al. 1993; Desmaison-
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Brut et al. 1994; Kuwahara et al. 2001). Additionally, ranges of fracture toughness values
reported for sintered SiC (Ghosh et al. 1989; Kim et al. 1995; Liu et al. 1995) and Si3;Ny4
ceramics (e.g. Sajgalik et al. 1995; Petzow & Herrmann 2002; Yang et al. 2002) as well as for
superhard polycrystalline and single crystal c-BN (Brookes 1986; Rai 1991; Utsumi et al.
1991; Taniguchi et al. 1996) and diamond (Sussmann et al. 1994; Drory et al. 1995; Miess &
Rai 1996; Novikov & Dub 1996; Jiang et al. 2000b) are given in Figure 3.24 for reference.

Similar to other mechanical properties (e.g. hardness, elastic moduli), fracture toughness of a
material usually decreases with increase of the material porosity (e.g. Wagh et al. 1993; Rice
1998). Such behaviour was observed for a number of hard ceramic materials with various
porosities (e.g. Alexandre et al. 1993; Desmaison-Brut et al. 1994; Liu et al. 1995; Tancret et
al. 1997; Milman et al. 1999; Yang et al. 2002). Therefore, the present indentation fracture
toughness of 3.2(3) MPa m"? for porous c-Zr286(Nos3O0.12)4 (VFP of 0.25-0.3) can be
considered as the lower limit for dense c-Zr;N4. The fracture toughness of dense c-Zr;Ny is

expected to be comparable or even to exceed that of 6-MN and SiC ceramics.

3.4.3 Nanoindentation measurements on c-Zr 36(No.8800.12)4

In order to determine nanoindentation hardness, H, and reduced elastic modulus of
c-Z17 36(No 8300.12)4, nanoindentation measurements were carried out by E. Schweitzer at the
Lehrstuhl fiir Allgemeine Werkstoffeigenschaften (WW1), Friedrich-Alexander-Universitét
Erlangen-Niirnberg, Erlangen. The tests were performed on a mechanically polished surface
of the Z2-01 sample since electropolishing of the sample surface resulted in increase of the
surface roughness, most probably due to submicron porosity.” The size of the observed pores
varied between 100 nm and 2 um while in some areas the pores of about 50 nm or less could
be recognised. The size of the uniform and well sintered sample areas was < 1 um in one of

the lateral directions.

The nanoindentation measurements were performed for two maximum loads of about 23 and
14 mN which correspond to the indentation depths of about 260 and 210 nm, respectively.
Additionally, the sample was indented stepwise: ten load-unload cycles with successively
increasing maximum loads from 0.027 to 13.8 mN were performed. Typical load-
displacement curves obtained by nanoindentation testing for stepwise loading and continuous

stiffness measurement (CSM) are shown in Figure 3.25.

" E. Schweitzer (personal communication, April, 2005)
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Figure 3.25. Typical load-displacement curves for c-Zr;.36(No.8s00.12)4 (Z2-01) measured by

nanoindentation techniques: stepwise mode (solid line) and CSM (circles and dashed line)

where E; and H were determined on loading portion of the indentation curve (circles).

The unloading parts of the obtained load-displacement curves were evaluated using the
Oliver-Pharr method (O&P) (Oliver & Pharr 1992) (s. Chapter 2.4.3.1) in order to derive
nanoindentation hardness, H, and reduced elastic modulus, E;, of c-Zr;g6(No.s3O0.12)s (Table
3.9). For the stepwise loadings, the results scattered significantly at low loads. Owing to this,

only the unloading part of the last cycle of every load-displacement curve was evaluated.

Alternatively, H and E, were measured on the loading portion of the load-displacement curves
as a function of the contact depth /4 applying CSM technique (Li & Bhushan 2002) (s. Chapter
2.4.3.2). Figure 3.26 presents results of two CSM measurements for hardness and reduced
elastic modulus of c-Zr; g6(No.s00.12)s. Apparent variations in the dependences of Hand E; on
depth at 27 < 100 nm (Figure 3.26) are most probably due to surface imperfections and
presence of the pores beneath the indented area. Since E; and H values did not change
significantly for 4> 150 nm, they were averaged for higher depths over all CSM

measurements (Table 3.9).

In addition to the O&P and CSM methods the reduced elastic modulus E; was estimated from
the initial part of the load-displacement curves applying Hertzian contact theory (Johnson
1985) (Chapter 2.4.3.3). The very beginning loading part (up to #=15 nm) of 16 load-
displacement curves were fitted with Hertzian contact equation assuming a purely elastic

initial contact. This method led to E; = 203(38) GPa, slightly below the values obtained using
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Oliver-Pharr and CSM methods (Table 3.9). Since no pop-in event indicating a transition
from pure elastic to plastic deformation (Goken & Kempf 2001) was observed during
indentations, the lower E. value from Hertzian fit could be explained by partial plastic
deformation of the indented material, even during initial contact. This finding was confirmed
by atomic force microscopy (AFM) investigation which revealed plastic impressions for all
applied loads. It appeared that the multiple microstructural defects in the sample could have

promoted plasticity even for very low loads.

(a) 30 L | L | L | L | L |
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Figure 3.26. Two examples of measurements of (a) nanoindentation hardness, H, and (b)
reduced elastic modulus, E;, as functions of indentation depth using CSM technique.
Variations in H and E; with indentation depth are attributed to material imperfections, e.g.
presence of pores beneath the indented area. At 2> 150 nm hardness and corresponding
elastic modulus are only weakly dependent on indentation depth.
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3.4.4 Elastic moduli of C-Zrz_sg(N0,8800,12)4

In the above described experiments two independent elastic moduli, bulk and reduced elastic
modulus, were measured for oxygen-bearing c-Zr3N4. Their combination was used in the
present work for determination of all other elastic moduli of ¢c-Zr; g6(Np 33800.12)4 using known
relations between E, B, G and v for an isotropic elastic material (s. Chapter 2.4.4). Using the
experimental values of By=219(13) GPa and E,=224(16) GPa, the shear modulus
Go=96(13) GPa and, subsequently, the Young’s modulus E, and the Poisson’s ratio vy of
c-Z17.36(No8300.12)4 were derived (s. Table 3.9, page 116). The obtained elastic moduli are

considered as those of isotropic polycrystalline c-Zr;N4 material.

It is well known that elastic moduli of a hard ceramic material strongly depend on the material
porosity (e.g. Coble & Kingery 1956; Spriggs 1961; Wang 1984; Rice 1998). For example,
Young’s modulus, E, decreases with increasing porosity, p, and can be expressed by an
equation E = Eyexp(-bp), where Ej is the elastic modulus of the dense specimen and b is a
constant (Spriggs 1961; Andersson 1996; Rice 1996, 1998). Similarly, gradual decrease of
reduced elastic modulus with increase of porosity was observed for various hard ceramic
materials (e.g. Duan & Steinbrech 1998; Velez et al. 2001; Jang & Matsubara 2005).
Therefore, the derived values for Gy and Ej of c-Zr; 86(No.ssO0.12)4 should be considered as the
lower limits, since the results of the nanoindentation measurements could have been altered
by the presence of submicron defects and pores in the sample. Nevertheless, the differences
between the present experimental values of Gy and E, for c-Zry6(NosgsOo.12)4 and the
predicted ones for c-Zr;N4 and c-Zr3(N,0)s (Table 3.9) appear to be substantial and demand

further theoretical and experimental verification.

Similarly, microstructural defects could explain an even larger difference between the
nanoindentation hardness values obtained for the present material (16.9 GPa) and that for
dense c-Zr3Ny films (36 GPa) (Chhowalla & Unalan 2005). This explanation is supported by
the fact that indentation measurement on thin films showed pronounced pop-in behaviour

indicating pure elastic to plastic transition.”

" M. Chhowalla (personal communication, January, 2007)
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3.5 Thermal properties of c-Zr; 35(No.8s00.12)4

3.5.1 Thermal expansion coefficient

In order to obtain the thermal expansion coefficient of c-Zr; g6(No83O0.12)4, its powder XRD
patterns were collected on heating in air from room temperature (RT) to 873 K (Figure 3.27).
The lattice parameter as a function of temperature (Figure 3.28) and its standard deviation
were determined by Le Bail fit (Le Bail et al. 1988) of powder XRD data using the profile
matching mode of the Fullprof software (Rodriguez-Carvajal 1990). A high standard
deviation of the lattice parameter obtained at T =873 K is due to a gradual oxidation of the

sample material which started already at 773 K (Figure 3.27).

The observed non-linear temperature dependence of the lattice parameter of

c-Z17 36(No.8800.12)4 was fitted with a third order polynomial function (Figure 3.28):

a(T) = 6.746 +8.422x 10 T> —2.205x 107" T [A].

T 873 K
t
=}
S 773K
S,
> 673 K
1
S 573 K
E
473 K
373K
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Figure 3.27. In situ high-temperature X-ray powder diffractograms of c-Zr; g6(No.83O00.12)4
(sample Z2-01) measured in steps from 298 K to 873 K. The diffraction peaks of the Th;Ps-
type structure are indicated.
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In this equation the first order 7-term is omitted in order to fulfil the boundary condition for

the thermal expansion coefficient (lima(7)=0 for 7 — 0) and to model the tendency of
a(T) to a constant value at high temperatures (Ashcroft & Mermin 1976; Kittel 1986; Elliott

1998). Similar a(7) dependence was used by Hintzen et al. (2003) in their work on thermal
expansion of y-SisNy. Applying the above mentioned a(7) relationship for c-Zr; 36(No.8300.12)4

the linear thermal expansion coefficient a(7), defined as

1 0a(T)
T T) or

a(T)

2

was derived. The obtained «(T) is plotted in Figure 3.29 along with the earlier experimental
data for 6-ZrN (Baker 1958; Houska 1964; Aigner et al. 1994; Adachi et al. 2007; Takano et
al. 2007) and o-ZrsN4 (Lerch et al. 1996). It can be seen from the Figure that (7)) of
c-Zr786(No.sOo.12)4 increases from 6.6x10° K to 14.2x10°K" in the investigated
temperature region and is about two times higher that those of 6-ZrN and 0-Zr;Ny4 at 900 K.
Such a high a(T) value of c-Zry86(NossOo.12)a can be explained by a less symmetric
interatomic potential (i.e. higher anharmonicity) in c-Zr;N4 due to higher atomic coordinations
(e.g. Rochegude 1998; Schwarz 2005) and, accordingly, more delocalized electron density

along the atomic bonding when compared with 6-ZrN and 0-Zr3;Ng.

a(T) = 6.746+8.422*10°72-2.205*107"'T° [A]

T T T T T T T T T T T T T
300 400 500 600 700 800 900
T[K]

Figure 3.28. Lattice parameter of c-Zry36(NogsOo.12)4 (sample Z2-01) as a function of
temperature. The experimental data points are given by solid squares. Solid line represents
the least-square fit of the third order polynomial function (s. inset) to the experimental data.
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Figure 3.29. Linear thermal expansion coefficient & of c-Zr;86(No.ssOo.12)4 (sample Z2-01)

as a function of temperature (solid line) in comparison with values reported for 6-ZrN (grey
area) and o-Zr;Ny (dashed line).

3.5.2 High-temperature oxidation stability

During heating of c-Zr; 86(No.8sO0.12)4 up to 673 K in air no phase transition, decomposition or
oxidation of the sample material was detected by in situ XRD measurements. As already
mentioned in the previous chapter, after heating of the sample at 773 K for about 30 min, new
weak diffraction peaks appeared at 260 = 13.6° and 15.7° (Figure 3.30). The new reflexes can
be attributed to one of the known zirconium oxynitride phases, namely y (Zr,N,O), B
(Zr7N40g3) or B’ (Zr7N,0Oy;) (Lerch 1997), in particular to the (222) and (400) reflexes of
v-phase, (211) and (122) of B-phase and/or (122) and (214) of B’-phase. This observation
indicates the onset of material oxidation. Heating to 873 K led to further accelerated oxidation
of ¢-Zr,36(No.3s00.12)4 resulting in formation of oxynitride and monoclinic zirconium dioxide,
m-ZrO, (Figure 3.30). After holding for one hour at 873 K all diffraction peaks of
c-Z17.86(No8300.12)4 disappeared. The final oxidation product was cooled down to RT and its
powder XRD was measured again. This allowed to confirm the main oxidation products to be

cubic y-Zr,N,O (Clarke et al. 1999) and m-ZrO, (Figure 3.30).
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Figure 3.30. X-ray powder diffractograms of c-Zr; g6(No.3s00.12)4 (sample Z2-01) heated in
air to 773 K and 873 K, and of the final oxidation product measured at room temperature.
The holding time at the indicated temperature is given below the 7-value. The letters “c”,

(194

vy’ and “m” denote the diffraction peaks of c-Zr;36(No.gssOo.12)s, Y-Z12N2O and m-ZrO,,
respectively.

Similar to orthorhombic Zr;N4, y- and all B-oxynitrides (Lerch 1997), c-Zr;86(No.gsOo.12)4
starts to slowly oxidise in air above 773 K. However, in contrast to other zirconium
(oxy)nitrides which oxidise directly to m-ZrO, (Lerch 1997), cubic zirconium(IV) nitride
transforms to y-Zr,N,O first, which further oxidises to give zirconium dioxide. Accordingly,
the high-temperature oxidation reaction of c-Zr;Ns can be described as the following

sequence:

+30, - 2N, +90, — 6N,

4c-Zr;N, 6 v-Zr,N,O 12 m-ZrO,

It is worth to be mentioned that the determined oxidation temperature for c-Zr, 36(No.8s00.12)4
is also comparable with the values reported for 3-ZrN powders (760-850 K) and thin films
(723-773 K) (Lyutaya et al. 1970; Luridiana & Miotello 1996; Wiame et al. 1998; Reddy et
al. 2007). In some textbooks the oxidation temperature of -ZrN in air is reported to be 1073-
1173 K (Samsonov 1969; Pierson 1996) which is significantly higher than that of powders
and thin films. In these literature sources, however, neither nature of the investigated samples

nor measurement technique is given. The only possible explanation of such a high difference
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is that high oxidation temperatures are obtained for dense compacted samples, where
formation of an oxidic passivating layer on the sample surface hindered a rapid oxidation of
the sample at temperatures between about 750 K and 1073 K. Since in the present work
measurements were performed on powdered micro-porous sample, the comparison of the
obtained result with oxidation temperature of 5-ZrN powders and thin films surface appears to

be more relevant.

The present result indicates also that c-Zr; g6(No.3s00.12)4 1s metastable at least to about 700 K,
since no phase transition and/or decomposition of sample material was observed below this
temperature. The investigation of thermal (meta)stability of cubic zirconium(IV) nitride under

inert atmospheres (N, Ar) could be a subject of future experiments.



4 Summary

The present work deals with recently discovered high-pressure nitrides of zirconium and
hafnium having ThsPs-type structure, c-M3Ns (M =Zr or Hf), which were originally
synthesized in microscopic amounts from elements in a laser-heated diamond anvil cell at
pressures above 16 GPa and temperatures above 2500 K (Zerr et al. 2003). Existent
experimental and theoretical data suggested for this new family of high-pressure nitrides to be
potential hard wear-resistant materials with interesting optoelectronic and superconducting
properties (Kroll 2003; Mattesini et al. 2003; Zerr et al. 2003; Chhowalla & Unalan 2005; Xu
et al. 2006). They were also expected to surpass in mechanical and thermal properties the
corresponding mononitrides, o-TiN, 06-ZrN and 06-HfN, the well known technological
materials widely used for various wear, chemical and thermal protective applications. In the
present work the main goals of the research were: (i) synthesis of macroscopic amounts
(milligram quantities) of c-Zr;N4 and c-Hf3N4, (ii) experimental investigation of their
structure, composition and morphology and (iii) measurement of the properties related to

potential industrial applications of these compounds as hard wear-resistant materials.

As a starting material for high-pressure high-temperature synthesis of macroscopic samples
nanocrystalline powders of M;3;Ny4, with distorted NaCl-type structure were used. Such
materials had to be prepared in this work due to the following two reasons: firstly, the high-
pressure multi-anvil technique chosen for high-pressure synthesis of macroscopic amounts of
c-M3Ny does not allow utilization of condensed nitrogen or ammonia as a reactant. Secondly,
nitrogen-rich zirconium and hafnium nitrides with N/M > 4/3 are not commercially available.
In the present work nanocrystalline M3;Ny., powders were obtained via high-temperature
ammonolysis of corresponding metal dialkylamides (Li et al. 2005). This method allows to
obtain nitrogen-rich compounds (N/M >4/3) insignificantly contaminated with other
elements. Careful handling of the metal dialkylamides and preliminary high-temperature
treatment of quartz glassware allowed to obtain nanocrystalline Zr;Ny., of better quality in
this work, i.e. with higher nitrogen and lower oxygen content, when compared with earlier

results (Li et al. 2005).

123
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Macroscopic amounts (= 2-3 mm”) of both ¢-Zr;N4 and c-HfsN, were synthesized at 12 GPa
and 1873 K in a multi-anvil high-pressure apparatus. These pressure-temperature conditions
are significantly lower than those in the original LH-DAC experiments (Zerr et al. 2003). The
obtained sample amounts allowed detailed characterisation of the products using various
standard methods and techniques. Powder XRD proved the formation of c-M3;N, for both
zirconium- and hafnium nitride samples. In the case of zirconium nitride, formation of a
single phase crystalline material was verified by both XRD and TEM. In addition to
zirconium and nitrogen, EPMA revealed the presence of a small amount of oxygen
homogeneously distributed in the sample. Since no amorphous phase was detected, the
composition of the obtained crystalline material was derived to be Zr;36(No.8s00.12)4. Thus,
oxygen-bearing zirconium(IV) nitride having Th;Ps-type structure with composition
described by the general formula Zr;(N;_,0,)s was synthesised. This formula accounts for
the formation of cation vacancies when nitrogen is substituted by oxygen, as required by the
electrical neutrality condition. Assignment of the structure of the obtained zirconium
oxynitride to the ThsP4-type was further confirmed by Raman spectroscopic measurements. In
the case of hafnium nitride, in contrast, a minor oxidation of the sample led to formation of a
mixture of oxygen-poor c-Hf3N4 and oxidic material. The latter was detected by XRD-,
EPMA-, SEM- and EDX measurements. A detailed analysis of the powder XRD patterns and
Rietveld structure refinement suggested for the oxidic material to be a mixture of the known

v-Hf2N,0 and ol-HfO, polymorphs.

The lattice parameters (ap), anion coordinates and isotropic temperature (Debye-Waller)
factors for both c-Zr;36(NossOo.12)4 and c-HfsN4 were derived from the Rietveld structure
refinement of the measured powder XRD patterns. The patterns of zirconium- and hafhium
nitride samples were collected using a standard X-ray diffractometer and a set-up utilizing
synchrotron radiation, respectively. A high-brilliance X-ray synchrotron radiation was
necessary for the XRD study of hafnium nitride, because of a strong absorption of X-rays by
hafnium. In contrast to in-house diffractometer, synchrotron radiation allowed to collect for
the hafnium nitride sample XRD patterns of a high quality allowing a detailed structural
characterization. The lattice parameter of c-Zr; g6(No.8300.12)4 was found to be 0.22 % higher
than that of pure c-Zr;Ny obtained in a LH-DAC (Zerr et al. 2003). This deviation is attributed
to the presence of oxygen in the crystal structure, which is in agreement with results of recent
theoretical studies where substitution of nitrogen by oxygen in c-M3Ny results in expansion of
the crystal lattice due to a weakening of the anion-cation bonding (Lowther 2008). In the

hafnium nitride sample, c-Hf3N, was found to coexist with a crystalline oxidic material. The
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lattice parameter of this c-HfsNy4 synthesized in a multi-anvil apparatus was found to be in
excellent agreement with that reported for oxygen-free material obtained in a LH-DAC (Zerr
et al. 2003). These observations imply that, in contrast to c-Zr;Ny, a significantly lower degree
of nitrogen substitution by oxygen is accepted in the hafnium nitride having ThsPs-type

structure.

The next part of this work concerned an experimental examination of properties of the
synthesized nitrides. The compressibility of the oxygen-bearing cubic zirconium(IV) nitride,
c-Z17.36(No8300.12)4, synthesized in a multi-anvil apparatus and of cubic hafnium(IV) nitride,
c-Hf3Ny, synthesized in a LH-DAC was measured. Further, elastic shear and Young’s moduli,
nanoindentation- and Vickers hardness, and indentation fracture toughness of
c-Z1336(No.ssOo.12)4 were determined. Finally, the thermal expansion and high-temperature

oxidation of c-Zr; g6(No.8300.12)4 1n air were investigated.

The specific volume change on compression was measured up to 45 GPa under quasi-
hydrostatic load conditions in a diamond anvil cell. From these data the bulk moduli of

c-Zr286(No.3300.12)4 and of c-Hf3N; were determined to be By=219 GPa ( B;=4.4) and
By =227 GPa ( B,= 5.3), respectively. The obtained values are slightly lower than those from

preliminary compression measurements (= 250 GPa) (Zerr et al. 2003) and within the limits of
the theoretically predicted ones (Kroll 2003; Mattesini et al. 2003; Lowther 2005). It should
be mentioned that a decrease of By for the oxygen-bearing zirconium(IV) nitride could be
caused by a substitution of nitrogen with oxygen leading to a weakening of the cation-anion
bonding (Lowther 2008). The influence of oxygen impurities on structural parameters and
properties of the c-M3;N4 materials could be a subject of future experimental and theoretical

work.

The second elastic modulus of c-Zr; g6(No.8300.12)4, namely the reduced elastic modulus £,
was measured using nanoindentation technique. The obtained E; =224 GPa, in combination
with the bulk modulus from compression measurements, was then used for determination of
the shear modulus (Gy) and the Young’s modulus (Ey) of c-Zr;86(No.ssOo.12)s. The derived
Go =96 GPa and E, =252 GPa are considered as the lower limits since the nanoindentation
data could have been altered by defects and pores in the investigated sample. Microstructural
defects could also explain a large difference between the nanoindentation hardness value
obtained for c-Zr;86(NossOo.12)s (= 18 GPa) and that reported for dense c-Zr;N4 films
(36 GPa) (Chhowalla & Unalan 2005). Even so, the differences between the present
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experimental values of Gy and E, for c-Zr;g6(No300.12)4 and the predicted ones for c-Zr;Ny
(Go=129-145 GPa, E,=324-368 GPa) (Mattesini et al. 2003) and for c-Zr;N3500:;s
(Go =67 GPa, Ey= 182 GPa) (Lowther 2008) are substantial and demand further theoretical

and experimental verifications.

Vickers indentation measurements were performed on a polished surface of the synthesized
c-Z17.86(No.8sO00.12)4. Despite a high volume fraction of porosity (about 0.3) present in the
material, its Vickers hardness was found to be Hy(1)=12 GPa. The Hvy(1) of fully dense
c-Zr3Ny 1s expected to exceed 25 GPa which is significantly higher than that of the
corresponding mononitride, d-ZrN (12-15 GPa) (Ettmayer & Lengauer 1991; Chen et al.
2005). An even higher hardness can be expected for c-Hf3N4, since its experimental bulk
modulus is about 4 % higher than that of c-Zr;g6(NogsOo.12)s. This supposition is of a
qualitative character since the correlation between bulk modulus and hardness is not
straightforward (Teter 1998; Zerr & Riedel 2000). However, a higher hardness of c-Hf3Ny4
with respect to c-Zr;N4 was also estimated from their theoretical shear moduli (Mattesini et al.
2003), which are considered to be “a significantly better qualitative predictor of hardness”
than the bulk moduli (Teter 1998). Obviously, direct measurements of the hardness of pure
and dense c-Hf3N, (as well as of c-Zr;Ny) will clarify the issue. The indentation fracture

toughness (3.2 MPam'?

) of porous c-Zry86(NogsOo.12)s, estimated from the Vickers
indentation cracks, was found to be comparable with that reported for 6-ZrN. Similarly to the
hardness, the fracture toughness of dense c-Zr3Ny is expected to be significantly higher and to

surpass those of 6-MN (M = Ti, Zr or Hf) and SiC ceramics.

Finally, the high-temperature behaviour of c-Zr; 36(No.gsOo.12)4 was studied in air. Thermal
expansion of the oxygen-bearing c-Zr;N4 was found to be comparable with that of 6-ZrN and
0-Zr;Ny4 at room temperature, but significantly higher at elevated temperatures. This
observation can be explained by a higher anharmonicity of the interatomic potential in the
ThsPs-type structure due to high (eight-fold) cation coordination. The oxynitride
c-Z1386(No.ssOo.12)a was found to be metastable up to at least 700 K. The maximum
temperature of its metastability was not determined because at 773 K the material started to
slowly oxidise in air, similar to 0-Zr;N4 (Lerch 1997) and 6-ZrN powders and thin films

(Lyutaya et al. 1970; Luridiana & Miotello 1996; Wiame et al. 1998; Reddy et al. 2007).

Thus, oxygen-bearing c-Zr3N4 synthesized and characterized in the present work represents a
new class of high-pressure compounds with hardness and wear resistance superior to those of

group 4 transition metal mononitrides. Even more advanced elasto-mechanical properties are
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expected for c-Hf3N4 which can also be obtained at high pressures and temperatures in
macroscopic amounts. Report on deposition of c-Zr;Ny as thin films exhibiting extraordinary
wear resistance upon machining of low-carbon steels opens a wide area for application of
these nitrides as hard protective coatings. Another potential industrial application of c-Zr;Ny
and c-Hf;3N4 may be based on their predicted semiconducting and superconducting properties
or on large static dielectric constants (Kroll 2003; Mattesini et al. 2003; Xu et al. 2006;
Lowther 2008). Therefore, the experimental investigation and evaluation of these functional
properties of cubic zirconium(IV)- and hafnium(IV) nitrides could be a subject of future

research.
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