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,,Ma, all'incontro, essendo la natura inesorabile ed immutabile, e mai non trascendente i ter-
mini delle leggi impostegli, come quella che nulla cura che le sue recondite ragioni e modi d'o-

‘

perare sieno o non sieno esposti alla capacita degli uomini.*

“But Nature, on the other hand, is inexorable and immutable,; she never transgresses the laws
imposed upon her, or cares a whit whether her abstruse reasons and methods of operation are

s’

understandable to men.’

Galileo Galilei,

Letter to Madame Christina of Lorraine, Grand Duchess of Tuscany,

December 21, 1615
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Kurzfassung

Die Raumfahrtindustrie erlebt derzeit eine Renaissance aufgrund von Zukunftsvisionen beziiglich
Weltraumtourismus oder der Besiedelung des Mars. Infolgedessen steigt die Nachfrage nach
Hochleistungswerkstoffen fiir extreme Temperaturen stetig an. Der Wiedereintritt eines
Raumfahrzeugs oder der Flug eines Hyperschallflugkorpers innerhalb der Erdatmosphére fiihrt
zu extremen thermischen Belastungen bestimmter Bauteile wie den Leitkanten oder den
Hitzekacheln eines thermischen Schutzsystems. Aus heutigem Stand ist kein Material fiir die
hohen thermischen und mechanischen Anforderungen geeignet, um die Wiederverwendbarkeit
jener Komponenten zu gewihrleisten, was angesichts der enormen wirtschaftlichen Kosten
unabdingbar ist.

Potentielle Materialien fiir derartige wiederverwendbare Komponenten stellt die Gruppe der
Ultrahochtemperaturkeramiken dar. Jene Materialien vereinen eine hohe Warmeleitfahigkeit «r,
eine hohe Oxidationsbestindigkeit bis ~1200°C durch Selbst-Passivierung, eine geringe Dichte
und einen extrem hohen Schmelzpunkt (Tv>3000°C). Insbesondere ZrB; besitzt aufgrund seiner
geringen Dichte (~6.085 g/cm®) ein hohes Potential fiir entsprechende Anwendungen in
Hyperschallflugkdrpern. Leider fiihrt die unzureichende Oxidationsbestdndigkeit zur Bildung
einer pordosen Oxidschicht aus ZrO, sowie einem leicht verdampfenden B,Os; Glases bei
Temperaturen zwischen 1500°C bis 1700°C. Dies verhindert derzeit den kommerziellen Einsatz
von ZrB; fiir entsprechende Anwendung.

Aus diesem Grund wird in dieser Arbeit ein neuartiger Ansatz zur Verbesserung der
Oxidationsbestiandigkeit Diborid-basierter UHTCs vorgestellt und eingehend untersucht. Zum
ersten Mal konnte gezeigt werden, dass schiitzende Beschichtungen unterschiedlichster
Materialklassen (Metallisch, Keramisch) auf ZrB, mittels (reaktiven) Magnetron Sputtern
abgeschieden werden konnen. Die Oxidationsexperimente haben eindeutig gezeigt, dass die
abgeschiedenen Schichten eine Temperaturwechselbestindigkeit von bis zu 1700°C {iberstehen
konnen und die Oxidationseigenschaften des ZrB, Grundmaterials verbessern konnten. Der
Schutz des Substrates mittels Beschichtung konnte der dichten und fehlerfreien Mikrostruktur der
abgeschiedenen Beschichtungen, der Bildung eines schiitzenden Fliissigkeitsfilm auf der
Oberfldache (Glasstabilisator), sowie der Versinterung bzw. Verdichtung der sich ausbildenden
Oxidschicht (Sinterwerkstoff) zugeschrieben werden. Die untersuchten Beschichtungen auf ZrB»
umfassten unteranderem Gadolinium-Oxid Beschichtungen (GdO), metallische Niob
Beschichtungen, und Hafnium Oxid Beschichtungen (HfO,).

Im Vergleich zu unbeschichteten kommerziellen ZrB, haben besonders die GdO Beschichtungen
zu einer signifikanten Minderung der Oxidschichtbildung beigetragen und die Oxidschichtdicke
nach einer Belastung von 30 min bei 1700°C um ca. -60% reduziert. Der Schutzmechanismus
basiert auf der Bildung eines schiitzenden Fliissigkeitsfilm (Gd,B)O auf der Probenoberflache.
Dieser mindert die Durchlédssigkeit fiir Sauerstoffmolekiille zum darunterliegenden ZrB,
Grundmaterial. Zur gleichen Zeit fiihrt der Fliissigkeitsfilm aufgrund von Fliissigphasensinterung
zur Verdichtung der obersten Lage der ausgebildeten Oxidschicht. Die Verdichtung mindert die
Knudsen Diffusion von Sauerstoffmolekiilen entlang der Oxidschichtdicke zum Grundmaterial.
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Ahnliche Schutzmechanismen wurden fiir die metallischen Niob Beschichtungen identifiziert.
Die Beschichtungen fiihrten zur Reduktion der Oxidschichtdicke um ca. -55% nach 30 min bei
1700°C. Die metallischen Niob Beschichtungen zeigten eine geringere Schutzwirkung als die
getesteten GdO Beschichtungen. Dies wurde auf die leicht verdampfende Flissigkeitsmischung
(Nb,B)O zuriickgefiihrt. Die Verdampfung limitiert die Verdichtung der Oxidschicht mittels
Fliissigphasensinterung und fiihrt zu einer unvollstindig verdichteten Oxidschicht. Jedoch
geniigte der Grad der Verdichtung, um die Kondensation von sekundéiren ZrO, (gelost im
fliissigen B203) an der Oberfliche zu erméglichen. Aufgrund der stetigen Verdampfung der B,O;
Fliissigkeit ergab sich eine nachtrigliche Verdichtung oder Oxidschicht bei der Oxidation um
1700°C oder verldngerten Belastungszeiten von 60 min.

Im Gegensatz zu den Glasstabilisatoren (GdO, Nb) basiert der Schutzmechanismus der
hochschmelzenden HfO, Beschichtung auf der dichten und fehlerfreien Mikrostruktur der
Schicht. Aufgrund der dichten Beschichtung konnte die Knudsen Diffusion von
Sauerstoffmolekiillen zum Grundmaterial zeitlich limitiert werden. Resultierend fiihrte die
Beschichtung zu einer Minderung der Oxidschichtdicke von ca. -48% nach 60 min bei 1700°C.
Die unvermeidbare Bildung von fliissigem B,Oj3 unterhalb der dichten HfO, Beschichtung hat zur
Abplatzung der Schutzschicht und zur Erzeugung mehrerer Risse entlang der Schichtdicke
gefiihrt. Ab diesem Zeitpunkt bestand kein weiterer Schutz gegeniiber der Oxidation des
Grundmaterials. In Hinblick auf die Temperatur und der Belastungszeit fiihrte die Kondensation
von sekunddren ZrO; aufgrund stetiger B,Os-Verdampfung zu Verdichtung der aufgerissenen
HfO, Beschichtung und stellte die schiitzende Wirkung der dichten Mikrostruktur zum Teil
wieder her. Jener Effekt ist bei Temperaturen um 1700°C oder sehr langen Belastungszeiten von
bis zu 240 min zu erkennen.

Der direkte Vergleich des unbeschichteten ZrB, gegeniiber dem beschichteten ZrB, zeigt eine
eindeutige Verbesserung der Oxidationsbestdndigkeit des Grundmaterials und beweist damit die
Funktionsfahigkeit von oxidationsschiitzenden Beschichtungen auf Diborid-basierten UHTCs.
Der vorgestellte Losungsansatz stellt ein neues und vielversprechendes Forschungsgebiet dar,
welches das Potential besitzt, sich in der UHTC-Gemeinschaft zu etablieren.
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Abstract

The aerospace industry is currently undergoing a renaissance due to visions such as space tourism
or the colonization of Mars. As a result, the demand for high-performance materials for extreme
temperatures is ever-increasing. The re-entry operation of a spacecraft or a hypersonic flight
within the Earth's atmosphere induces extreme thermal loads on certain components such as
leading edges or tiles of the thermal protective system. No current state-of-the-art material is
suitable to face these harsh environmental requirements and to ensure the reusability of such kind
of components, which is mandatory to accommodate the huge economic costs.

Potential candidates for such kind of reusable components are the group of ultra-high temperature
ceramics, in particular diboride-based transition metals. These materials combine a high thermal
conductivity xr, high oxidation resistance up to ~1200°C through self-passivation, low density,
and extremely high melting points (Tm >3000°C). Especially ZrB, offers a high potential for
corresponding applications in hypersonic missiles due to its low density (~6,085 g/cm?).
Unfortunately, the insufficient oxidation resistance at the desired temperatures between 1500°C
and 1700°C is the current bottleneck for ZrB,, forming a porous oxide scale of ZrO, and volatile
B»O; glass at the surface.

For this reason, a novel approach to improve the oxidation resistance of diboride-based UHTCs
is proposed in this study and is investigated extensively. In a first attempt, it has been shown that
protective overlay coatings of different material classes (metallic, ceramic) can be deposited on
ZrB; surfaces by means of (reactive) magnetron sputtering. The oxidation experiments have
clearly shown, that the applied coatings are thermal shock resistant up to 1700°C and improve the
oxidation resistance of the ZrB, substrate. Protective mechanisms were found to be the dense
microstructure of the applied solid coating, the formation of a protective liquid layer at the surface
(glass stabilizer), or the densification of the uppermost section of the formed oxide scale (solid
scale densifier). Tested coatings including gadolinium-based oxide coatings (GdO), metallic
niobium coatings, and ceramic hafnia coatings (HfO,).

Compared to uncoated baseline ZrB,, the GdO coatings, in particular, have contributed a
significant reduction in the oxide scale formation and reduced the scale thickness by
approximately -60% after an exposure for 30 min at 1700°C. The protection mechanism is based
on the formation of a protective liquid layer (Gd,B)O at the surface, which provoked the
permeation of oxygen molecules to the oxidation front of the underlying ZrB, substrate.
Simultaneously, the protective liquid induced the densification of the uppermost section of the
oxide scale by liquid phase sintering. The densification reduced the Knudsen diffusion of oxygen
molecules to the oxidation front of the ZrB,.

Similar protection mechanisms were found for metallic Nb coatings. The coating reduced the
oxide scale thickness by -55% after 30 min at 1700°C. The metallic Nb coatings were found to
be less protective than the GdO coatings due to the more volatile nature of the formed (Nb,B)O
liquid solution. However, the densification of the scale was found to be sufficient to ensure the
precipitation of secondary ZrO, (dissolved in liquid B,O3) at the surface during the evaporation
of the protective liquid B>O;. A subsequent densification of the oxide scale was observed at
1700°C or extended exposure times of 60 min.
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In contrast to the glass stabilizing coatings, the dense and solid HfO, coating protected the
substrate and induced the reduction of the Knudsen diffusion of oxygen molecules to the
oxidation front of ZrB,. As a result, the protective coating reduced the oxide scale thickness by -
48% after 60 min at 1700°C. The inevitable formation of liquid B,O3; beneath the dense HfO,
coating detached the coating from the formed oxide scale and induced the formation of cracks
across the coating thickness. .The ruptured coating has been densified due to the precipitation of
secondary ZrO, at the surface and improved the oxidation resistance at 1700°C or extended
exposure times of 240 min.

The comparison of the performance of uncoated ZrB, with coated ZrB: proved the oxidation
protection of the substrate and validated the approach of the application of protective overlay
coatings on diboride-based UHTCs. The solution to improve the oxidation behavior of UHTCs
by overlay coatings represents a new and highly promising research field, which has the potential
to be established in the UHTC community.
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Chapter 1 | Introduction

1 Introduction

Advanced materials have driven the development of new aerospace vehicles ever since they were
introduced during the last decades. Historical milestones of aerospace vehicles are presented in
Fig. 1.1, beginning with Titanium alloys for the SR-71 reconnaissance aircraft (Lockheed Corpo-
ration; up to ~Mach3.2) to Nickel-based superalloys (Inconel®) for the construction of supersonic
missiles such as the X-15 (North American; up to ~Mach6.7) to modern ceramics for thermal pro-
tection systems (TPS) of Orbiters.
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—_ CMCs .
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: e
3 3
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~1 e e e -t 1,235
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Fig. 1.1: Historical milestones in the development of modern hypersonic vehicles (0.i.) [1-4]

Currently, the focus is on developing reusable hypersonic vehicles such as the X-43 (NASA, Boing;
up to ~Mach9.6) and agile space shuttles for the atmospheric re-entry of short to medium flying oper-
ations (<30 min). Key solution for hypersonic missiles are leading edges of several mm in thickness
(radii at tip ~2 mm). Chemical and physical mechanisms are inducing particularly extreme thermal
loads of up to 2200°C and ~120W/cm?. No state-of-the-art alloying system or ceramic can be used at
these temperatures rather than withstand these harsh environmental conditions for extended exposure
times up to 30 min. Therefore, a relatively new group of material is needed to be considered to face
and sustain these harsh environments. A potential candidate is the class of Ultra-High Temperature
Ceramics (UHTCs).

Unfortunately, the oxidation behavior of UHTCs at elevated temperatures up to 1700°C draws back
the commercial usage of the materials in nowadays aerospace industry. Several alloying solutions
were carried out to improve the oxidation resistance of UHTCs with appropriate success. However, a
new approach of protective overlay coatings on diboride-based UHTCs to extend its operational life-
time further than ever before at temperatures up to 1700°C will be proposed in this study, which has
never been done before.
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2 State-of-the-Art

2.1 Hypersonic Spacecrafts and Re-entry Vehicles

The motivation for exploring the space and visions such as the colonization of Mars has been
growing in the last two decades. The global space industry is recording a steady increase in turn-
over from ~217 billion US dollars in 2009 to ~546 billion US dollars in 2022. State-of-the-art
systems allow the reuse of individual rocket components to make launches more cost-efficient for
the open market. As a result, the number of rocket launches per year has been increasing contin-
uously [5, 6].

Early-stage modules such as the Mercury space capsule for transporting a single person (1953-
1963) changed to more efficient space shuttles to transport several people and goods (1981-2011)
[7]. Next-generation systems such as the Dream Chaser space glider (Sierra Nevada Corporation)
are ready to ensure the safe transportation of goods and people into orbit and back to Earth [8].

Besides re-entry vehicles for human transportation, modern hypersonic missiles were developed
to operate specifically in the earth's atmosphere for a payload of up to 50 kg. An example of a
modern multi-mission hypersonic flyer is the VISR, developed by Hypersonix Launch Systems
Ltd. This vehicle can accelerate from ~Mach5 (~1.7 km/s) to ~Mach10 (~3.4 km/s) for a limited
range of 2500 km (<25 min of operation). A concept of the vehicle is presented in Fig. 2.1 [9].

The high speed of a hypersonic missile can be achieved by using a modern ramjet/scramjet engine.
This type of engine bridges the gap between rotating gas turbines for modern airplanes and rocket
engines. The innovative design of the static scramjet engine (no rotating parts) channels air into
the engine and induces compression of the incoming air stream at supersonic velocity, followed
by combustion and exhaust. A minimal velocity at supersonic speeds is needed for the function-
ality of the scramjet. This technique relies on a second system to accelerate the vehicle in the
beginning [6, 9].[10]

Fig. 2.1: Concept of a hypersonic missile with estimated temperatures during flight operation of up to Machl10,
Model VISR, Operating product by Hypersonix Launch Systems Ltd. (o.i.) [9]

Hypersonic missiles need thin and sharp leading edges with a radius of ~1 mm and a wedge angle
of ~10°, stabilizing the vehicle during flying operation and preventing turbulent fluxes and drag.
The Breguet equation describes the effect of sharp leading edges during hypersonic flight
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operations, considering the lift/drag relation. The thinner the leading edge, the higher the lift and
the lower the drag, which results in more efficient flight conditions in case of fuel consumption
to traveled distance [11]. Due to the speed between MachS to Mach10, the sharp leading edges
will experience temperatures up to 2200°C [12]. Currently, engineers need to face various chal-
lenges to enable hypersonic flights. The extraordinarily harsh environmental conditions during
re-entry (up to 8 km/s) or hypersonic flight (up to 3.4 km/s) induce extreme thermal loads and
mechanical stresses [3, 11, 13].

2.2 Re-entry Strategies and Hypersonic Flights

Engineers must face enormous challenges regarding aerodynamics, thermodynamics, and mate-
rials science to ensure reliable and reusable vehicles for hypersonic flight operations. One of the
current bottlenecks is heat-resistant materials that can withstand high thermal loads during hyper-
sonic flights and re-entry [12, 14-16]. Right now, ablation shields are used to withstand harsh
environmental loads during the service, which can give protection for up to several minutes [17].
Even the spacecraft Orion (upcoming Artemis missions of NASA) will be equipped with an ab-
lation shield. Tiles of the ablative material “AVcoat 5026-39” cover the next-generation construc-
tion. The tiles consist of an epoxy novolac resin with fiberglass in a honeycomb matrix for in-
creased mechanical stability [18]. The ablator will burn off during re-entry and transfer the heat
away from the spacecraft. Since the environmental conditions are extremely harsh, the ablation
shield vanishes into the air during re-entry and can not be reused for a second time [17]. Therefore,
multiple re-entry missions to Mars and back to Earth are not possible yet since the heat shield
might already be destroyed by the re-entry to Mars [3].

The re-entry follows two fundamental strategies. Each has its distinct influence on the tempera-
ture, speed, and landing procedure of the vehicle. Schematics for both strategies namely, ballistic
re-entry, and aerodynamic lifting re-entry, are presented in Fig. 2.2. Information about the decel-
eration loads, the expected temperatures, and the exposure time at these temperatures are added
to the figure [17]. The ballistic re-entry (red) uses a steep re-entry angle. The vehicle falls directly
into the denser areas of the atmosphere with a velocity of up to 15 km/s. A g-force of 6g to 12g
can be expected during the re-entry. Due to the steep trajectory and the increased velocity, the
capsule modulus will experience extensive temperatures up to 2200°C at the flight-controlling
surfaces with a high heat flux of >120 W/cm? [12, 19, 20]. However, the re-entry time takes <10
min and limits the exposure time at these extremely high temperatures. Finally, the vehicle gets
decelerated by multiple parachutes, reducing its velocity for the vertical spot landing, generally
in irrigated regions [17].

Aerodynamic lifting re-entry, also known as aerodynamic breaking, follows the principle of keep-
ing up the vehicle for an extended period at an increased altitude. The flat re-entry angle (yellow)
leads to an aerodynamic lift of the vehicles and stops the module from falling into the denser parts
of the atmosphere. Since the rate of deceleration is a function of the speed of the vehicle and the
density of the atmosphere, the reduced velocity of ~6-8 km/s during the lifting re-entry limits the
g-forces to ~2g [17]. This strategy was used in the Apollo missions (1961-1972) to reduce the
thermal heat loads on the surfaces of the capsule modules or space shuttles [19]. Due to this tech-
nique, the temperatures at flight critical components will be limited to <1700°C with a reduced
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heat flux <20W/cm?. The extended flight period increases the exposure time at elevated temper-
atures up to ~20 min [12, 21, 22]. Considering multiple re-entries, a cumulated exposure time of
up to ~60 min (3 times of use) can be expected.

Lifting re-entry

~20 min, <1700°C

<10 min, <2200°C EECaE

]
o)
o |Deceleration load ~6g
E
<
Range (km)
Fig. 2.2: Trajectories for ballistic re-entry (red) and aerodynamic lifting re-entry (yellow) (0.i.) [17]

Modern simulations of hypersonic aerothermodynamic environments, i.e. Computational Fluid
Dynamics (CFD), enable the prediction of the thermal conditions during hypersonic flights and
reveal surface temperatures of around 2200°C for sharp leading edges [12, 15, 23]. Tests in
plasma wind tunnels (,,Scirocco®, Italian Aerospace Research Center (CIRA)) were performed to
verify the calculated values (~120 W/cm?, ~1860°C after 78 seconds) [13]. The thermal load at
the leading edge can be attributed to the gas molecules in the atmosphere. As presented in Fig.
2.3a, a shock wave forms in front of the leading edge due to the elevated velocities [15]. The
shock wave consists of a compressed atmosphere, containing gaseous components such as No,
and O,. The increased enthalpy of the compressed gas molecules inside the shock wave induces
the dissociation and the formation of a high-temperature plasma with highly reactive radicals. The
exothermic recombination of the single atoms inside the boundary layer near the surface of the
leading edge results in a significant thermal load. The energy balancing in the boundary layer of
a leading edge is shown in Fig. 2.3b [13, 15, 24, 25].

The static energy balancing at the surface of a leading edge considers four different energy fluxes:
the convection of thermal energy from the boundary layer to the surface conv, the chemical heat
energy due to the reaction of the radicals at the surface {chem, the emission of thermal energy into
the environment due to radiation r.d and the conduction of thermal energy from the surface to the
inner parts of the leading edge qcond.
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Fig. 2.3: a) Hypersonic flow conditions at a leading edge of a hypersonic vehicle; b) Energy balance at a sur-

face for hypersonic applications [15]

According to Equ. 2.1 to Equ. 2.3, the balancing of the energy fluxes at the surface enables the
determination of the cumulated energy flux Qsurface and the temperature difference at the surface
for a leading edge during hypersonic flight operation, considering the wall temperature Tw, the
surrounding temperature of the freestream condition T~ and the Temperature T. at the boundary
layer edge. [15, 26].

Gsurface = Z(qm) - Z(QOut) Equ. 2.1
QSurface = (éIconv + QChem) - (Qrad + éIcond) Equ~ 22
. Kt * AT

Qsurface = 7 Equ. 2.3

With «r for thermal conductivity (W/m-K), AT for the temperature difference (K), z for surface
depth (m). With respect to the CFD simulations and the plasma wind tunnel tests, a requirement
list of thermal properties for leading edge materials can be derived. The most important thermal
properties are an extremely high melting point, a high specific heat capacity, and a high thermal
conductivity to ensure the distribution of the thermal energy along the leading edge, avoiding
thermal peaks at the surface. Further, the thermal shock resistance is a particularly important
property, as the leading edges will be exposed to extreme temperature fluctuations [15, 24, 26].

2.3 Ultra-High Temperature Ceramics

The Space race from 1955 to 1975 spurred the development of materials that could withstand the
harsh and extreme environmental conditions in rocket propulsion systems, leading edges, and tiles
of the thermal protective systems (TPS). Undoubtfully, it was already declared that materials with
an extremely high melting point are needed to withstand the temperatures during re-entry [27].
Refractory metals such as tungsten (W), rhenium (Re), or tantalum (Ta) reveal melting points
>3000°C. However, the density of those metals is too high for such kind of applications (require-
ments of lightweight constructions). Alternative classes are the borides, nitrides, and carbides of
early transition metals. These materials exhibit elevated melting points as shown in Fig. 2.4 and
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might be potential candidates for leading edges or thermal protection systems (TPS) for next-
generation hypersonic vehicles [27].
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Fig. 2.4: Ultra-High Temperature Ceramics (UHTCs) with the reported melting temperatures, grouped into

distinct material families (borides, nitrides, and carbides) (o.i.) [22]

Documents and recordings from the early 1950s labeled these materials as hard metals, cermets,
ceramals, refractory ceramics, or oxidation-resistant ceramics. There was no standardized defini-
tion. The term “Ultra-High Temperature Ceramics” (UHTCs) appeared in the mid-1960s and is
commonly used today for this class of materials [22]. UHTCs define materials with an extreme
melting point >3000°C, which can be used in oxidative atmospheres at temperatures of ~1600°C
and might be usable for hypersonic applications. Stupendous research on UHTCs with respect to
their processing capability, oxidation behavior, mechanical properties, etc. has proposed two most
promising candidates namely HfB, (orange) and ZrB, (green) for applications as reusable leading
edges or TPS of hypersonic vehicles. [16, 22, 27, 28].

2.3.1 Transition Metal Diborides

Transition metal diborides (TMB,) such as ZrB, or HfB, belong to the most promising UHTCs
and consist of a hexagonal crystal lattice with the crystal space group P6/mmm as presented in
Fig. 2.5. The Wykoff position for the metal atoms (yellow) is 1a (0,0,0) and the boron atoms
(black) is 2d (Y5, %, ¥) [16].

The crystal lattice of TMB, contains individual layers of metal and boron atoms (Fig. 2.5a-b).
The metal atoms are bonded via metallic bonds, revealing delocalized electrons. The boron atoms
form a graphite-like ring structure (Fig. 2.5¢) with covalent ¢ and @ bonds. Ionic bonding between
the individual layers of the metal- and boron atoms leads to the stability of the crystal. Further,
covalent T bonds appear between the boron and metal layers due to the hybridization of the 4d
orbital of the metal atoms and the 2p orbital of the boron atoms. Therefore, an ionic-covalent
bonding prevails between the single layers [16]. The bonding and the hexagonal structure derive
the material properties of TMB,, such as the high hardness (~23 GPa), the high melting point
(>3000°C), the low coefficient of thermal expansion, and the high thermal conductivity
(xr =>65 W/m K). These and other properties depend on the bond strength, the bond type, and
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the bonding partners inside the crystal. Table 2.1 summarizes some specific material properties
for the predestined candidates ZrB, and HfB, [16, 29].
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Fig. 2.5: Hexagonal crystal structure of transition metal diborides (TMB:) with P6/mmm space group in three

different perspectives: a) 3D-perspective; b) Perspective in the x-z plane; ¢) Perspective in the x-y
plane (0.i) [16, 30]

Table 2.1: Material properties of ZrB2 and HfB2 [11, 13, 16, 27, 29, 30, 31, 32]

Property Z1B> HfB: Unit
Crystal system Hexagonal (AIB2) Hexagonal (AlB2) -
Prototype structure P6/mmm (No.191) P6/mmm (No.191) -
a=b 3.17 3.14 A

c 3.55 3.47 A
a=p 90 90 °

Y 120 120 °
Density p 6.07 11.24 g/em?
Meting point Tm 3245 3380 °C
Young's modulus E 489 480 GPa
Bulk modulus K 215 212 GPa
Hardness 23 28 GPa
Coefficient of thermal expansion ay 5.9%10¢ 6.3*10°¢ 1/K
Specific heat capacity cp 48.2 49.5 J/g'K
Thermal conductivity kr (at 1400°C) 67 104 W/m-K

The superior mechanical, physical, and thermal properties of ZrB; and HfB, make them suitable
materials for their usability for applications such as leading edges, rocket noses, or TPS of hyper-
sonic missiles [11, 13]. As provided in Table 2.1, both ceramics are similar in most of the prop-
erties. HfB; has a higher thermal conductivity «r and a slightly higher specific heat capacity c,.
Furthermore, HfB, reveals better oxidation resistance up to temperatures of 1790°C compared to
ZrB», which will be described in detail (see Chapter 3.2). However, ZrB; has a lower density
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compared to HfB; by r.a. ~47%. The high density of HfB (p~11 g/cm?®) is more comparable to
high refractory metals such as tungsten (p~19 g/cm?) or tantalum (p~16 g/cm?) and is too high to
follow the requirements of light-weight constructions in the space and aerospace industry. There-

fore, ZrB; is the first choice to be considered by most research groups and companies over the
world [27, 31, 32].

2.3.2 Processing of Zirconium Diboride Bulk Material

Theoretically, ZrB, consists of ~33 at.% zirconium and ~66 at.% boron. Various reaction pro-
cesses can be used to produce ZrBs. The process of carbon/borothermal reduction is particularly
common, in which powder of zirconium dioxide (ZrO») is used as the transition metal source and
powder of boron carbide (B4C) as the boron source. Powders are ball-milled for several hours to
produce a homogenous powder mixture with a specific average grain size. After milling, the pow-
der mixture will be synthesized. An excess of C is added to the powder mixture as a reaction aid
for the reaction described in Equ. 2.4. The reaction leads to an increase in the enthalpy of
AH = 1175 kJ or a free enthalpy of AG =961 kJ [30, 33, 34].

2710, + B,C + 3C - 2ZrB, + 4C0 1 Equ. 2.4
5 5 2

ZTOZ +EB4_C _>ZTB2 +EC+§Bzo3 T Equ 25

Zr0, + B,03 +5C - ZrB, + 5C0 1 Equ. 2.6
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Fig. 2.6: a) Standard firee energy AG9 of various possible ZrB: reactions as a function of temperature; b) Cal-

culated vapor pressure of B203 as a function of temperature in the pressure range maintained during
sintering [34]

The endothermic reaction takes place at temperatures >1300°C. Several reports have confirmed
intermediate reactions according to Equ. 2.5 and Equ. 2.6. The results of thermodynamic calcu-
lations for the reactions are shown in Fig. 2.6a. The reaction of Equ. 2.5 is the favorable reaction
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at temperatures <1540°C and leads to an incomplete reaction by forming boron Trioxide (B.O3).
Then again, at temperatures >1540°C, reaction Equ. 2.6 is favored and induces the reaction be-
tween ZrO; and B,O; to ZrB». The vapor pressure of B,Os increases with the temperature and
leads to evaporation >1250°C (see Fig. 2.6b). Several publications proved the negative influence
of the loss of B,O3 during the synthesis process [30, 34].

According to Equ. 2.7, the deficit in B,O3; might lead to the formation of zirconium carbide (ZrC).
To avoid the formation of ZrC, a surplus of approximately 20-25 wt.% B4C is added to the powder
mixture to compensate the loss of B>O;. As a result, the synthesis follows Equ. 2.8 [34].

Zr0, +3C = ZrC +2€0 1 Equ. 2.7

ZrC + B,03 + 2C - ZrB, + 3C0 1 Equ. 2.8

For the next step, the synthesized ZrB, will be ball-milled and sieved to a uniform grain size.
Subsequently, the ZrB, powder can be processed to a dense monolithic body using sintering pro-
cesses such as spark plasma sintering (SPS) or hot-pressing methods (HP, HIP, ...) [35, 36]. The
powder sinters to a monolithic bulk under high pressure of up to 30 MPa and temperatures
>1900°C The addition of sintering aids such as carbon improves the sintering process to achieve
a bulk density of >95%. Depending on the amount of sintering aid, an excess of C can accumulate
at grain boundaries. Adequate sintering parameters are well-studied. Several parameters such as
the grain size, the temperature, the pressure, the dwell times, as well as the heating/cooling rates
have a dramatic effect on the sintering process and the material properties of the produced mate-
rials. Neuman et al. investigated the hot-pressing process of ZrB; in detail and performed several
experiments. The results are described in detail in literature [33].

2.3.3 Oxidation Behavior of Zirconium Diboride

The oxidation and degradation of materials under hypersonic flight conditions is a limiting factor
for components of hypersonic vehicles, especially for leading edges or rocket noses. Therefore,
the characterization of the oxidation behavior and optimization of the oxidation resistance is in
research focus worldwide. The oxidation behavior of TMB; has been analyzed under a wide va-
riety of test methods/test facilities (thermogravimetry, isothermal oxidation, oxidation under var-
ious atmospheres/box furnaces, tube furnaces, plasma wind tunnels, torch testing, ...). Most oxi-
dation experiments have been tested in atmospheric furnaces with electrical resistance heaters.
However, it is extremely difficult to simulate the near hypersonic conditions in a laboratory setup.
Parameters such as the energy flux, the temperature, the static and dynamic pressure changes, the
velocity of the atmosphere at the surface, the structural vibrations, moisture in the air, and more
factors can not be considered in most cases [13, 20, 37-41]. However, the laboratory tests enable
to understand the fundamental mechanisms.

Based on the extensive amount of literature over the last 60 years in the research field of UHTC
oxidation, the mechanisms, the oxidation products, as well as the oxidation kinetics of ZrB, and
other TMB; are well understood and are described in the following.

10
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2.3.4 Oxidation Products of Zirconium Diboride

Following Equ. 2.9, thermal exposure of ZrB; in an oxygen-rich atmosphere leads to the oxidation
of the material and the formation of ZrO, and B,0Os [28, 42-44].

5
ZT'BZ + 502 4 ZT'OZ + 3203 Equ 2.9

2.3.4.1 Zirconium Dioxide

The high refractory oxide ZrO, shows a monoclinic crystal structure at room temperature with
the space group P21/c. According to the chemical composition, the oxide consists of ~33 at% Zr
and 66 at% O. Temperature-depending phase transitions of ZrO, from monoclinic (m-ZrO,) to
tetragonal (t-ZrO,) and to cubic structure (c-ZrO») occurs, following Equ. 2.10. Properties of the
crystal modifications are provided in Table 2.2 [42, 43, 45, 46].

1120°C 2370°C 2680°C
_ —_— —_,. .

m—2r0, t—27Zr0, c—27r0, liquid Equ. 2.10
— — —
950°C 2370°C 2680°C

Table 2.2: Properties of ZrOz modifications [47-50]
Property m-ZrOz t-ZrO2 c-ZrO2
Crystal system Monoclinic Tetragonal Cubic

Space group P2i/c, No.14) P4>/nme (No.137) Fm-3m (No.225)
Density p (g/cm?) 5.817 5.861 7.195

Unit cell volume (A%) 146.81 68.56 131.87

Wyckoff position (Zr) 2a, 2d 2a 4a

Volume per Zr-atom 36.70 34.28 32.97

Volume contraction (vol%) - -6.59 -9.17

The phase transition from m-ZrO; to t-ZrO; at~1120°C leads to a volume reduction of ~6.6 vol%
(considering the Wykoff position of the zirconium atoms and the volume of the elementary cell).
Since the temperature range of interest is focused <2370°C, the transformation to the cubic ZrO»
modification will not be discussed [50].

A detailed investigation of the phase transition of m-ZrO,«t-ZrO, was carried out, describing
the martensitic transformation of ZrO, grains due to the volume expansion during t-ZrO,—m-
ZrO; phase transition. The martensitic transformation is well known for metallic alloys, very well
known for steel with a carbon content of 0.22-0.6 % [51]. This phenomenon is also observed in
ceramic materials. Martensitic transformation is defined as a crystal modification in a solid state,
that is athermal, diffusionless, and requires a significant volume change such that strain energy
affects the kinetics and morphology of the crystal during transformation [46, 51-56].

11
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The induced volume expansion for the t-ZrO,—m-ZrO, phase transition was calculated to be
~6.6 vol% (calculated by Wykoff position of Zr Atoms in the unit cells, compare Table 2.2).
Values of ~5 vol% are mentioned in the literature. However, the diffusionless and abrupt phase
transition leads to stresses inside the m-ZrO,, increasing the strain energy in the system. To induce
the martensitic transformation, the free energy barrier needs to be overcome according to Equ.
2.11 [46, 54].

AGem =V - (=AGcp + AGstrain) + S " AGsyrface Equ. 2.11

with AGim for the change in total Gibbs free energy (kJ), V for the volume of the transformed
volume (m?), AGe, for the chemical free energy change (kJ), AGsuain for the strain energy (includ-
ing shear and dilatation energy) (kJ), S for the transformation area (m?) and AGsurface for the sur-
face energy at the interface between the martensite and the former phase (including twinning
energy and micro-cracking energy) (kJ) [46].

The martensite is characterized by twinning and several twin variants as described in numerous
investigations for the martensitic t-ZrO,—m-ZrO, phase transition. After extensive research,
Kelly and Rose assigned the twinning in the ZrO, as the mechanism to reduce the overall shear
strain in the crystals. Detailed information about the twinning planes and crystal orientations of
ZrO; are described in literature [46, 52-55]. The schematic in Fig. 2.7 illustrates a stepwise trans-
formation of a spherical t-ZrO, grain to the self-accommodating m-ZrO, variant with marked
shear stresses in the untransformed regions of the grain. The shear forces induce the continuous
growth of transformed variants by twinning, forming regular structures, sometimes described as
,herringbone* structures [52, 54].

I

m-ZrO2 domain

Shear forces
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Fig. 2.7: Stepwise schematic of martensitic transformation of t-ZrO: to self-accommodating m-ZrO: variants
(twins), starting from I to V (0.i.) [54]

A second mechanism was observed for ZrO,, which induces twinning. Hereby, twins form in
tetragonal stabilized ZrO, with additives such as Ceria (CeQO>) or Yttria (Y,0O3). The mechanism
is called ferroelastic transformation and occurs in case of external mechanical stresses. Similar to
the martensitic transformation, twinning planes form in the ZrO,, causing tetragonal polydomains

12



Chapter 2 | State-of-the-Art

(t°-ZrO»). Instead of a phase transition, that induces volume contraction (martensitic transfor-
mation), the phase and volume remain stable during ferroelastic transformation.

In both cases, martensitic or ferroelastic transformation, the mechanical properties such as the
toughness of the ZrO, increase due to the transformation. The stressed grains in the transformed
areas inhibit the progression of cracking through the material by changing the transformation zone
at the tips of cracks. The transformation lowers the peak strain and inhibits crack propagation.
This well-known mechanism to increase the toughness of ZrO, is used for biomedical applications
such as implantates [52-54].

2.3.4.2 Boron Trioxide

Boron Trioxide (B,03), also commonly known as boria, is the second oxidation product from the
oxidation of ZrB; (see Equ. 2.9). Crystalline and white B>O3; powder reveals a hexagonal crystal
structure with the space group P31. The production of crystalline B,Os is complex and time-con-
suming due to its very low crystallization rate [57]. Rapid cooling/quenching usually exhibits the
amorphous nature of B>O3; with glass-like properties and a whitish-transparent appearance. B>O;
glass has a melting point of ~450°C and forms a viscous liquid [58]. At elevated temperatures
>1250°C, the liquid starts to evaporate and forms gaseous products such as BO, BO,, or B,O3
[58, 59]. The vaporization rate of B»Oj; increases with respect to the oxidation temperature and/or
in the presence of moisture, inducing the formation of volatile components such as HBO, [39].
Various properties of B>Oj3 such as its solubility in water, the low-weight elements, and its amor-
phous nature due to the extremely slow crystallization rate pose various challenges in the identi-
fication of the glass. Its amorphous state disables the detection via diffraction techniques such as
X-ray diffraction (XRD) or electron diffraction. The elemental analysis via energy-dispersive X-
ray spectroscopy (EDS) is not a reliable measuring method for the differentiation of light elements
such as boron, carbon, and oxygen (Z < 11) [60, 61]. Finally, the water-solubility of B,O3 does
not allow the preparation of polished cross sections with intact glassy layers and won't provide
any information regarding the B,Os. Appropriate alternatives to detect BoOs in a more reliable
way would be wavelength-dispersive X-ray spectroscopy (WDS), Raman spectroscopy, or Glow
Discharge Optical Emission Spectroscopy (GDOES) [39, 60].

2.3.5 Oxidation Mechanisms of Zirconium Diboride

The oxidation behavior of ZrB, is complex and is affected by environmental conditions such as
the oxidation temperature, composition of the atmosphere, the energy flux, the velocity and sheer
force of the oxidizing atmosphere to the surface, and more. A fundamental oxidation model for
ZrB; and other diboride-based UHTCs was developed and described by Parthasarathy et al. The
model based on the results of several publications over the years. The oxidation model by Par-
thasarathy et al. for three distinct temperature regimes is illustrated in Fig. 2.8, considering normal
lab air in a static oxidizing atmosphere [42, 43].

Oxidation temperatures <1000°C are defined as the low-temperature regime (formation rate of
B»0s > evaporation rate of B»O3) (Fig. 2.8a). The oxidation in this temperature regime leads to
the formation of a liquid B>Os layer at the surface and a porous ZrO: scale with elongated grains.
Gaps between the single ZrO» grains are filled with the liquid B,Os [42]. According to the model
of Parthasarathy, the porous ZrO, is impermeable to oxygen. It is concluded that the low electrical
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conductivity (kg = ~2x10° S/cm) for ZrO, does not guarantee ambipolar diffusion of positively
charged oxygen vacancies and negatively charged electrons as described in Wagner’s model of
oxidation [43, 62]. The porosity inside the ZrO, oxide scale is assumed to be a continuous net-
work, which enables the mobility of oxygen through the porous oxide scale to the oxidation front
of the ZrB, substrate, controlled by Knudsen diffusion [43]. However, the liquid layer of B,O; at
the surface acts as a protective layer and inhibits the mobility of oxygen to the substrate. Oxygen
must permeate through the liquid scale, which reduces the mobility of oxygen molecules through
the oxide scale to the oxidation front of the underlying ZrB; substrate. Correspondingly, the B,O3
glass reduces the oxidation progression [42, 43, 63-66].
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Fig. 2.8: The model of oxidation for ZrB: at different temperature regimes by Parthasarathy et al.: a) Low-

temperature regime <1000°C; b) Intermediate temperature regime between 1000°C to 1800°C; c)
High-temperature regime >1800°C (o0.i.) [42, 43]

The oxidation studies of Opeka et al. carried out a temperature-related equilibrium between the
condensation and the evaporation of the protective B,Oj3 in the low-temperature regime. This en-
sures the coverage of the surface with protective B,Os glass for long-term periods [12, 23, 67].
Fahrenholtz et al. continued this work and developed a volatility diagram for ZrB, as presented
in Fig. 2.9. The work provides a comprehensive view of the thermodynamic behavior of ZrB,.
The black lines in the diagram show the partial pressure p() of the most favorable boron-based
gaseous composition for isothermal oxidation at different partial pressures of oxygen. Gaseous
species such as B, BO, or B,O, might form, considering crystalline ZrB; as the primary condensed
phase in oxygen-reduced atmospheres (i.e. low vacuum conditions or different gas mixtures).
Gaseous components such as B>O3, or BO, will form involving ZrO, and B,Os as the primary
condensed phases at normal or oxygen-rich atmospheres [32, 58, 59, 68]. As the thermodynamic
calculations demonstrate, the partial pressure of gaseous boron-based species increases with the
oxidation temperature and indicates enhanced evaporation of the B,O; glass during oxidation.
This aligns with the observations of Rizzo et al. Parabolic oxidation rates were observed for the
oxidation of boron for temperatures up to ~1000°C, whereas the evaporation of the protective
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B»0s glass at higher temperatures revealed a rate-limiting step in the oxidation of kinetics [58].
Regarding to the results of Opeka, Fahrenholtz, and Rizzo, the evaporation of the protective B,O3
glass induces the recession of the protective liquid layer at the surface. Since the rate-controlling
mechanism belongs to the liquid layer, the recession of the glass must cause a transition of the
oxidation mechanisms of ZrB; at temperatures >1000°C [12, 23, 32, 59].
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Fig. 2.9: a) . The volatility diagram of ZrBz at 727°C, 1527°C, and 2227 °C [59]; b) Mechanistic steps at the

oxidation front of ZrB: in the intermediate temperature regime (1000°C to 1800°C) (o.i.) [42, 43]

Temperatures between 1000°C to 1800°C are defined as the intermediate temperature regime
(formation rate of B,O3 < evaporation rate of B,O3). The increased exposure temperature induces
rapid evaporation of B,O; and the formation of gaseous components such as B»O3 or BO; accord-
ing to Equ. 2.12 and Equ. 2.13 [32, 59].

B,0; - B,05 1 Equ. 2.12

1
3203 +§02 - 2302 ) Equ 2.13

As illustrated in Fig. 2.8b, once the protective B»Os evaporates during oxidation and leaves behind
a dry and unprotective porous ZrO; scale with residual B,O; liquid inside the porous oxide scale.
The Fig. 2.9b presents a model for the oxidation mechanisms inside the porous ZrO, scale during
oxidation at the intermediate temperature regime. Oxygen molecules trespass the oxide scale
through the dry pores to the residual B;Os3 liquid, following the Knudsen diffusion of porous ma-
terials. Subsequently, the oxygen molecules get inhibited in their mobility at the B,O3 surface and
must diffuse/permeate through the boria-filled pores to the oxidation front of ZrB,. Simultane-
ously, the residual B,Os liquid in the porous network evaporates with a distinct evaporation rate
and leaves the oxide scale [43, 69].

Finally, oxidation at temperatures >1800°C is defined as the high-temperature regime (formation
rate of BoO; << evaporation rate of B,O3). As implied in Fig. 2.8c, the increased evaporation rate
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of B,Os prevents the formation of a protective liquid layer and leads to the instantaneous evapo-
ration of B,Oj at the oxidation front of ZrB,. Consequently, the formed oxide scale on ZrB; con-
sists of porous ZrO; with a dry pore network, which does not prevent the oxygen mobility to the
oxidation front of ZrB; [42, 43]. As already mentioned, the temperature affects the formation rate
and evaporation rate of B,Os. It can be concluded, that as long as the formation rate is > the
evaporation rate, the system undergoes passive oxidation by liquid B,Oj; layer [58].

2.3.6 Oxidation Kinetics of Zirconium Diboride

Several publications address the oxidation kinetics for ZrB; and other TMB,. As mentioned
above, the various parameters affect the oxidation mechanisms and, consequently, change the
oxidation kinetics. Therefore, deviations in the results are possible. However, it is understood that
ZrB; exhibits parabolic oxidation with increasing oxidation rate constant with enhancing temper-
ature and time. Parabolic oxidation kinetics can be determined by measuring the oxide scale
growth, the recession of the substrate, or the mass change with respect to time. Considering ex-
tended exposure time for several minutes, Deal and Grove's differential equation for linear-para-
bolic oxidation kinetics can be applied by measuring the oxide scale thickness, following Equ.
2.14 [70-72].

Kp, =L Equ. 2.14

with Kp; (um?min) for the parabolic oxidation rate constant and x; (wm) for the measured oxide
scale thickness at time t; (min). The effect of boria and its evaporation, concerning the temperature
and time, won't be considered in the calculations [70]. The Fig. 2.10a presents linear and parabolic
oxide growth in a graph of thickness x; vs. time t;, whereas Fig. 2.10b presents the plots of linear
and parabolic oxide growth in a graph of thickness squared x;? vs. time t.. As visible, parabolic
oxidation is related to a linear plot progression (yellow plot) and indicates the parabolic oxidation
rate constant Kpi, corresponding with the slope of the plot as marked in the figure [72].

Further, an Arrhenius plot can be used to visualize the effect of the temperature on the oxidation
kinetics for a prescribed exposure time ti. The slope of the Arrhenius plot corresponds to the
activation energy Ea/R as marked in Fig. 2.10c [28, 71]. The relation between the parabolic rate
constants, the oxidation temperatures, and the activation energy for the oxidation process of a pre-
scribed exposure time can be described by Equ. 2.15 [71, 72].

ln<KP1>—EA (1 1) Equ. 2.15
== I— u. 2.
Kprer) R \Trey Ty d

with Ea (kJ/mol) for the activation energy, R for the ideal gas constant (8.314 J/mol-K), Kpi
(um?/min) for the parabolic oxidation rate constant, and T; (K) for the temperatures.

A steeper slope of the Arrhenius plot corresponds with increased activation energy for the oxidation
and an increased sensitivity of the oxidation process to temperature changes. A fluctuating progres-
sion of the plot can be interpreted as the modification of the oxidation mechanisms and/or the change
of'the oxidation kinetics (i.e. phase transitions, loss of a protective coating/scale, change in oxidation
reaction, ...) [71, 72].
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oxidation rate constants Kp vs. inverse Temperature (1/T) (compare Equ. 2.14 and Equ. 2.15) (o.i.)
[71,72]

The Arrhenius plot of ZrB: is an adequate example of a discontinuous progression of oxidation
and the transition of the oxidation mechanisms with respect to the oxidation temperature. The
Arrhenius plot for ZrB; is presented in Fig. 2.11, showing the logarithmized oxidation rate con-
stants vs. the inverted temperature. A constant increase of the oxidation rate constants can be
observed in the temperature range of ~1000°C to ~1120°C. The phase transition from m-ZrO, to
t-ZrO, at ~1120°C leads to a volume reduction of ~6.6 vol%. The volume reduction induces the
formation of cracks along the pores, forming a comprehensive porous network inside the porous
oxide scale. As per the observations and calculations are concerned, the mobility of oxygen mol-
ecules through the porous oxide scale to the oxidation front of ZrB, increases abruptly, leading to
a steep increase of the oxidation rate constant and significantly high activation energy (~1400K
to ~1430K). Further increase of the oxidation temperature enforces the evaporation of the protec-
tive B,O3. In combination, the porous network and the evaporation of B>Oj3 induce an increase in
activation energy and oxidation kinetics [43].

According to the observations of Parthasarathy et al., a more dominant influence to improve the
oxidation resistance was found in the reduction of the porous ZrO, oxide scale rather than the
protection of the system by liquid B>Os. Most of the protective liquid will be blown away during
hypersonic flight operation and won’t remain at the surface to provide protection [42, 43].
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Fig. 2.11: Arrhenius plot of the parabolic rate constant of ZrBz: Discontinuous plot indicates a transition of the
oxidation behavior and aligns with the phase transitions of ZrO: [43]

As mentioned above, the oxygen mobility through a porous ZrO, scale can be described with
Knudsen diffusion, which based on Fick’s laws of diffusion. The equations for the Knudsen dif-
fusion coefficient Dk, pore (M?/s) for an ideal gas through a pore as well as a diffusion coefficient
through a porous network Dk, medium (M?/s) with a specific porosity € and tortuosity T are presented
in Equ. 2.16 and Equ. 2.17 [42, 43, 63, 65, 73, 74].

dp 8 R-T
Dx. pore = ?[:re\j;T Equ. 2.16
€
Dk, medium = o Dk, pore Equ. 2.17

with dpore for the pore diameter (m), M for the molar mass of the diffusing gas (kg/mol), € for the
porosity in the solid medium (no unit), and t for the tortuosity (no unit) [74]. The results of the
parametric sensitivity study of Parthasarathy et al. are presented in Fig. 2.12, considering the
porosity € and the average pore diameter dpore. The tortuosity T was neglected for the study [43].

As illustrated in Fig. 2.12a, the pore diameter dpor influences the oxidation behavior for diameters
<3 pm. A significant reduction of the oxidation rate constant can be observed with decreasing
pore diameter. Considering the Knudsen diffusion through a pore (Equ. 2.16), the mobility of the
oxygen molecules will be reduced with the pore diameter and oxygen molecules will take more
time to pass the pores in the solid oxide. The reducing effect of the pore diameter on the rate
constants becomes more significant for temperatures >1400°C. This can be explained by the en-
hanced evaporation of the protective B3, leaving the dry and porous ZrO, scale. Consequently,
a strong effect of the pore diameter can be seen at high temperatures of ~2100°C since there is no
formation of a protective B,Os liquid [42, 43].
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An increase in the pore diameter comes with increased oxygen mobility through the pore. As a
result, more oxygen molecules will be able to pass the pore for a prescribed time and will increase
the amount of reactive oxygen molecules at the oxidation front of the ZrB, substrate. Subse-
quently, the parabolic oxidation rate constants increase, which is accompanied by increased ki-
netics [42, 43].
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Fig. 2.12 : a) The effect of pore diameter (Knudsen effect) on the parabolic rate constant of ZrB: (0.i.) [42]; b)
The effect of pore fraction/porosity on the parabolic rate constant of ZrB: (o.i.) [42]

The porosity affects the oxidation mechanisms differently than the pore diameter as visible in Fig.
2.12b. An increase of the pore fraction from ~2.5 10”2 to 2 10°! results in an increase of approxi-
mately one order of magnitude for the logarhitmized oxidation rate constant. The effect of the
increase is nearly linear in the temperature range of 1400°C to 2100°C, shifting the oxidation rate
constants to lower values with decreasing porosity. The increasing porosity will enable multiple
oxygen molecules simultaneously to pass the porous oxide scale in a prescribed time. As a result,
more oxygen molecules in the magnitude of the number of pores will pass the porous oxide scale
to the oxidation front of ZrB; and induce the oxidation of the substrate (increased oxidation ki-
netics) [42, 43].

2.3.7 Solutions to Improve the Oxidation Resistance of Zirconium
Diboride

2.3.7.1 Addition of Silicon Carbide to Zirconium Diboride

Several approaches were considered to improve the oxidation resistance of ZrB, for the interme-
diate temperature regime >1500°C. The most common and partially successful approach is to
alloy UHTCs with additives such as Silicon carbide (SiC). Shugart et al. studied the effect of SiC
addition to ZrB, extensively by adding a distinct amount of SiC from 5 vol% up to 30 vol%,
described the oxidation mechanisms, and determined the oxidation kinetics for different test con-
ditions. Shugart observed that the addition of 30 vol% SiC revealed the best protection mecha-
nisms [38, 44, 63, 68, 75-77].

19



Chapter 2 | State-of-the-Art

This can be explained by the oxidation mechanisms of ZrB»-SiC compounds. While ZrB: oxidizes
to ZrO; and liquid B,O3, the addition of SiC causes the formation of SiO, and gaseous CO, fol-
lowing Equ. 2.18. Finally, B,O3 and SiO; will form a liquid solution at the surface (Si,B)O, form-
ing a more protective Borosilicate glass following Equ. 2.19 [38, 44, 63, 68, 75-77].

ZrB, + SiC + 40, - Zr0, + B,05 + SiO, + CO 1 Equ. 2.18

xSlOZ + y3203 4 xSi02 " yB203 Equ 219

Compared to B»Ojs liquid, the Borosilicate glass (Si,B)O revealed an increased viscosity and a
reduced evaporation rate at elevated temperatures. As a result, the Borosilicate glass accumulates
at the surface and forms a protective liquid layer for extended exposure times and enhanced oxi-
dation temperatures (formation rate of (Si,B)O > evaporation rate of (Si,B)O) [77]. A schematic
in Fig. 2.13a describes the oxidation mechanisms in the initial time for up to 30 seconds between
1450°C to 1650°C. Borosilicate glass and chunks of ZrO, form at the surface of the ZrB,-SiC
substrate after ~10 seconds already. Gaseous components such as CO form during the oxidation
of SiC and accumulate at the oxidation front, leading to gas-filled bubbles. Once the bubbles
burst, ZrO, grains and unoxidized substrate material are exposed (~30 seconds). The top-view
micrograph in Fig. 2.13b shows ZrB,-30 vol% SiC after the oxidation for 30 seconds at 1500°C.
The surface revealed several burst bubbles at the surface, exposing ZrO» grains and unoxidized
material to the oxidizing atmosphere [38, 44, 63, 68, 75-77].
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Fig. 2.13: a) Proposed oxidation mechanism of ZrB2-SiC composites for short term oxidation in a temperature
regime of 1450°C-1650°C [38]; b) Burst bubble at ZrB2-30 vol% SiC composites after oxidation for
30 seconds at 1500°C [76]

The proposed oxidation mechanisms of ZrB,-SiC by Karlsdottir et al. during long-term oxidation
up to 120 min at >1550°C is illustrated in Fig. 2.14 . A four-layer oxide scale was observed. The
uppermost section was found to be a continuous layer of Borosilicate glass, covering a ZrO- oxide
scale with SiO,. An intermediate layer of a SiC-depleted ZrB: separates the unaffected ZrB,-SiC
from the residual oxide scale [68].
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Fig. 2.14: Proposed oxidation mechanism of ZrB2-SiC for long-term oxidation up to 120 min at 1550°C, show-
ing the formation of convection cells through the ZrO: and the SiO: layer [78]

The oxidation at temperatures >1550°C induces the evaporation of the liquid B,Os and the for-
mation of a SiO,-rich layer at the surface. This layer prevents the oxygen mobility to the substrate.
Considering an increase of the molar volume of SiC (Vm=12.43 cm3/mol) to SiO;
(Vi =27.43 cm3/mol) as well as for ZrB, (Vi = 18.54 cm3/mol) to B,O3 (Vi = 55.2 cm?*/mol) and
ZrOs (Vi = 20.92 cm?/mol), the Borosilicate glass will lead to an increase of the volume by ap-
proximately ~380 % [78].

Further oxidation of the ZrB,-SiC substrate leads to the formation of reservoirs inside the oxide
scale, filled with liquid Borosilicate and dissolved ZrO». The liquid-filled reservoirs were defined
as convection cells (third picture in Fig. 2.14). The volume expansion due to the formation of
liquid Borosilicate glass induces pressure inside the reservoirs, which will lead to the break-
through of the liquid through the ZrO, oxide scale to the surface. The volatile B,O3 evaporates at
the surface and enforces the precipitation of the dissolved ZrO,, forming particles with a size of
0.5-2 pm at the surface. The Fig. 2.15a shows a top-view micrograph of ZrB,-15 vol% SiC after
the oxidation at 1550°C for 120 min. Several convection cells inside the SiO, scale with precipi-

tated ZrO, particles and residual B,O3 pools can be found. A cross-sectional micrograph of a
convection cell, formed on ZrB,-15 vol% SiC 1550°C is presented Fig. 2.15b [35, 68].

Fig. 2,15 : a) Top-view of convection cells after oxidation of ZrB2-15 vol% SiC at 1550°C for 120 min [78]; b)
Cross-sectional micro-graph through a convection cell after oxidation of ZrBz-15 vol% SiC at
1550°C for 240 min [78]
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Shugart et al. performed oxidation experiments with ZrB,-30 vol% SiC for a discrete time of
10 min at various oxidation temperatures. The logarithmized parabolic oxidation rate constants
(log(Kp)) for the tested specimens (ZrB*-30vol% SiC) are visualized in an Arrhenius plot in Fig.
2.16a. A protective nature can be observed for temperatures between 1300°C to 1500°C with low
oxidation rate constants and significantly reduced activation energies, indicating passive oxida-
tion by the protective Borosilicate glass and/or SiO; layer at the surface [75].
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Fig. 2.16: a) Arrhenius plot of the parabolic oxidation rate constants for ZrBz with 30 vol% SiC for an exposure

of 10 min (0.1.) [75]; b) Volatility Diagram of ZrB2-SiC for the oxidation at 1500°C [68]

An abrupt change of the oxidation rate constant for the tested ZrB,-SiC specimens for 10 min
appears at ~1627°C. This temperature is a tipping point for the oxidation progression of ZrB,-SiC
materials by changing the oxidation mechanism of SiC. As can be seen in the calculated volatility
diagram for SiC and ZrB: in Fig. 2.16b, the exposure at temperature >1627°C leads to the active
oxidation of SiC, forming gaseous components such as SiO and CO, at atmospheric pressure
(log(pOy) ~ 4.3). The active oxidation at >1627°C follows Equ. 2.20 [63, 68, 75].

7
ZrBy + SiC + 50, = 2105 + By03 1 +5i0 140 1 Equ. 2.20

As a result, the loss of the protective SiO; layer at the surface at temperatures >1627°C reduces
the oxidation resistance of the ZrB,-SiC significantly. The direct evaporation of SiC leaves a ZrO»
scale with enlarged pores. Consequently, the oxide scale can not prevent the mobility of oxygen
and leads to a dramatic increase in the oxidation kinetics [68, 75].

2.3.7.2 Addition of Transition Metals to Zirconium Diboride

The addition of transition metals such as Nb, Ta, or W to ZrB; induced a change in the oxidation
mechanisms of ZrB», resulting in interesting phenomena. Dehdashti et al. performed a screening
of different metallic additives for baseline ZrB,. The addition of ~6 wt.% metallic Nb led to the
oxidation of the ZrB; and the metallic Nb forming the oxidation pro-ducts Nb,Os, ZrO,, and B,Os.
After oxidation at 1500°C for 180 min, a two-layer oxide scale formed on top of the ZrB,-Nb
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compound. A scale of a liquid solution with a thickness of ~37 um covered a porous ZrO; oxide
scale with a thickness of ~45 pm. In comparison, the baseline ZrB; formed a dry and porous ZrO-
scale of ~73 pm in thickness. It can be seen that the Nb addition reduced the formation of a porous
ZrO; scale by ~38%. This is attributed to the liquid solution formation and the accumulation of
the liquid at the surface, which provokes the permeation of oxygen molecules through the oxide
scale to the oxidation front of ZrB» [37, 79].

Considering the phase diagram of Nb,Os-B>Oj3 system, it was assumed that the Nb,Os will melt
at 1500°C and mix with the liquid B,O3, forming a more stable liquid solution of (Nb,B)O at the
surface [80]. The formation rate of the protective liquid solution was found to be faster than the
evaporation rate (formation rate of (Nb,B)O > evaporation of (Nb,B)O). This led to the accumu-
lation of the protective liquid solution at the surface of the oxide scale with respect to time and
the formation of a ~37 um thick liquid layer. Since there will be a continuous supply of Nb,Os
and B,0O3 (homogenous distribution of ZrB; and metallic Nb in the compound expected), the liq-
uid solution that is formed at the surface is more stable. Therefore, it can be expected, that the
liquid layer will be stable or even increase in thickness even for longer exposure time at 1500°C.
The behavior might change at temperatures >1500°C [37, 79].

In the same time, the phase diagram of Nb,Os-ZrO, system revealed the solid solution formation
of both oxides, forming a mixed oxide Nb,ZrsO:7 [81]. Sparsely distributed areas of the mixed
oxide phase were found in the porous ZrO; scale. However, most of the porous oxide scale con-
tained ZrO, with dissolved Nb,Os and did not induce densification of the oxide scale. The lack of
dense Nb»ZrsO17 can be explained with the limited addition of 6 wt.% metallic Nb. According to
the chemical composition of the mixed oxide phase Nb2ZrsO17, 1mol of Nb>Os (corresponds to
2mol of metallic Nb) and 6mol of ZrB; are needed to form the mixed oxide phase. Considering
the molar mass (ZrB; = 112.85 g/mol; Nb = 92.9 g/mol), an addition of ~22 wt.% metallic Nb is
needed to form a dense scale of Nb,ZrsO,7. Consequently, no significant densification of the po-
rous oxide scale was observed, which would reduce the porosity and pore diameter in the porous
Zr0; scale, causing improved oxidation resistance [37, 79, 82].

Similar results were observed for the addition of metallic tungsten (W) (~8 mol%) and tungsten
carbide (WC) (~4-10 mol%). Up to 1300°C, a steady increase in liquid layer thickness was ob-
served at the surface for an exposure of 5 min. Above 1300°C, the liquid layer thickness was
reduced significantly, leaving a dry surface at temperatures >1500°C. The oxidation at 1500°C
for 60 min led to the formation of a porous ZrO; scale with a thickness of ~25 pm compared to
baseline ZrB, with a total oxide scale of ~73 um. Globular grains of ZrO, with traces of W were
found in the uppermost section of the oxide scale. The gaps between the grains were found to be
filled with WO3, containing traces of ZrO,. It is expected that the WC as well as the metallic W
oxidizes to WOs. Simultaneously, ZrB, will form ZrO; and B,O;. Due to the melting point of
WO; (Tm ~1435°C), WO3 will melt and form a liquid with dissolved ZrO,. This liquid solution
might promote the formation of globular ZrO, grains with traces of W due to liquid phase sinter-
ing. The calculation of the partial pressure of WO;3 species in equilibrium with liquid WOs re-
vealed the fact that WOs3 volatilizes heavily at temperatures >1300°C. Finally, it was assumed
that the liquid solution protected the system against oxidation as long as it was present on the
surface. Furthermore, liquid phase sintering of ZrO» grains in the WOs-based liquid was expected,
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which induced the densification of the ZrO, oxide scale. In the case of intense evaporation of the
liquid, the complete densification of the oxide scale was not possible [83, 84].

On the other hand, it was concluded that the dissolution of WOj3 into the liquid B,Os3 led to a boria-
based liquid solution (W,B)O at the surface. However, the volatile liquid solution was not stabi-
lized for temperatures >1300°C and evaporated already after 5 min. Therefore, the liquid boria-
based solution was not found to protect the oxide scale at elevated temperatures >1300°C for
longer exposure times. [83-85].

A novel approach to improve the oxidation resistance of ZrB; is the formation of high entropy
Ultra-High Temperature ceramics (HE-UHTCs). The equi-atomic multi-component solid solu-
tions exhibit exceptional mechanical properties and phase stability at elevated temperatures. How-
ever, the fabrication, scale-up, and simulation of HE-UHTCs are very complex. Further, the oxi-
dation mechanisms of each of the components will be different and lead to superimpositions of
mechanisms. Further information about HE-UHTCs can be found in the literature [37, 67, 86-88].

2.4 Coatings

2.4.1 Protective Overlay Coatings

The oxidation resistance of metals or alloy systems can be attributed to the formed oxide scale at
the surface. The formed oxide scales act as a barrier against oxygen since electrons and ions of
oxygen and metal need to be transported through the oxide scale, following the oxidation model
of Wagner [64]. Well-known oxides, which provide passive oxidation even at elevated tempera-
tures are chromia (Cr,O3 (Eskolaite)) and alumina (a-AlO3; (Corundum)) due to their low thermal
and electrical conductivity kr and xg [89].

Chromia-forming protection can be seen in stainless steels with a chromium content of at least
10.5 wt%. Due to the preferred reaction of oxygen with chromium Cr rather than iron, a thin and
comprehensive layer of Cr,O3 forms at the surface during oxidation. The protective Cr,O; layer
prevents further oxidation for temperatures up to ~1000°C. Extensive spallation of the chromium
oxide layer and the evaporation of chromia by forming volatile CrO; lead to the loss of oxidation
protection at higher temperatures [62, 90]. Chromia-forming coatings were developed for the au-
tomotive industry and aerospace industry to protect specific components against oxidation and
corrosion. Engine valves in automotive vehicles for example will experience temperatures up to
900°C, several thermal shocks, and will be exposed to aggressive combustion atmospheres.
Therefore, chromium coatings were developed for materials such as X33CrNiMn23-8 or
X55CrMnNiN20-8 to improve the protection of the alloys. The formation of protective Cr.O3 and
FeCr,0s spinels at the surface decreases the degradation of the coated materials and improves the
lifetime significantly [89].

Whereas chromia formers are limited in temperature due to the volatilization of the protective
Cr0; scale at temperatures >1000°C, alumina formers can be exposed to higher temperatures
due to the more stable a-Al,O3; phase. For this reason, alumina formers can be found in many
high-temperature aerospace applications with temperatures up to 1400°C [62]. A well-known ex-
ample for a-AlLOs-forming coatings are turbine blades, made by Ni-based superalloys. The
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components have to withstand temperatures of up to 1350°C for longer lifetimes >1000 h. There-
fore, coatings of Me-Cr-Al-Y (Me=Ni, Co) are a common solution to provide oxidation protec-
tion. At high temperatures >1100°C, oxygen molecules migrate along the grain boundaries of the
coating and induce the oxidation of the coating. At the same time, aluminum cations and already
formed AlO3 migrate to the surface and form a dense a-Al,Os layer at the surface (protective
thermally grown oxide layer (TGO) of a-Al,O3 ) [91-93].

Another example of alumina formers as an oxidation protective overlay coating can be found for
v-Titanium Aluminides (50 at% Ti, 50 at% Al). The substitution of Ni-based components in the
Gas turbine by y-Titanium aluminides would lead to weight savings of up to 50%. An aluminum
content of 60-70 at% for the Titanium Aluminides (no y-configuration) promotes the formation
of a protective a-Al>O; layer at the surface. However, the increased Al content is accompanied
by the formation of brittle TiAl,, which forms cracks within and does not ensure reliable protec-
tion. A lower aluminum content induces the formation of a mixed oxide layer of Titanium and
aluminum, which does not provide sufficient oxidation protection. Therefore, an oxidation pro-
tective coating of Ti-Al-Cr has been developed at DLR by means of magnetron sputtering. The
applied coating protects the y-Titanium aluminides against oxidation at temperatures up to
1050°C. The oxidation of the coating leads to the formation of a comprehensive layer of Ti(Cr-
Al); and a TGO of protective a-Al>Os, at the surface [94].

Besides chromia and alumina formers, silica formers revealed similar protective behavior against
oxidation. As an example, the oxidation of SiC in dry air leads to the formation of CO and SiO;.
The solid SiO; oxide scale contains bubbles and other defects due to the gaseous CO formation
and can not provide adequate passive oxidation. Therefore, a metallic Si coating can be applied
on SiC (Si bond coat). The oxidation of the coating induces the formation of a comprehensive
Si0; layer at the surface and provides passive oxidation. However, the presence of water vapor
causes the active oxidation of the metallic Si coating and the SiC substrate, forming gaseous com-
ponents such as SiO (compare Chapter 2.3.7.1). As a result, no protective SiO; layer is formed at
the surface. An environmental barrier coating (EBC) of rare-earth silicates (Yttrium and/or Ytter-
bium), containing a layer of Disilicates and Monosilicates, was developed at DLR. The coating
prevents the evaporation of the protective SiO; scale and ensures passive oxidation of the SiC
material even in the presence of water vapor [95].

As already described above (Chapter 2.3.4), TMB, forms a protective layer of liquid boria at
temperatures <1800°C. Therefore, these materials can be classified as boria formers. The for-
mation of liquid B,O3 (Tm ~450°C) leads to a reduction of the oxygen mobility to the underlying
substrate. Passive oxidation occurs <1000°C and protects the substrate. The increasing evapora-
tion rate of B,O3 >1000°C results in the recession of the protective B,Oj; layer and active oxidation
of the substrate. As presented, several coating solutions were developed for a variety of materials
in the last decades by DLR, improving the oxidation resistance of the materials. However, as of
today, there have been no approaches for oxidation protective coatings of diboride-based transi-
tion metals, which might improve the oxidation behavior at temperatures >1500°C [12, 59].
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2.4.2 Physical Vapor Deposition (PVD): Magnetron Sputtering

Sputtering is an established coating process to apply thin metallic or ceramic coatings on top of
various materials. The process belongs to the group of Physical Vapor Deposition (PVD), in de-
tail, to the field of thin-film technology with a coating thickness of up to ~20 um [96, 97]. The
principle of sputtering is based on the atomization of material by ionized gas (primarily Argon),
the transportation of the sputtered atoms to the substrate surface, and the subsequent deposi-
tion/condensation as a layer on the substrate surface. A fundamental sputter facility requires a
reaction chamber with the capability to achieve a vacuum of up to 10 mbar, a negatively charged
electrode (cathode), and high-purity argon. Emitted electrons from the cathode induce the ioniza-
tion of the Argon atoms. A plasma forms around the cathode. The positively charged Argon ions
are attracted to the cathode and knock out neutral atoms and clusters of the cathode due to the
impact. The sputtered atoms from the cathode migrate into the chamber and condensate as a thin
coating on surfaces [96-102].

Modern sputtering facilities are equipped with a magnetron as shown in Fig. 2.17. The magnetron
contains a metallic target disc of the coating material (negatively charged cathode), a target holder
(usually copper + water cooled), a plasma shield (positively charged anode), and a ring magnet
behind the target holder with a yoke for increased magnetic effects [96]. The power supply of the
magnetron leads to an electron field (E-field) from the anode to the cathode (inverted direction of
electron transport). A permanent ring magnet behind the target holder creates a magnetic field (B-
field) parallel to the target surface. The B-field brings the emitted electrons into a spiral trajectory
in front of the cathode. This enhances the ionization of Argon atoms, stabilizes the plasma, and
increases the sputter yield. The sputtered metal atoms move through the vacuum chamber to the
substrate and get adsorbed (physisorption). Surface diffusion induces the mobility of sputtered
atoms to energetically most favorable positions at the surface, forming a dense and comprehensive
coating at the surface of the substrate with respect to time [96-106].

a) © Sputtered Target atoms b)

® Jonized Argon atoms
E-Field

————

Target (Cathode)

Target holder (Copper)

Plasmashield (Anode)

Fig. 2.17: a) Schematic of a general magnetron sputtering mechanism with a metallic target (0.i.) [95]; b) 3D-
Schematic of a planar magnetron with circular geometry and marked E-field (green) and B-field (red)
(0.i.)[96]
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The microstructure and morphology of the coating are influenced by a wide variety of parameters
such as the surface roughness of the substrate, the substrate temperature during processing, and
the weight of the sputtered atoms (material-depending). An increased roughness of the substrate
surface induces the formation of internal stresses inside the applied coating, which might lead to
spallation. On the other hand, roughness can increase the adhesion of the applied coating to the
substrate surface due to physical anchoring. The effect of the surface roughness depends on the
combination of the target material/substrate and needs to be varied for optimal results. Elevated
processing temperature increases the surface diffusion and the mobility of the adsorbed atoms at
the surface. The adsorbed atoms are moving to the most energetic positions, which enhances the
adhesion and density of the coating [96, 106, 107].

2.4.3 Reactive Magnetron Sputtering

Ceramic target materials such as Y»03, HfO», or ZrO, can be used to apply thin ceramic coatings
on substrates via magnetron sputtering. In general, the sputtering rates of ceramic targets are much
lower compared to metallic targets. The kinetic energy of the Argon ions does not overcome the
needed activation energy to induce sputtering. Instead, the kinetic energy converts into thermal
energy and leads to a thermal load at the target surface [102-104].

An alternative to magnetron sputtering with ceramic coatings can be found in reactive magnetron
sputtering. Berg et al. have gas causes the reaction with the metallic target, the sputtered metal
atoms, and the adsorbed metal atoms on the substrate surface, forming a ceramic compound. The
formation of a ceramic compound at the target surface has a strong influence on the reactive
sputtering process and will be described in detail [102-104].

& , (1-%)
—t | -
Target (Cathode) | A
[PFFFFFFFFFIFFFL _ F7A Fun 74
Fc
Fm'&s
Fu(1-&) § Qp |
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— | e
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Fig. 2.18: Schematic of a reactive sputtering process with fluxes of sputtered materials (metallic oxidic prod-

ucts) and its deposition of uncoated substrate and coated substrate (0.i.) [104]

Bergs model requires a constant partial pressure po: for the reaction gas oxygen (other gases such
as nitrogen also possible) with a uniform distribution of molecules per area and time in the reac-
tion chamber. The relation between the partial pressure and the molecular distribution factor is
shown in Equ. 2.21 [103, 104].
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Fy = Poz Equ. 2.21
g J2'kgT-m-m qu- <

with the molecular distribution factor F, (molecules/m?:s), the oxygen partial pressure poz (mbar),
the Boltzmann constant kg (1.380649-10"% J/K), the temperature T (K), and the mass m for the
gas molecules (kg) [103, 104]. The target surface during reactive sputtering can be divided into
two discrete areas as shown in Fig. 2.18. A specific fraction of the target surface & is covered
with a ceramic compound due to the reaction of the target surface with the reactive gas. The
residual target surface (1-&) consists of the metallic target material. The number of sputtered
metal atoms per time on the non-reacted target surface can be calculated by Equ. 2.22 [102-104]

E, = é- Y, A, - (1—¢&,) Equ. 2.22

with Fy, for the sputtered metal atoms per unit time (sccm), J for the ion current density (A/m?), q
for the elementary electronic charge, Y for the sputter yield of Argon atoms by sputtered metal
atoms, A, for the target surface (m?), and (1-&;) for the non-reacted fraction of the target surface
[102-104]. On the other hand, sputtered ceramic molecules per time from the reacted target sur-
face can be calculated using Equ. 2.23

F, =£-YC-At-.ft Equ. 2.23

with F. for the sputtered ceramic molecules per time (sccm), Y. for the sputter yield of Argon
atoms by sputtered ceramic molecules, and & for the fraction of reacted target surface. The model
by Berg specifies that the sputtering of the ceramic compound at the target surface increases the
fraction of metallic target surface. Accordingly, the consumption of the reactive gas by the me-
tallic target surface can be determined by Equ. 2.24 [102-104].

Q=y-n-F-1-§) A Equ. 2.24

with Q; for the consumption of gas molecules per time by the non-reacted target surface (sccm),
y for the probability factor to form ceramic molecules, n for the stochiometric compounds of
dioxides (such as HfO,, ZrO,, ...), Regarding the Equ. 2.21, an increase of the partial pressure
poz of oxygen will induce increased consumption of oxygen by the metallic target surface and
enhances the formation of ceramic compounds. Based on Equ. 2.23 and Equ. 2.24, a steady-state
equation can be established by, balancing the sputter kinetic of ceramic molecules and the reaction
kinetics of the metallic target surface, following Equ. 2.25 and Equ. 2.26 [102-104].

Fo = Q¢ Equ. 2.25
J
E'Yc's‘t=¢'n-1fg-(1—ft) Equ. 2.26
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A surplus of the reaction gas (increased partial pressure po2) provokes a dominant reaction of the
target surface, forming a comprehensive ceramic layer at the target surface (Q, > F.). As men-
tioned above, the sputter yield for metallic targets is higher than for ceramic targets (Ym >> Y.).
Consequently, the growth of the comprehensive ceramic layer at the target surface (Q; > F.) will
reduce the sputter yield of the target and the deposition rate (um/time) at the substrate. This effect
is defined as “poisoning” of the target.

The poisoning effect for a metallic target during reactive sputtering is presented in Fig. 2.19a,
with the voltage, plotted over the gas flow ¢o,. Target poisoning manifests in high target temper-
atures, reduced voltage values, and/or an increased current (oxidic sputter conditions). Optimal
reactive sputtering conditions would be in the transition area between the metallic and oxidic
sputtering conditions (high saturation with reaction gas by high deposition rate in the same time).
Unfortunately, processing in the transition area is nearly impossible by controlling the gas flow
since different partial pressures may occur for steady gas flows ¢o2 as presented in Fig. 2.19b (P,
P», and Ps for a steady gas flow ¢o2). Therefore, the partial pressure po2 at the target must be
controlled to ensure reliable and reproducible sputtering conditions for reactive sputtering opera-
tions (compare Equ. 2.21) [95, 102-104].
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Fig. 2.19: a) Plotted voltage vs. oxygen gas flow to present the poisoning effect (a drop of voltage) of a metallic

target during reactive sputtering (0.i.) [95]; b) Calculated consumption of reactive gas during reac-
tive sputtering (0.i.) [105]
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3 Motivation and Approach

3.1 Oxidation Protective Overlay Coatings for
ZrB;

Boron-based UHTCs are potential candidates for applications in hypersonic missiles, thermal
protection systems of re-entry vehicles, and more as discussed in the previous Chapter. One of
the current bottlenecks for their implementation is the poor oxidation resistance at elevated tem-
peratures for long-term exposure >60 min. A novel approach is proposed in this work to improve
the oxidation performance of ZrB; by applying protective overlay coatings. The coatings must be
tailored to obtain chemical and physical compatibility with the UHTC substrate.

This study aims to understand the fundamental oxidation mechanisms of protective overlay coat-
ings on ZrB,, concerning the interaction of the coating/substrate and the oxidation products of the
coating and substrate during oxidation. The objective is to improve the oxidation behavior for at
least 30 min up to 1700°C. Alloying UHTCs with elements such as SiC, Nb, or WC will change
the overall composition of ZrB, and in turn will affect the desired thermal and mechanical prop-
erties of the base material. Protective overlay coatings behave in a completely different way com-
pared to the conventional approach of alloying. Coatings generate a high chemical potential due
to the abrupt concentration gradient at the coating/substrate interface zone. This might modify the
formation of mixed oxidation products just at the surface and might lead to protection by different
mechanisms. Considering the well-known oxidation mechanisms of diboride-based UHTCs, three
approaches for protective overlay coatings were proposed to adjust the oxidation mechanisms and
improve the oxidation resistance of baseline ZrB,:

Approach 1: Dense Coatings — Deposition of a dense coating on top of ZrB,

This approach aims to reduce the mobility of oxygen to the underlying ZrB, by applying a dense
and pore-free coating. A major requirement for the approach is a coating material, which must
have a low oxygen diffusivity. This implies a lower electrical conductivity kg and/or a low amount
of oxygen vacancies. A dense and defect-free coating will inhibit oxygen mobility. As a result,
surface diffusion along the grain boundaries or lattice diffusion through the dense scale will be
the only possible way for diffusion, which assures diffusion-controlled oxidation kinetics with
significantly reduced oxidation rate constants.

Approach 2: Metal oxide scale densifier — Reaction between the applied coating and the ZrO,

Since the porosity and the phase transition from m-ZrO; to t-ZrO, were found to have a dramatic
effect on the oxidation behavior of ZrB,, this approach aims to minimize the defects inside the
oxide scale by forming a densified and thermally stabilized mixed oxide scale. The densification
of the porous oxide scale can be achieved by liquid phase sintering as observed in the case of
several additives such as WC. A requirement for liquid phase sintering of the porous oxide scale
is the liquefication of the coating during oxidation, high solubility of ZrO, in the liquid, further
infiltration of the liquid solution into the porous scale, and the precipitation of ZrO, or mixed
oxides to form grains. As a result, a dense scale of ZrO; or a solid solution with increased thermal
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phase stability should form at the uppermost section, which might reduce the Knudsen diffusion
of oxygen molecules through the formed oxide scale and provoke diffusion-controlled kinetics.

Approach 3: Liquid Glass stabilizer — Reaction between the applied coating and the B,Os

The protective nature of the B,Oj3 glass on diboride-based UHTCs is undisputed and irrefutably
proven by various experiments. Passive oxidation will occur due to the boria formation, forcing
the permeation of oxygen molecules through the liquid layer. The increasing evaporation rate of
B,0s liquid at temperatures >1000°C retards the passivating properties of diboride-based UHTCs
in the intended temperature range >1500°C. Therefore, an overlay coating can be applied on the
surface of ZrB,, which reacts with the liquid B>O3 during oxidation. The reaction should stabilize
the liquid at the surface and reduce the evaporation rate at elevated temperatures. Similar effects
were already observed for metallic additions such as Nb or W. The reaction of the coating with
the liquid B,Os glass might form a liquid and/or solid solution at the surface, which seals the
surface and reduces the open porosity inside the oxide scale. The inhibition of the oxygen mole-
cule mobility through the oxide scale will lead to diffusion-controlled oxidation kinetics as long
as the liquid remains at the surface.

Essential requirements that are needed to be considered for the deposition of coatings on diboride-
based UHTCs by PVD sputter technology, are the following:

e Processability using PVD (reactive) magnetron sputtering or other PVD processes

Suitable substrate surface to ensure adequate adhesion of the coating after deposition

CTE match of the coating and the substrate to ensure adhesion during oxidation

Thermo-shock resistance of the applied coating

Phase stability during vacuum-annealing to induce crystallization and interdiffusion

PVD (reactive) magnetron sputtering has been chosen to deposit thin and dense overlay coatings
on baseline ZrB, with a thickness between 7-13 pm. The high feasibility and flexibility of mag-
netron sputtering to apply dense coatings with near stoichiometric chemical compositions and
thicknesses open a large process window to generate specific coatings. Whereas magnetron sput-
tering will be used to deposit thin metallic coatings such as niobium, reactive sputtering will be
used to deposit oxygen-saturated ceramic coatings such as HfO, or GdO on baseline ZrB>. In the
following, three promising coatings will be described, which will be tested in this study as an
oxidation protective overlay coating, according to the proposed approaches.
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3.2 Approach of HfO; Coatings on ZrB:

Z1rB; and HfB; have shown to have the best oxidation resistance among all TMB,. Parthasarathy
et al. compared the oxidation behavior of both Zr- and Hf diborides. Both exhibit an abrupt in-
crease in their oxidation rate constant as shown in Fig. 3.1a. The results prove better oxidation
resistance for HfB; than for ZrB; in the intermediate temperature regime of 1000°C to 1700°C.
However, both UHTCs reveal an abrupt increase of the parabolic oxidation rate constant at a
discrete temperature (~1155°C for ZrB,, ~1725°C for HfB,). The oxidation of HfB, and ZrB,
leads to the formation of B2Os glass and HfO; or ZrO,, following Equ. 3.1 and Equ. 2.9. [31, 44,
108].
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Fig. 3.1: a) Oxidation kinetics of ZrB2 and HfB: (0.i.) [43]; b) Phase diagram of the system HfO2-ZrO: (0.i)

[109]

The liquid B,Os at the surfaces protects the system, as long as it covers the surface and/or the
pores in the underlying oxide scale. According to the volatility diagrams for ZrB, and HfB,, the
conditions of protective glassy B>Os formation and evaporation are similar and do not induce the
improved oxidation resistance of HfB> compared to ZrB» [32]. The formed oxides HfO and ZrO,
have similar crystal systems, space groups, and unit cell parameters. Information about both crys-
tals are provided in Table 2.2 and Table 3.1. Further, both oxides experience a phase transition
from monoclinic to tetragonal structure, following Equ. 2.10 and Equ. 3.2 (ZrO, ~1120°C, HfO,
~1725°C) [31], [110].
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1725°c 2200°c 2810 c
m—HfO0, t—HfOz c—HfOZ quuld Equ. 3.2
Te70°C 5200°C Ss10°C

Table 3.1: Properties of m-HfO>, t-HfO2, m-ZrOa, and t-ZrO: [49, 50, 110, 111]

Properties m-HfO» t-HfO> m-ZrOz t-ZrO:

Crystal system Monoclinic Tetragonal Monoclinic Tetragonal

Space group P21/a (No.14) P42/nmc (No.137)  P21/a (No.14) P42/nmc (No.137)
Density p (g/cm?) 10.1 10.5 59 5.17

Unit cell volume (A%) 141.02 66.55 146.81 68.56

Wyckoff position ™ 4e 2a 2a,2d 2a

Atomic density (A3TM) 35.26 33.28 36.70 34.28

Expansion (vol%) - -5.6 vol% - -6.6 vol%

As can be seen in Fig. 3.1a, the transition temperature of the oxide correlates with the abrupt
increase in the parabolic oxidation rate constant for the diboride. In both cases, the phase transi-
tion induces a volume reduction for the oxide scale and provokes the formation of cracks. Con-
sequently, the Knudsen diffusion through the porous oxide scale increases. It was concluded that
the enhanced oxidation resistance of HfB, is attributed to the increased phase transition tempera-
ture of HfO, compared to ZrO,, exhibiting a denser oxide scale for temperatures up to 1725°C
[42, 43]. Considering the improved oxidation behavior of HfB, due to the more stable HfO, in a
temperature range of 1000°C to 1725°C, a dense coating of m-HfO, on ZrB> might be beneficial
to inhibit the oxygen mobility to the underlying substrate for a distinct time. Further, a dense m-
HfO; coating might inhibit the evaporation of the protective B,O3 glass. The accumulation of the
glass beneath the dense HfO, coating and in the underlying porous ZrO, scale would force the
permeation of oxygen molecules through the B,Os filled porous ZrO; scale.

The phase diagram of the HfO,-ZrO; system is presented in Fig. 3.1b. As shown, both oxides
form a solid solution (Hf,Zr)O, and are completely soluble. The solid solution (Hf,Zr)O> induces
an increase in the transition temperature of ZrO, with increasing content of HfO,. Once the porous
ZrO; formed beneath the dense HfO- coating, the reaction of both oxides to a solid solution might
induce the formation of a reaction layer with an increased transition temperature compared to
baseline ZrO». As a result, the dense monoclinic-stabilized reaction scale might reduce the oxygen
mobility to the oxidation front of ZrB; for an expanded temperature regime >1120°C. A scheme
of the proposed behavior of dense m-HfO- coatings on ZrB, during high-temperature oxidation
>1500°C is presented in Fig. 3.2, following Approach 1 —a dense coating on ZrB,.
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Fig. 3.2: Proposed oxidation mechanism of dense HfO: coating on ZrB: during oxidation at temperatures

>1500°C after initial oxidation (first seconds) and after >15 min of oxidation

3.3 Approach of Nb Coatings on ZrB;

Metallic niobium has been extensively studied in the last decades due to its high technological
importance as a superconducting material [112]. Several publications focused on the oxidation
behavior and the oxidation mechanisms at different temperatures [80-82, 112-122].

Metallic Nb has a density of p~8.57 g/cm? and appears in a body-centered cubic structure (bcc).
The refractory metal (Tn~2469°C) reveals a high chemical potential to react with nitrogen, car-
bon, or oxygen (solubility of O in Nb up to 4 at% at 1915°C). Oxygen diffusion were analysed in
various studies. The diffusion coefficient of oxygen in metallic niobium can be calculated by the
expression of Powers et al., following Equ. 3.3 [112] [114].

26910 )

D(1) = f - FH) = 0.0212 - o(To87T Equ. 33

with f for the frequency factor (cm?/s), Ea for the activation energy (cal/mol), and R for the ideal
gas constant (cal/K-mol). The diffusion of oxygen in metallic Nb is equal to ~10 um at 420°C for
60 min. Therefore, a ~10 pm thick coating of metallic Nb will not prevent oxygen mobility at
elevated temperatures >1000°C [112].

Oxidation of metallic Nb at temperatures >500°C induces the formation of stable and metastable
oxidation products such as NbO, NbO,, and Nb,Os. A three-layer/core-shell oxidation was found
for metallic Nb, forming distinct sections in the oxide scale. Table 3.2 provides the crystal param-
eters of the single Niobia products [112-114, 118].

The oxidation from metallic Nb to Nb,Os leads to a volume expansion of ~170 vol%, considering
the unit cell volume and the Wyckoff position of Nb atoms. According to thermodynamics, Nb,Os
is the most stable state in the Nb-O system and exhibits several polymorphs (orthorhombic [T],
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monoclinic [B, H, N, Z, R], tetragonal [M, P], or pseudohexagonal/monoclinic [TT]). The oxida-
tion of metallic Nb or lower stoichiometry oxide such as NbO or NbO; provokes the formation
of H-Nb,Os at temperatures >1000°C [114]. Heat treatments of Nb,Os and lower stochiometric
niobia under oxygen-reduced atmospheres such as vacuum can enforce the decomposition of the

niobia. (Reduction of a ~20 A thick layer of Nb,Os to NbO after 30 min at 300°C in vacuum)
[112, 114,117,120, 122].

Table 3.2: Properties of metallic Nb and its oxidation products NbO, NbO>, and Nb2Os [112, 114]

Properties Nb NbO NbO:2 Nb20s

Crystal system Cubic Cubic Tetragonal Monoclinic
Space group Im-3m (No.229) Pm-3m (No.221)  I41/a (No.88) P2 (No.3)
Density p (g/cm?) 8.57 7.26 59 5.17

Meting point Tum (°C) 2468 1945 1915 1510

Unit cell volume (A%) 36.05 74.67 1121.02 1360.55
Wyckoff position (Nb) 2a 3c 2 16f ;m.6 20 e
Atomic density (A3/Nb) 18.02 24.89 35.01 48.59
Expansion (vol%) 0 +38 vol% +94 +170 vol%

Phase diagrams of the systems Nb,Os-B>O3; and Nb,Os-ZrO, are presented in Fig. 3.3 and reveal
the reactivity of the oxides, forming different solid- and liquid solutions. The reaction of Nb,Os-
B»0; might lead to the formation of a Nb,Os solid solution (Tm ~1352°C), inducing a liquid so-
Iution with increased thermal stability compared to B,O; (Fig. 3.3a). The phase diagram Nb,Os-
ZrO; shows the mixed oxide Nb,ZrsO17 (>10 mol% Nb,Os) with a melting point of ~1670°C, a
Nb,Os based liquid solution, as well as a ZrO, based solid solution (Fig. 3.3b). The orthorhombic
mixed oxide phase Nb,ZrsO17 with the space group Ima2 reveals a commensurable complex lat-
tice of different polyhedral-based structures [81, 119, 123].
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Fig. 3.3: a) Phase Diagram for the System Nb2Os-B20; (0.i.) [82]; b) Phase Diagram of the system Nb:2Os-
7r0: (0.i,) [80, 119, 123]

The modification of the B,03 liquid by Nb,Os can be expected, forming a liquid solution (Nb,B)O
at the surface (Approach 3). Further, the formation of a (Nb,Zr)O liquid solution might induce
liquid phase sintering of the porous ZrO; solid solution at the uppermost section of the oxide scale
and the formation of the mixed oxide phase Nb,ZrsO17 (Approach 2). The proposed protection
mechanisms of metallic Nb coatings on ZrB; are presented in Fig. 3.4.

Nb,0s + Zr0, = NbyZ1s04

ZrB2 ZrB2
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v
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Fig. 3.4: Proposed oxidation mechanism of metallic Nb coating on ZrB: during oxidation at temperatures

>1500°C after initial oxidation (first seconds) and after >15 min of oxidation

3.4 Approach of GdO Coatings on ZrB:;

Gadolinium is one of the most widely used rare-earth elements for various applications due to its
unique properties (light emitter, catalyzer, neutron absorber, cement additive). Metallic gadolin-
ium appears in a hexagonal crystal structure and has a low melting point (Tm ~1312°C) compared
to other materials in this study. The favorable oxidation of Gd leads to the sesquioxide Gd»Os3,
which is one of the polymorphic crystal structures of the rare-earth oxides. It appears in three
different crystal modifications, which are formed depending on the temperature. At room temper-
ature, the Gd>Os can appear in monoclinic, cubic, or hexagonal crystal structures (multiple tem-
perature-related phase transformations). At annealing temperatures below 500°C, a monoclinic
crystal structure is formed. In contrast, annealing above 500°C leads to the formation of a cubic
structure, following Equ. 3.4 (stable up to 1620°C). The comparison of the Wycoff positions and
the unit cell volume indicates a volume expansion during oxidation by ~17 vol% Further infor-
mation about metallic Gd, m-Gd»O3, c-Gd,03, and the metastable condition GdO are provided in
Table 3.3.
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>500°C
P — Gd203 —>C — Gd203 Equ 34

Metallic Gd oxidizes to cubic Gd>O3 at temperature >500°C according to Equ. 3.4 and Equ. 3.5.

In the presence of water, gadolinium reacts to hydroxides (high water solubility), following Equ.
3.6 [124].

Table 3.3: Properties of metallic Gd and its oxidation products GdO, m-Gd20s, and c-Gd20s3 [125-128]

Properties Gd GdO m- Gd203 c- Gd203
Crystal system hexagonal monoclinic monoclinic cubic

Space group P6s/mmc (No.194) F4-3m (No.216) C2/m (No.12) Ia-3(No0.206)
Density p (g/cm?) 7.7 7.34 8.31 7.63

Meting point Tm (°C) 1312 - 2420 2420

Unit cell volume (A?) 67.79 156.79 434.50 1261.82
Wyckoff position (Gd) 2¢ 4a 3 4i 8b, 24d

Atomic density (A3/Gd) 33.89 39.20 36.21 39.41
Expansion (vol%) - +15.66 vol% 6.85 +16.28 vol%
2Gd + 6H,0 — 2Gd(OH)3 + 3H, 1 Equ. 3.6

The phase diagram of the system Gd,O3-ZrO, is presented in Fig. 3.5a. The reaction of both ox-
ides leads to a temperature-stabilized mixed oxide phase Gd>Zr,O7 with fluorite crystal structure
up to the elevated temperatures >2500°C, a Gd»O; solid solution, and a ZrO, solid solution. The
phase diagram of the system Gd»03-B,0s is illustrated in Fig. 3.5b and indicates the formation of
different gadolinium borates (Gd;BOs, GABO3, GdB30g). The melting point of (Gd,B)O decreases
with increasing B»>Os content from ~1590°C for Gd;BOs to <985°C for GdB30¢ [129-132].
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Fig. 3.5: a) Phase diagram of the system ZrO:-Gd0s (o.i.) [130]; b) Phase diagram of the system Gd203-B20;

(0.i.) [131]

Considering the potential reactions of Gd>O3; with B,O; and ZrO,, a Gd-based overlay coating
might induce multiple reactions on ZrB, during oxidation as presented in Fig. 3.6. The reaction
of Gd,03 and ZrO, could lead to dense mixed oxide scale of Gd,Zr,O7. The increased phase sta-
bility of the fluorite phase up to 2500°C would ensure the dense microstructure. On the other
hand, the reaction of liquid B,O3 and Gd,O3 might result in the formation of solid/liquid (Gd,B)O,
which might reduce the oxygen mobility to the oxidation front and induce passive oxidation.

| 6d,0, + 2r0, > Gd,Zr,0,

ZrB2 ZrB2
Oxidation Time R
Increased flux Decreased flux
oo —————y, ILLLLLET T - <\\§ Reaction
Fig. 3.6: Proposed oxidation mechanism of metallic Gd coating on ZrB: during oxidation at temperatures

>1500°C after initial oxidation (first seconds) and after >15 min of oxidation
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4 Experimental Method

4.1 Substrates

4.1.1 Zirconium Diboride Substrates

Baseline ZrB; specimens were produced by uniaxial hot pressing (Model HP-3060, Thermal Tech-
nology, Santa Rosa, CA). Commercially available ZrB, powder (Grade B; HC Starck, grain size
<3 um, D50) was hot-pressed at 2100°C for 45 min. Detailed process parameters for the hot-press-
ing process are presented in Fig. 4.1, showing the temperature (blue) and the pressure (orange,
dashed) vs. the processing time with marked heating and cooling rates. The powder was compressed
with ~2 MPa and heated at 20°C/min to 1450°C in vacuum. After a dwell time of 120 min at
1450°C, the system was heated at 20°C/min to 1650°C and held for 60 min. Isothermal holds at
1450°C and 1650°C are needed to remove surface oxides from the powder particles. Subsequently,
the system was flushed with ultra-high-purity Helium (UHP-He). The powder was loaded with
32 MPa, heated at 50°C/min to 2100°C and held for ~60 min. Finally, the system was cooled at
40°C/min to room temperature. The pressure was unloaded at temperatures below 1600°C [30, 33,
79].
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Fig. 4.1: Parameters for the uniaxial hot-pressing process for the baseline ZrB: specimens (0.i.) [30, 33]

Two cuboids in two charges were produced, each with a geometry of 30 mm by 20 mm by 10 mm.
The cuboids were cut into specimens by means of electrical discharge machining (EDM)
(AGIECUT 150 HSS; Agie, Germany). A copper wire with a diameter of 0.3 mm was used for the
cutting operation. To differentiate the two charges of ZrB, specimens, the cuboids were cut into
rectangles of 13 mm by 7 mm by 3 mm or in squares of 9 mm by 9 mm by 3 mm. Afterward, all six
sides of the ZrB, specimens were ground with 10 um grit size to avoid potential contamination by
copper during the EDM cutting. The relative density of the specimens was determined at ~95%.
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A BSE cross-sectional micrograph and the X-ray diffraction pattern of the baseline ZrB, substrate
are presented in Fig. 4.2. The average grain size was measured for ~16 um. EDS analysis revealed
a chemical composition for ~72 at.% B, ~25 at.% Zr, ~0.3 at.% Hf, ~0.3 at.% W, and~2 at.% O.
The diffractogram was assigned to ZrB, (PDF00-034-0423).
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Fig. 4.2: a) BSE cross-sectional micrograph of the baseline ZrB: substrates; b) X-ray diffraction pattern of the

baseline ZrB: substrates

4.1.2 a-Aluminum Dioxide Substrates

Coating trails to optimize the coating thickness, the chemical composition, and the microstructure
were performed with a-AlO3 substrates (99.6% purity) since there was no limitation in the quantity
of these substrates. The ALOs substrates had a geometry of 20 mm by 30 mm by 1 mm with an
average grain size of ~1 um (ALO-100x40x1-99, Quick-Ohm Kiipper & Co. GmbH, Wuppertal,
Germany). A BSE cross-sectional micrograph and the X-ray diffraction pattern for the Al,O3 sub-
strate are presented in Fig. 4.3. The diffractogram can be assigned to crystalline Al,O3; (PDF00-046-
1212). EDS analysis revealed a chemical composition of ~38 at.% Al and ~62 at.% O.
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Fig. 4.3: a) BSE cross-sectional micrograph of the Al203 substrates; b) X-ray diffraction pattern of the Al20;
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4.1.3 Preparation of Specimens

ZrB> and AL,Os substrates were mirror polished with a 3 um grit size. Before coating deposition,
specimens were cleaned using a four-staged ultrasonic cleaning facility of industrial standards
(Xtra 250 HI; Elma Schmidbauer GmbH, Singen, Germany). Deionized water with an electrical
conductivity kg of ~0.1 uS/cm was used for all four cleaning steps. A cleaning agent (SC 103-0;
Sonitec GmbH, Neuendorf, Germany) was added during the first cleaning step to remove organic
contamination.

4.2 Coating Deposition

4.2.1 Magnetron Sputtering Facility: Z400

A magnetron sputtering system of industrial standards was used to deposit PVD coatings on sub-
strates (Z400 2Z/RF; Systec Vacuum Coating Systems GmbH, Karlstadt, Germany). Detailed
information about the used magnetron sputtering facility is listed in Table 4.1. A schematic of the
reaction chamber of the sputtering facility Z400 is presented in Fig. 4.4

Gas i
(Ar, O, N, ) —— i Sample holder
eaction chamber (rotateable)
Thermocouple 1
(K-type) Shutter 2 (open)
Power
(50-800 V)

source 1 source 2

Shutter 1 (closed)

Cooling water

60 - 100 mm

Heating coil 1

Fig. 4.4: Schematic of the magnetron sputtering facility Z400

An overview photograph of the reaction chamber is presented in Fig. 4.5a. A close-up of the
magnetron with an open shutter and used target is presented in Fig. 4.5b. The rainbow-coloration
inside the chamber can be attributed to the refraction of light through multiple thin layers/scales
of sputtered material. The used target shows increased aging, forming a ring-shaped trench.
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Fig. 4.5: Photographs of the reaction chamber of the magnetron sputtering facility Z400: a) Overview of reac-
tion chamber; b) Close-Up of a magnetron with open shutter and used sputter target

Table 4.1: Operational parameter window for the magnetron sputter facility Z400

Properties Value Unit
Width 2500 mm
Depth 2900 mm
Height 2200 mm
Argon gas flow dar <50 sccm
Gas flow ¢ (Nitrogen, Oxygen, Methane) <20 sccm
Vacuum <10 mbar
Voltage U (Magnetrons) <800 \'%
Current I (Magnetrons) <5 A
Power P (Magnetrons) <2000 w

4.2.2 Sputter Targets

Planar magnetrons with circular geometry were used for the PVD magnetron sputtering facility.

The target discs (96 mm in diameter by 6 mm) were soldered on a copper plate (100 mm in di-

ameter by 6 mm) for mounting in the water-cooled magnetron (Sindlhauser Materials GmbH,
Kempten, Germany). Table 4.2 lists all sputtering targets used for PVD coatings in this study.

Table 4.2: Metallic sputtering targets for the Z400 [133]

Target Material Symbol Atomic No. gzr)ity ?g(/:;lrsrig, 2;]\6)
T1 Hafnium Hf 72 99.9 13.31 2227
T2 Niobium Nb 41 99.9 8.57 2477
T3 Gadolinium  Gd 64 99.9 7.9 1312
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4.2.3 Processing Gases and Vacuum Condition

Coatings were produced in a high vacuum of ~10* mbar. High purity Argon was used as pro-
cessing gas for the sputtering process (Argon5.0, purity of 99.999%; Linde GmbH, Germany).
High purity oxygen was used as a reactive gas for reactive magnetron sputtering, producing oxy-
gen-saturated/ceramic coatings (Oxygen5.0, purity of 99.999%; Linde GmbH).

4.3 Vacuum-annealing

Vacuum-annealing of various coated specimens was carried out in a graphite furnace (3060-FP20,
Thermal Technology, Santa Rosa, CA). Parameters of the annealing process are presented in Fig.

4.6. Chosen parameters are based on preliminary tests and experiences of the facility operator
[134].
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Fig. 4.6: Vacuum annealing process for coated ZrB: specimens in a vacuum graphite furnace

The furnace was evacuated until ~10-* mbar. Specimens were heated at the rate of 5°C/min to a
temperature of 1500°C. Subsequently, the heating rate was reduced to 2°C/min to prevent spall-
ation of the coating during heat treatment. At 1800°C, specimens were exposed for 60 min,
dropped to 1750°C instantly, and held for 180 min!. Finally, the system was cooled at 10°C/min
to room temperature and exposed to normal atmosphere.

4.4 High-Temperature Oxidation Tests

A horizontal tube furnace for temperatures between 1200°C to 1700°C, (RHTH 120/300/16; Car-
bolite Gero, Great Britain) was used to investigate the oxidation properties of UHTCs. The tube
furnace was equipped with metal/ceramic MoSi, heating elements and a gastight Al,O3; muffle
tube (AlSint™). The tube had an inner diameter of 65 mm with a wall-thickness of 5 mm and a
length of 1150 mm. The ends of the tube were mounted in metal flanges with quick locks, which

! The drop in temperature from 1800°C to 1750°C was attributed to a defective thermocouple in
the first annealing run. The process was reproduced for all vacuum-annealing processes to ensure
comparability for all coating systems.
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enabled loading and quenching at elevated temperatures. Water-cooled flanges ensured gas tight-
ness during operation and prevented atmosphere contamination inside the tube. The furnace had
three gas inlets for synthetic air (SA) (20% O, 80% N»; Linde GmbH, Pullach, Germany), Argon
(Argon 5.0, purity 99.999 %; Linde GmbH), and pressed air (dried and cleaned). The gas outlet
was equipped with an overpressure valve, which ensured pressure no more than 40 mbar inside
the tube during operation. A vacuum pump station enables the evacuation of the system and the
operation at 1500°C with a steady vacuum of up to 10 mbar.

Separately, a water vapor system was developed and equipped to the tube furnace to enable oxi-
dation experiments in distinct humidified atmospheres. Steam (100 m% water) is produced by a
water boiler and mixed with air (1 I/min). The humidified air gets cooled to a defined dew point
temperature Tp, provoking the precipitation of a specific amount of water. Finally, the tube is
flushed by the humid air with a distinct amount of water, which can be controlled and adjusted
by Tp, providing steady conditions with up to ~45 m% water in the air.

Further technical information about the tube furnace is provided in Table 4.3. Pictures of the set-
up are presented in Fig. 4.7 and Fig. 4.8, showing an overview of the test facility and a close-up
of the loading flange.

Table 4.3: Properties of the used high-temperature tube furnace
Properties Value Unit
Width 570 mm
Depth 590 mm
Height 670 mm
Tube diameter d 65 mm
Tube length 1 1150 mm
Power P <8000 w
Recommended heating rate <10 °C/min
Temperature range 1200-1700 °C
Cooling water supply <10 I/h
Vacuum (at 1500°C) <10» mbar
Leakage rate - -
Gas supply (SA, Ar, dry pressed air) <4 I/min
Water vapor content (in relation to dry air) ~45 m%water
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8
Gas supply I
(Synthetic air, Ar)

= 3 .

Suction unit

» &

as controll unity o
and tube inlet | .
- -

Tube furnace

Fig. 4.7: High-temperature tube furnace for elevated temperatures, overview

Fig. 4.8: High-temperature tube furnace for elevated temperatures, Tube outlet with quick-lock, water-cooled

flanges, and overpressure valve for 40 mbar
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Desired temperatures were set by the controller of the furnace. To ensure the correct temperature
for the specimens inside the ALOs tube, a B-type thermocouple with an Al,O3 cap was used to
calibrate the inner tube temperature along the tube length. A schematic with temperature profiles
along the tube length for 1500°C, 1600°C, and 1700°C is presented in Fig. 4.9. The tube had a
discrete length with a homogeneous peak temperature (AT < 5°C). The length of the homogeneous
temperature zone Ly (mm) decreased with increasing temperature. E.g. the length of the homoge-
neous temperature zone was ~150 mm at 1500°C, decreased to ~100 mm at 1600°C, and to
~60 mm at 1700°C. Specimens were always positioned in the homogeneous temperature zone to
ensure comparable oxidation conditions.
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9 1650 | e
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Length of homogeneous temperature zone Ln (mm)
1500°C 1600°C —1700°C
Fig. 4.9: Schematic of the temperature gradient inside the Al2Os tube for different oxidation temperatures T

with marked homogen temperature zones (AT < 5°C)

Fine alumina powder (Nabolax No. 625-31, grain size 4.7 pm, d90) was poured into an alumina
crucible (AlSint™) till it reached the wall height. Specimens were kept on top of the alumina
powder to avoid sticking to the crucible. Considering the homogeneous temperature zone of
~60 mm at 1700°C, crucibles had a geometry of 70 mm by 10 mm by 9 mm. Two types of oxi-
dation experiments were performed in this study:

e Ramped oxidation experiments (R/C): Specimens were put in the homogeneous tempera-
ture zone of the cold furnace, ramped up to a prescribed temperature with the ramp rate
of 10°C/min, and held for a specific dwell time at peak temperature. Afterward, the fur-
nace cooled down with the specimens by 10°C/min to ~790°C, then slower to room tem-
perature (self-cooling).

e Rapid oxidation experiments (P/Q): Specimens were pushed into the homogeneous tem-

perature zone of the pre-heated furnace (thermal shock), held for a prescribed dwell time
at a calibrated temperature, and subsequently quenched to room temperature.
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Detailed process parameters of the oxidation experiments, ramped (blue dashed) and rapid (yel-
low), are presented in Fig. 4.10 for an oxidation of 60 min at 1500°C.
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Fig. 4.10: Oxidation of specimens at 1500°C for 60 min via ramped (R/C) and rapid (P/Q) oxidation

The AlLOj; tube was initially flushed with dry synthetic air (SA) to remove moisture inside the
tube. Afterward, a constant gas flow of ¢sa = 0.4 I/min was set to create constant atmosphere
conditions (to remove gases such as B»O; during oxidation for steady atmospheric conditions).
The flow rate of SA was calculated as ~0.25 m/min, considering the inner tube diameter and the
flow rate.

4.5 Characterization and Analysis

4.5.1 Light Microscope

Light Microscope (LM) images were taken before and after each process step (coating, annealing,
oxidation). The bright field/dark field function of the light microscope (VHX-1000D; Keyence
Corporation, Osaka, Japan) enabled the examination of cracks, open pores, and other defects at
the surface.

4.5.2 X-ray Diffraction

X-ray Diffraction (XRD) was used to detect crystalline phases at the surface of the specimens
after each process step (coating, annealing, oxidation). An XRD machine (D8 Advanced; Bruker
Corporation, USA) was used for the analysis, equipped with a cobalt source, that emitted CoK:
X-rays (Aco=1.78897 A). The measurements were performed by the Bragg-Brentano method (an-
gle-dependent penetration depth of the X-rays) with 2000 steps for 1041 seconds at an angle be-
tween 10° to 100°. The diffraction patterns were analyzed using the associated software (Diffrac.
EVA 6.0; Bruker Corporation, USA) in combination with the ICDD PDF-2 database 2022.

49



Chapter 4 | Experimental Method

4.5.3 Metallography

A preparation method for diboride-based UHTCs was developed to investigate the water-soluble
components of the oxide layer such as B>O; glass. Fractured cross-sections were prepared for this
purpose. The preparation method is presented in Fig. 4.11, illustrating the four mandatory steps.

a) ‘ 02 ‘ pv = 10""mbar b)

Polymer Grinded polymer layer

_—
Top side with B203 layer

Oxidized specimen

c) d) Intact B203 layer
Fractured part
Cutted part
Fig. 4.11: a) Vacuum infiltration of oxidized ZrB: specimen in transparent plastic (Epofix™); b) Grinding of

exess polymer and back side cutting with a diamond saw, c) Fracturing of the specimen; d) Fractured
cross-section of oxidized ZrB: with intact B20s layer

Oxidized specimens were covered in transparent cold embedding medium (Epofix; Struers, Co-
penhagen, Denmark) [135, 136]. Vacuum infiltration was used to increase the penetration of the
low-viscose polymer resin in the porous oxide scale to improve the stability of the oxide scale on
the ZrB: (Fig. 4.11a). After curing, the excess resin was removed through grinding/polishing.
Cold-embedded specimens were cut from the backside till ~2/3™ of the specimen thickness using
a saw cutting machine (Accutom$, Struers, Copenhagen, Denmark).
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Fig 4.12: Process parameters for hot embedding of tested specimens
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The machine was equipped with a diamond blade (0.6 mm diamond blade; Schmitz Metallog-
raphy, Herzognrath, Germany) (Fig. 4.11b). Specimens were fractured into two pieces (Fig.
4.11c). One part was analyzed as it is (fractured surface) (Fig. 4.11d), whereas the other part was
mounted in conductive plastic and prepared by general metallographic procedure. A hot embed-
ding machine (Citopress-21; Struers, Copenhagen, Denmark) was used to embed the specimens
in conductive plastic (PolyFast; Struers, Copenhagen, Denmark). Process parameters for the hot
embedding procedure are presented in Fig. 4.12.

Embedded specimens were polished using a polishing machine (Saphier550 Rubin520 Grinding-
Polishing combination; ATM Qness GmbH, Mammelzen, Germany). The recipe for the grinding,
polishing, and cleaning procedure is listed chronologically in Table 4.4. All polished specimens
were ultrasonically cleaned in deionized water for 1 minute. Finally, the cleaned specimens were
dried in an exicator at room temperature for 24 hours.

Table 4.4: Grinding and polishing recipe for UHTC materials

Step Pressure Grit Abrasive tool Du_ration Head_ Basev
(bar) (um) (min) (1/min) (1/min)

I 15 20 Diamond disk 5 150 150

11 15 8 Diamond disk 5 150 150

111 15 3 Diamond disk 5 150 150

v 15 1 Slurry + Silk cloth 15 30 50

\Y% 15 0.25 Slurry + Silk cloth 15 30 50

VI 15 - Deionized water 5 30 50

The combination of fractured and polished cross-sections ensured a detailed analysis of the
formed oxide scales via microscopy. Whereas fractured cross-sections provided information
about the boria glass coverage, polished cross-sections enabled a detailed and reliable analysis of
the chemical compositions of the oxide scale.

4.5.4 Scanning Electron Microscope

A Scanning Electron Microscope (SEM) (DSM Ultra 55; Zeiss, Oberkochen, Germany) was used
to acquire high-resolution micrographs of the oxidized surface (top-view) as well as of the fractured
and polished cross-section, obtaining different information such as microstructure, porosity, and
oxide layer thickness. The SEM was equipped with an Angle Selective Backscatter detector (AsB)
for Back-Scatter Electron micrographs (BSE). Contrast information of the BSE micrographs can be
attributed to different chemical compositions, where phases containing elements with low atomic
numbers such as boron, carbon, or oxygen appear darker than phases with elements of high atomic
numbers such as zirconium, hafnium, or tungsten. Therefore, the contrast information enables better
characterization of the observed scales. Micrographs were taken with an acceleration voltage of 15
kV or 30 kV, depending on the coating material (see Energy Dispersive X-ray Spectroscopy). All
specimens were sputtered with Platinum to increase the conductivity of the oxidized specimens,
using a sputtering machine (Bal-Tec SCD 500, Baltec, Vaduz, Lichtenstein).
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4.5.5 Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Spectroscopy (EDS) (Ultim Max 100, precision =5 rel%; Oxford Instru-
ments Abingdon, UK) was used with the corresponding software (AzTec, Oxford Instruments
Abingdon, UK) to evaluate the chemical composition in the formed scale. Depending on the ma-
terial, an acceleration voltage of 15 kV (HfO,, Gd,03) or 30 kV (Nb,Os) was selected to ensure a
clear and distinct quantification of the elements. Elements with low atomic numbers such as boron
and carbon were only qualitatively differentiated since the characteristic energy lines are overlap-
ping (BK,1 = 183.3 keV and CKq; =277 keV). Only oxygen was quantified since the character-
istic energy line does not overlap with boron, carbon, or other used elements such as aluminum,
zirconium, niobium, gadolinium, or hafnium (OKq; = 524 keV).

4.5.6 Transmission Electron Microscope

A Transmission Electron Microscopy (TEM) (Tecnai F30; Thermo Fisher Scientific, USA) was
used to characterize the coatings and oxide scales in high-angle annular dark-field mode
(HAADF). Scanning Transmission Electron Microscope (STEM), Selected Area Electron Dif-
fraction (SAED), and Debey-Scherrer Diffraction enabled the analysis of the elemental composi-
tion and the crystal structure. Thus, phase fields were assigned to a distinct phase using software
(Digital Micrograph; Gatan Inc., Pleasanton, USA). A dual-beam microscopy system (Helios
Nanolab; Thermo Fisher Scientific, USA) was used to cut the lamellas for the TEM analysis. A
focused ion beam of Gallium (FIB) in combination with an electron beam (SEM function) was
used to prepare the lamellas. FIB lamellas with a length of up to 75 um were prepared. To main-
tain the internal stability of the lamellas, windows were cut into the lamella (<100 nm thick).

4.5.7 Oxide Scale Thickness Measurements

Oxide scale thicknesses were measured via SEM cross-sectional micrographs at multiple spots, us-
ing ImageJ software (Version 1.52; National Institutes of Health, USA). The average scale thickness
and the standard deviation of the scales were calculated by the measured values. An example of the
measurement technique is presented in Fig. 4.13a. The measuring spots had a defined distance of
~140 um from each other (specimen length of ~9 mm, ~65 measurement spots). 80% of the meas-
ured values were considered mainly at the center of the specimen. Oxidation phenomena at the
edges of the specimen were removed from the calculation. Further, the considered values were di-
vided into a protected area with residual coating and/or reacted oxide scale and an area with spalled
coating as shown in the schematic in Fig. 4.13b. However, only the protective areas were thoroughly
analyzed by techniques such as EDS, SEM, and TEM.
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Fig. 4.13: a) Measurement technique for oxide scales of coated ZrB: material; b) Schematic of the technique to
measure and calculate the average oxide scale thickness of the protected area
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5 Results
5.1 Baseline ZrB;

The oxidation behavior of baseline ZrB; has been a topic for the research community and was
thoroughly studied in detail. Therefore, this chapter gives a short overview of the behavior of
baseline ZrB,, oxidized in similar conditions as the coated ZrB». This enables the comparison and
discussion of the results one by one under exact experimental conditions (Fig. 4.7, Fig. 4.10).

5.1.1 Ramped Oxidation Experiments of Baseline ZrB:

Tested baseline ZrB, specimen after 60 min at 1500°C using ramped oxidation (R/C) condition
(compare Fig. 4.10) is presented in Fig. 5.1. Most of the surface is covered with ZrO,, giving its
white-yellowish surface coloration. Sparsely distributed pools of residual B>Os can also be found
at the surface as documented in the literature [39]. The X-ray diffraction pattern of the tested
specimen is presented in Fig. 5.1b. m-ZrO, (PDF00-037-1484) was indicated for the detected
reflections.
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Fig. 5.1: Baseline ZrB: after ramped oxidation (R/C) for 60 min at 1500°C: a) Top-view photograph; b) X-ray
diffraction pattern with assigned Miller indices for m-ZrO:

A BSE micrographs of the oxidized surface after 60 min at 1500°C (R/C) is presented in Fig. 5.2.
As visible in the micrographs, the surface is covered by ZrO, grains with an average size of
~7 pm. Residual B»>Os can be found at the surface, beside the ZrO, grains (Fig. 5.2b). The polished
cross-section of the tested specimen revealed the formation of a porous ZrO; scale with a thick-
ness of ~176 um (Fig. 5.2c, Table 5.1). Brighter particles inside the porous oxide scale (BSE
contrast information) were identified as WOs and could be present as a result of WC contamina-
tion during powder preparation (WC ball-milling media during preparation, compare Chapter
2.5). At the uppermost section, elongated ZrO; with a thickness of ~6 um formed (Table 5.2d,
Fig. 2.9b). Gaps between the elongated grains enabled the migration of the B,Os liquid to the
surface. As it can be seen, neither a dense Zirconia nor a comprehensive thick layer of boria has
formed on the surface.
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Fig. 5.2: BSE micrographs of baseline ZrB: after ramped oxidation (R/C) for 60 min at 1500°C: a) Overview

of oxidized surface; b) High magnification of the ZrO: grains at the surface, c) Polished cross-section
with holistic ZrO: oxide scale, d) High magnification

5.1.2 Rapid Oxidation Experiments of Baseline ZrB:

Photographs of the rapidly oxidized specimens of baseline ZrB, are presented in Fig. 5.3. The
loss of the protective boria liquid can be seen after 30 min at 1500°C, 15 min at 1600°C, and
15 min at 1700°C, forming white-yellowish oxides at the surface. Table 5.1 provides the meas-
urements of oxide scale thickness from both R/C and P/Q conditions as well as the calculated
parabolic oxidation rate constants for the porous oxide scales. The oxide scale thicknesses squared
over the exposure time for isothermal oxidation at 1500°C, 1600°C, and 1700°C are presented in
Fig. 5.4a. The Arrhenius plots for the tested specimens are presented in Fig. 5.4b, depicting the
parabolic rate constants vs. the oxidation temperature. Further, the activation energies for the
temperature regime 1500°C to 1600°C and 1600°C to 1700°C were calculated and provided in
Table 5.2. The constant activation energies for both temperature regimes (similar slope for the
Arrhenius plots) indicate steady oxidation mechanisms between 1500°C to 1700°C. Conse-
quently, the oxidation kinetics increase with the temperature and lead to enhanced parabolic oxi-
dation rate constants. The limiting factor for the oxidation is the reaction kinetic of between oxy-
gen an ZrB,. The porous ZrO; scale does not prevent the oxygen mobility to the oxidation front
of the underlying substrate. No protection against oxidation can be observed.
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Fig. 5.3: Top-view photographs of tested baseline ZrB: at different temperatures and exposure times (P/Q)
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Fig. 5.4: Oxidation kinetics of baseline ZrBz: a) Thickness of the porous oxide scale (PS) squared vs. exposure

time; b) Arrhenius plot with parabolic oxidation rate constants vs. exposure temperature
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Table 5.1: Oxide scale thickness of the porous oxide scale as well as the calculated parabolic oxidation rate
constants for the porous ZrO: scale of baseline ZrB: after ramped (R/C) and rapid oxidation (P/Q)
o Time RS PS TS PS/TS
Condition Temperature . In(K;
P (min) ____ (um) (um) (um) %) (Kres)
Baseline ZrB. R/C ~ 1500°C 60 - 176 176 100 10.3
15 - 26 26 100 7.9
30 - 59 59 100 8.9
1500°C
60 - 83 83 100 8.8
240 - 271 271 100 9.8
15 - 84 84 100 10.2
Baseline ZrB2 P/Q 30 - 181 181 100 11.1
1600°C
60 - 271 271 100 11.2
240 - 760 760 100 11.9
15 - 296 296 100 12.8
1700°C 30 - 408 408 100 12.7
60 - 565 565 100 12.7

Table 5.2: Calculated activation energies for the formation of porous ZrO: scales on baseline ZrB: for rapid
oxidation (P/Q) in a temperature range between 1500°C to 1600°C and 1600°C to 1700°C

Condition Exposure Time EA1500-1600 Eat600-1700

(min) (kJ/mol) (kJ/mol)

15 647 774

30 619 500
Baseline ZrB>

60 653 451

240 570
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5.2 Hafnium Oxide Coatings on ZrB:

5.2.1 Development of HfO: Coatings on ZrB:

This section is based on the published paper “Hafnium oxide coating to improve the oxidation
behavior of zirconium diboride” (https://doi.org/10.1016/j.jeurceramsoc.2024.116774) by Forster
et al. Content and texts may differ in part from the publication [137].

Oxygen-doped HfO, coatings (HfO,; [x€R | 0 <x <2]) were deposited by means of reactive mag-
netron sputtering, using a metallic Hf target (Table 4.2, Target T1) and high-purity oxygen. Ap-
propriate parameters for the reactive sputtering process were carried out with a multilayer coating
experiment. Different oxygen gas flows were tested for similar processing conditions to analyze
the effect on the deposition rate and chemical composition. The fractured cross-section of the
coating experiment on Al,Oj3 substrate is presented in Fig. 5.5 . Details are provided in Table 5.3.

Metallic Hf

HfOx (6 sccm O2)

Metallic Hf

HfOx (4 sccm O2)

Metallic Hf

HfOx (5 sccm O2)

Metallic Hf

|
|
|
|
|
|
|

Fig. 5.5: BSE micrograph of fractured cross-section of multilayer parameter study for HfOx coatings (Runl)
with an appropriate schematic of the single layers and used process parameters (sccm O2)
Table 5.3: Parameters for reactive magnetron sputtering of HfOx coatings on ZrB: with metallic Hf target
Run Tirpe Power Voltage Argon Oxygen | Thickness Deposition Oxygen in
(min) (W) V) (scem)  (sccm) | (um) (um/h) scale (at.%)
90 500 615 20 0 7.3 4.86 15.7
60 500 498 20 5.0 2.0 2.00 64.9
15 500 540 20 0 1.5 6.13 14.6
Runl 60 500 621 20 4.0 7.1 7.07 329
15 500 613 20 0 2.1 8.48 17.2
60 500 523 20 6.0 1.7 1.69 67.6
15 500 518 20 0 1.6 6.44 13.6
Run2 220 500 501 20 5.0 7.2 1.96 67.1
Run3 240 500 498 20 5.0 - - -
Run4 240 500 496 20 5.0 8.3 1.99 68.8

59



Chapter 5 | Results

Metallic Hf layers were sputtered below and above each oxygen-doped HfO, layer. Stopping the
oxygen flow for a distinct period “cleans” the target surface from ceramic products (target poi-
soning during reactive sputtering) and ensures similar starting conditions for each test run (com-
pare Fig. 2.18, Equ. 2.26). The effect of the oxygen flow on the deposition rate of a HfO, coating
and the chemical composition is presented in Fig. 5.6. The data indicates a transition from metallic
Hf sputter conditions (<4 sccm oxygen) to oxidic HfO, sputter conditions (=5 sccm oxygen). It
should be emphasized that there are not enough experimental results for a detailed analysis of the
deposition behavior of HfO, coatings in the transition zone. Furthermore, controlling a reactive
sputtering process with the gas flow is inaccurate (see Fig. 2.19b). Measuring the partial pressures
during the process for more reliable coating processes was not possible.
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Fig. 5.6: Deposition rate of HfOx coatings during reactive sputtering as a function of the oxygen gas flow

Considering the results, appropriate coating parameters were found to be with 5 sccm oxygen,
providing the chemical composition for HfO, with the lowest needed oxygen flow. The deposition
rate of ~2 pm/h was found to be high enough for the deposition of a coating of ~9 pm in thickness.
AlLOs substrates were coated with Run2 to verify the coating thickness and chemical composition.
Subsequently, specimens of ZrB, were coated with Run3 and Run4 (compare Table 5.3).

Coatings were applied on ZrB; specimens with polished (3 pm grit size, Run3) and ground sur-
faces (10 um grit size, Run4). Coatings on polished surfaces spalled directly after exposure to the
atmosphere, whereas no spallation was observed for ground specimens. Therefore, all ZrB, spec-
imens were ground using a 10 um grit size before coating deposition [137]. The X-ray diffraction
pattern of HfO, coated ZrB, (AC) is presented in Fig. 5.7a and indicates peaks for HfO, (PDF 00-
034-0104) and ZrB, (PDF 00-034-0423). The widened peaks for the reflections of HfO, may
indicate a partial amorphous nature for the coating. The Fig. 5.7b shows a BSE cross-sectional
micrograph of the fractured Al,Os test substrate with HfO, coating (AC, Run4). Analysis of the
fractured cross-section revealed a coating thickness of ~8+1 pum. No pores were found in the
deposited coating, proving its dense microstructure. The chemical composition was found to be
~31 at.% Hf and ~69 at.% O (Spec.B01). Detailed EDS results are provided in Table 5.4 [137].
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Fig. 5.7: a) X-ray diffraction pattern of HfO: coated ZrB> substrate [137]; b) BSE micrograph of the fractured

cross-section of HfO: coated Al:03 substrate [137]

To induce crystallization of the applied HfO, coating and to improve the adhesion to the ZrB»
substrate, coated specimens were vacuum-annealed in a graphite furnace (compare Fig. 4.6). Top-
view photographs of HfO, coated ZrB: (AC and VA) are presented in Fig. 5.8. Due to the vacuum-
annealing procedure, the coloration of the deposited coating changed from a light brownish hue
to a more grey shade. No defects were observed on the annealed surfaces except on one specimen.
A chunk of the coating spalled as marked in Fig. 5.8b.

2 mm ; — |
I 1 ’ e [ Spf\lled chunk X

Fig. 5.8: Top-view photographs of HfO: coated ZrB: substrate: a) As coated (AC); b) Vacuum-annealed (VA)

The X-ray diffraction pattern of HfO, coated ZrB, (VA) is shown in Fig. 5.9a, which represents
the crystalline nature of the annealed coating with sharp reflections. Peaks of HfB, (PDF 00-038-
1398), (Hfo.sZro.5)B2 (PDF 01-074-5449), and Hf(Co.8400.16) (PDF 01-085-4285) were identified.
The associated Miller indices of the crystal lattice planes are marked in the diffraction pattern. A
BSE cross-sectional micrograph of HfO, coated ZrB; (VA) is presented in Fig. 5.9b. Sparsely
distributed pores with a diameter <I pm can be found inside the annealed coating. However, no
cracks or spallation were observed. The thickness of the annealed coating was measured as
~7.5+2 um. Contrast information in the BSE micrograph indicated the formation of different
phases inside the coating [137].
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EDS spot analysis revealed different chemical compositions for the various phase fields inside
the annealed coating. Detailed results of the EDS measurements are provided in Table 5.4. The
chemical composition of the coating varied throughout the thickness, showing the content of Hf
in the range of ~33-49 at.%, Zr in the range of ~4-24 at.% Zr, and C in the range of ~36-55 at.%
(Spec.B02-B05) [137].
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Fig. 5.9: HfO: coated ZrB: (VA): a) X-ray diffraction pattern [137]; b) BSE cross-sectional micrograph [137]

The low oxygen content of ~5 at.% should be emphasized. Furthermore, Hf cations diffused into
the ZrB; ceramic along the grain boundaries (Spec.B05). The average diffusion depth was meas-
ured as ~21 pm.

Table 5.4: EDS analysis of HfO: coatings on ZrB: (compare Fig. 5.7 and Fig. 5.9) [137]

Condition  Spec. &.%) gt.%) gf.%) gt.%) (%art.%) Zr/HE g?:tsi;ated)
AC BOI |68.38 - 312 0 0 0 HfO;
B02 |47 455 45.1 0.8 3.9 79 HIC
BO3 |46 416 455 0.4 79 148 HIC
VA Bo4 |58 36.0 335 0.8 23.9 416 (HEZDC
BOS |53 70.1 142 1.0 94 398 (HEZNB:

5.2.2 Ramped Oxidation Experiments of Hf0; Coated ZrB:

HfO; coated ZrB; (AC and VA) specimens were oxidized in a tube furnace at 1500°C for 60 min
using ramped oxidation (R/C) (compare Fig. 4.10). The top-view photograph of the tested specimen
(AC) as well as the corresponding X-ray diffraction pattern are presented in Fig. 5.10. The oxidized
specimen showed a white-yellowish surface coloration with darker areas in the center of the speci-
men. ZrO, and HfO, have a similar crystal structure (Table 3.1). A clear differentiation of both
oxides is not possible using X-ray diffraction or electron diffraction since both oxides have a quite
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similar crystal structure. Therefore, the reflections in the diffraction pattern can be assigned to both
oxide phases, m-ZrO, (PDF00-037-1484) and/or m-HfO, (PDF00-034-0104). Reflections for HfC
were not observed. Associated Miller indices of the crystal lattice planes of the oxides are marked
in the diffraction pattern [49, 137].
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ACI, 60min at 1500°C
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Intensity (a.u.)
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Fig. 5.10: HfO: coated ZrB: (AC) after ramped oxidation (R/C) for 60 min at 1500°C: a) Top-view photograph
[137]; b) X-ray diffraction pattern with assigned Miller indices for m-HfO: and m-ZrO: [137]

Fig. 5.11: BSE top-view micrographs of HfO: coated ZrB: (AC) after ramped oxidation (R/C) for 60 min at
1500°C: a) Over-view with marked B20s pool; b) High magnification of B203 pool center (area [A]);
¢) High magnification of the edge of the B203 pool (area [B])

BSE top-view micrographs are presented in Fig. 5.11 and prove the coverage with residual B,O3
glass, forming pools at the surface. The chemical composition of the B,Os-filled pools was meas-
ured as ~5 at.% Zr, ~1 at.% Hf, and ~94 at.% O. The residual surface is covered with oxide grains.
The grains in the center of the B>Os pools revealed a chemical composition of ~1 at.% Hf, ~32 at.%
Zr, and ~67 at.% O (area A). The residual dry areas of the oxidized surface revealed grains with a
chemical composition of ~19 at.% Hf, ~20 at.% Zr, and ~61 at.% O (area B).

The polished cross-section of the tested specimen is presented in Fig. 5.12. As visible in the BSE
micrograph, the oxide scale consists of an uppermost reaction scale, containing (Hf,Zr)O.. The
chemical composition was measured as ~19 at.% Hf, ~20 at.% Zr, and ~61 at.% O (Spec.B06).
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Porous ZrO; was found beneath the reaction scale (Spec.B07). Detailed EDS results are provided
in Table 5.5. The microstructure of the applied coating was strongly influenced by the oxidation.
The former dense HfO» coating transformed into a layer of single globular grains with an average
diameter of ~2.7 um. Partial spallation of the uppermost section was also observed [137].

Fig. 5.12: BSE micrographs of HfO: coated ZrB: (AC) after ramped oxidation (R/C) for 60 min at 1500°C: a)
Holistic oxide scale; b) High magnification of the uppermost reaction scale [137]

The BSE contrast information indicated a concentration gradient of Zr/Hf across the scale thickness
from the uppermost section of the reaction scale to the underlying porous ZrO,. An EDS line scan
was used to identify the chemical gradient of Zr/Hf at the transition zone of the reaction scale to the
porous ZrO>. The results are presented in Fig. 5.13 and revealed a significant enrichment of the
reaction scale by Zr (red marked area). The Zr content (red line) varies in a range of ~20-40 at.%,
whereas the Hf content (grey line) decreased from 20 at.% to 0 at.% for porous ZrO,. The oxygen
content (blue line) was found to be constant at ~62 at.% [137].

Concentration (at%)

Distance (um)

0O at%

Zr at%

Hf at%

Fig. 5.13: EDS line scan of HfO: coated ZrB: (AC) after rapid oxidation (R/C) at 1500°C for 60 min
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In contrast, HfO, coated ZrB, (VA) revealed different behavior for similar test conditions. The top-
view photograph and X-ray diffractogram with assigned phases are presented in Fig. 5.14. As visi-
ble in the top-view photograph, the surface of HfO, coated ZrB, (VA) revealed a homogeneous
distribution of B,O; all over the surface, whereas the outer edges of the specimen were dry and
covered with white-yellowish oxide (Fig. 5.14a). Crystalline ZrO, (PDF 00-037-1484) and HfO,
(PDF 00-034-0104) were assigned to the diffraction pattern of the oxidized specimen (Fig. 5.14b).
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Fig. 5.14: HfO: coated ZrB: (VA) after ramped oxidation (R/C) for 60 min at 1500°C: a) Top-view photograph
[137]; b) X-ray diffraction pattern with assigned Miller indices for m-HfO2 and m-ZrO: [137]

Fig. 5.15: BSE top-view micrographs of HfO: coated ZrB: after ramped oxidation (R/C) for 60 min at 1500°C:
a) Overview of oxidized surface; b) High magnification of the surface grains at the surface

BSE top-view micrographs of the oxidized surface are presented in Fig. 5.15. The micrographs
revealed the presence of B,O3 on the surface and inside the oxide scale. Arbitrary-shaped grains
with an average size of ~9 um were found at the oxidized surface. The grains were engraved and
revealed a chemical composition of ~20 at.% Hf, ~19 at.% Zr, and ~61 at.% O.

BSE micrographs of the polished cross-section of HfO» coated ZrB, (VA) are presented in Fig.
5.16. The cross-section revealed an oxide scale, containing an overlaying reaction scale of (Hf,Zr)O»
with irregularly shaped grains and an average diameter of 4.9+2 um. Several gaps with a diameter
of ~1 um appeared between the single grains. The chemical composition for the grains was
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measured as ~18 at.% Hf, ~19 at.% Zr, and ~63 at.% O (Spec.B08). Detailed results of the EDS
spot analysis are provided in Table 5.5. Spallation of the coating was not observed, leading to an
average thickness of the reaction scale of ~11 pm. The underlying porous ZrO; consists of ~35 at.%
Zr and ~65 at.% O (Spec.B109). BSE contrast information indicated a distinct transition of the re-
action scale to the underlying ZrO, scale [137].

Fig. 5.16: BSE micrographs of HfO: coated ZrB: (VA) after ramped oxidation (R/C) for 60 min at 1500°C: a)
Holistic oxide scale; b) High magnification of the uppermost reaction scale [137]
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Fig. 5.17: EDS line scan HfO: coated ZrB> (VA) after ramped oxidation (R/C) at 1500°C for 60 min

EDS line scan was used to analyze the transition zone and to identify the chemical concentration
gradient of Zr/Hf across the oxide scale thickness. The results are presented in Fig. 5.17. Some spots
of Hf-rich solid solution can be found in the porous ZrO; scale. It is assumed the spots formed due
to the grain boundary diffusion of Hf into the ceramic during vacuum-annealing (Fig. 5.9) [137].
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Table 5.5: EDS analysis of HfO: coatings on ZrBz (AC and VA) after ramped oxidation (R/C) at 1500°C for
60 min (compare Fig. 5.12 and Fig. 5.16) [137]

Condition ~ Spec. &.%) (Cat.%) gf.%) gt.%) (Zart.%) Zr/HE flfilgcsifnated)
BO6 612 - 18.1 0 20.6 532 (HEZNO:
AC BO7 |62.1 - 0.5 0 374 987 710
B0  |63.6 - 17.1 0 193 530 (HEZNO:
va B09 |63.0 ; 0.5 0.1 36.0 986 7t

Table 5.6 provides the average scale thicknesses of the reaction scale, the porous oxide scale, and
total oxide scale for the tested specimens under ramped oxidation (R/C) at 1500°C for 60 min.

Table 5.6: Oxide scale thickness of HfO: coated specimens after ramped oxidation (R/C) at 1500°C for 60 min

[137]
. Time RS PS TS PS/TS
Condition Temperature . In(K
P min) ) @m)  (um) (%) (Kres)
AC 1500°C 60 19 91 110 82.7 9.4
VA 1500°C 60 11 109 120 90.8 9.6

5.2.3 Rapid Oxidation Experiments of HfO. Coated ZrB:

Rapid oxidation experiments (P/Q) were performed with HfO, coated ZrB, (VA) (compare Fig.
4.10). Top-view photographs of oxidized specimens for 60 min or 240 min at 1500°C, 1600°C and
1700°C are presented in Fig. 5.18.

1500°C 1600°C 1700°C

60 min

240 min

Fig. 5.18: Top-view photographs of HfO: coated ZrB: (VA) after rapid oxidation (P/Q) at distinct temperatures
for a prescribed exposure time of 60 min and 240 min
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Specimens tested at 1500°C for 60 min revealed a darkish coloration in the center. The edges of the
specimens were covered by white yellowish oxide. The amount of yellowish oxide at the edges
increased with respect to the oxidation time, starting from the edges and growing into the center of
the specimen. At 1600°C most of the surface was covered with yellowish oxides. Darker spots were
found in the center. After 240 min at 1600°C the specimen was completely covered with yellowish
oxide. Spallation of the formed oxide scale was not observed. Finally, the oxidation at 1700°C for
60 min led to the destruction of the specimen and the Al,O; crucible. Both sintered together. The
preparation of the specimen for X-ray analysis as well as surface analysis via SEM was not possible.
Cracks formed at the surface and induced the partial spallation of the oxide scale. The X-ray dif-
fraction pattern of HfO, coated ZrB, (VA) after 60 min and 240 min of rapid oxidation (P/Q) at
1500°C and 1600°C are presented in Fig. 5.19. As mentioned above, the preparation of the specimen
tested at 1700°C was not possible. ZrO, (PDF00-037-1484) and HfO, (PDF00-034-0104) were as-
signed for the diffractogram. Associated Miller indices of the crystal lattice planes of the oxides are
marked in the diffraction pattern [137].
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Fig. 5.19: X-ray diffraction pattern of HfO: coated ZrB: (VA) after rapid oxidation (P/Q) for 60 min and 240
min: a) at 1500°C; b) at 1600°C

Polished cross-sections were analyzed and oxide scale thicknesses were measured. The Fig. 5.20,
Fig. 5.21, and Fig. 5.22 presents BSE micrographs of the oxide scales of HfO, coated ZrB, (VA)
after rapid oxidation (P/Q) at 1500°C, 1600°C, and 1700°C for 60 min and 240 min. Correspond-
ing micrographs in high magnification show the former interface zone of the coating/substrate.
Blue-dashed lines mark the transition between the reaction scale (RS) and the porous ZrO; scale
(PS). The oxidation front of ZrB, is marked with the red dashed line [137].
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Polished cross-sectional BSE micrographs of the specimens tested at 1500°C via rapid oxidation
are presented in Fig. 5.20. After just 60 min of oxidation, the initial coating transformed into a
reaction scale of single grains with an average diameter of ~7 pm. The chemical composition of
the reaction scale was measured as ~19 at.% Hf, ~18 at.% Zr, and ~63 at.% O (Spec.B10). De-
tailed EDS data are provided in Table 5.7. The grains of (Hf,Zr)O, reacted with the underlying
porous ZrO, scale (Spec.B11) and formed a solid solution, anchoring the formed grains chemi-
cally to the underlying porous ZrO; scale (Spec.B12). A similar architecture for the oxide scale
was observed after 240 min of oxidation. Single grains of a mixed oxide solid solution (Hf,Zr)O-
with a diameter of ~8 um were observed at the uppermost section of the oxide scale, forming a
reaction scale of ~16 um. The chemical composition was measured as ~18 at.% Hf, ~21 at.% Zr,
and ~61 at.% O (Spec.B13). The grains of (Hf,Zr)O; reacted with the underlying porous ZrO;
scale (Spec.B15) and formed a solid solution (Spec.B14). The BSE contrast information in the

micrograph revealed the presence of a darker layer, which covered the single grains of (Hf,Zr)O-.
The chemical analysis of that layer revealed a composition of ~5 at.% Hf, ~32 at.% Zr, and
~63 at.% O (Spec.B16) [137].

Fig. 5.20: BSE cross-sectional micrographs of HfO: coated ZrB> (VA) after rapid oxidation (P/Q) at 1500°C: a)
Overview after 60 min ; b) Reaction scale after 60 min [137]; c) Overview after 240 min, d) Reaction
scale after 240 min [137]
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Table 5.7: EDS analysis of HfO: coated ZrB2 (VA) after rapid oxidation (P/Q) for 60 min and 240 min at 1500°
(compare Fig. 5.20) [137]

... (6] C Hf \\% Zr Phase
Condition Spec. | iony @) @%)  @%)  @%) 2 (Estimated)
BIO |624 - 19.2 0 18.4 489  (HEZNO:
1500°C, g1y 629 - 22 02 346 940  (ZnHAO
60 min . . . . . , 2
BI2 |632 - 0.9 0.1 35.7 975 710
BI3 |613 - 17.8 0 209 540 (HEZNO:
isoec, B4 [609 - 5.1 0 340 87.0  (ZrHNO:
240min - gy5 |22 - 1.7 0.1 36.0 955  ZrO»
BI6 |634 - 47 0.1 31.8 871 70

Fig. 5.21: BSE cross-sectional micrograph of HfO: coated ZrB> (VA) after rapid oxidation (P/Q) at 1600°C: a)
Overview after 60 min; b) Reaction scale after 60 min [137]; c) Overview after 240 min, d) Reaction
scale after 240 min [137]
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Table 5.8: EDS analysis of HfO: coated ZrB2 (VA) after rapid oxidation (P/Q) for 60 min and 240 min at
1600°C (compare Fig. 5.21) [137]

Condition  Spec. 8t.%) (Cat.%) gf.%) gt.%) (%art.%) Zr/HE fél:ltsifnated)
1600°c,  BI7 |635 - 9.1 0 274 75.1  (HfZr)Os
60 min BI8 |64.1 - 20.5 0.2 15.4 429  (HfZr)O:
1600°c,  B19 |62 - 10.3 0.1 267 722 (HfZr)O»
240 min B20 |63.1 - 22 0.1 346 940  ZrO:

BSE micrographs of the polished cross-sections of HfO, coated ZrB, (VA) oxidized at 1600°C
for 60 min and 240 min are presented in Fig. 5.21. Similar to the specimens tested at 1500°C, the
oxide scale consists of a reaction scale of mixed oxides (Hf,Zr)O, with a thickness of ~31 pm and
an underlying porous ZrO; scale. EDS analysis for the specimens tested at 1600°C is provided in
Table 5.8. The initial HfO, coating with dense microstructure has transformed into a layer with
several defects such as cracks and pores. Partial spallation of the reaction scale was observed at a
few locations (Fig. 5.21a). The chemical composition inside the reaction scale was measured as
~9 at.% Hf, ~27 at.% Zr, and ~64 at.% O (Spec.B17). Several spots were found in the reaction
scale, which revealed a content of up to ~21 at.% Hf (Spec.B18). However, on average the amount
of Zr inside the reaction scale exceeds the content of Hf. The oxidation after 240 min at 1600°C
formed a thick overlaying reaction scale with a composition of ~2 at.% Hf, ~35 at.% Zr, and
~63 at.% O (Spec.B20). Several spots inside the reaction scale were found with up to ~10 at.%
Hf (Spec.B19). These spots appeared more bright in the micrograph due to the BSE contrast in-
formation. Furthermore, enlarged pores formed inside the reaction scale with a diameter of
~18 um (Fig. 5.21c¢). The thickness of the reaction scale increased significantly to ~83 um [137].

As mentioned earlier, the oxidation for 60 min at 1700°C led to an extensive degradation of the
HfO; coated ZrB, (VA) and caused sintering damage with the Al,O3 crucible. The cross-section
is presented in Fig. 5.22 and revealed a significant effect on the appearance and behavior of the
formed oxide scale. Similar to the specimen tested for 240 min at 1600°C, the reaction scale in-
creased in thickness up to ~112 um. The analysis of the former interface zone of the coating/sub-
strate in area [C] revealed sparsely distributed spots with bright contrast information. The chem-
ical composition for the reaction scale was measured as ~2 at.% Hf, ~35 at.% Zr, and ~63 at.% O
(Spec.B22), whereas the bright spots revealed a content up to ~15 at.% Hf (Spec.B21). Pores were
dominant in the reaction scale and reached an average diameter of ~32 pm. The underlying porous
Z1r0O; in the area [D] was found to be infiltrated by an Al,Os-rich phase (Spec.B24). It can be
assumed the infiltration of the porous oxide scale by the Al,Osz-containing phase manipulated the
experiment. Therefore, the significance of this experiment is less consequential. Results for the
EDS spot analysis of the tested specimen at 1700°C are provided in Table 5.9 [137].

71



Chapter 5 | Results

Fig. 5.22: BSE cross-sectional micrographs of HfO: coated ZrB: (VA) after rapid oxidation (P/Q) at 1700°C: a)
Overview after 60 min; b) Reaction scale after 60 min (area [C]); ¢) Porous ZrO: scale with Al203
rich phase (Al1sB+033) after 60 min (area [D])

Table 5.9: EDS analysis of HfO: coatings on ZrB2 (VA) after rapid oxidation (P/Q) for 60 min at 1700°C (com-
pare Fig. 5.22)

.\ (6] C Hf Al Zr Phase
Condition  Spec. | iony  @%)  (@%)  (@%  @% 20 (Estimated)
B2l [63.7 ] 1.8 0 345 950 71O
opec, B2 [635 - 152 0 213 584 (HEZD)O:
60 min B23  |64.2 . 1.7 0 34.1 953 ZtO»
B24  |67.6 . 0 32.1 03 ; AlisBiOs3

5.2.4 Kinetic Calculations of HfO; Coated ZrB:

The formed oxide scales on HfO, coated ZrB, (VA) were subdivided into an uppermost reaction
scale RS, an underlying porous ZrO; scale PS, and the total oxide scale TS (RS+PS). The reaction
scale contained >2 at.% Hf, whereas the porous ZrO; consisted of pure ZrO,. The holistic oxide
scales, formed on HfO, coated ZrB, (VA) after the prescribed oxidation time at distinct tempera-
tures are shown in Fig. 5.23. The reaction scales are marked with a blue dashed line, whereas the
oxidation front of ZrB, is marked with a red dashed line. The scale segments (RS, PS, TS) were
measured for all tested specimens, following the measurement and calculation method described
in Chapter 4.5.7 (Fig. 4.13b). The average scale thicknesses are provided in Table 5.10. Results
revealed an increase in the porous oxide scale thickness by time and temperature. This trend is
visualized in Fig. 5.24a, presenting the squared oxide scale thickness of the PS of isothermal
tested specimens over time. The parabolic oxidation rate constants for the PS were calculated
according to the differential equation of linear-parabolic oxidation kinetics by Deal and Grove
(Equ. 2.14)[70, 138]. As visible in Fig. 5.24a, the oxidation rate constants increase by temperature
and exposure time. For both conditions, 1500°C and 1600°C, a transition of the oxidation behav-
ior can be seen after 60 min of oxidation (slope of the plots, compare Fig. 2.10c) [137].
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Fig. 5.23: BSE micrographs of the holistic oxide scales formed on HfO: coated ZrB: (VA) for isothermal oxida-
tion: a) 60 min at 1500°C; b) 240 min at 1500°C; ¢) 60 min at 1600°C; d) 240 min at 1600°C; e) 60
min at 1700°C [137]
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Fig. 5.24: HfO: coated ZrB: (VA) after rapid oxidation (P/Q): a) Thickness of the porous oxide scale (PS)
squared vs. time; b) Arrhenius plot with calculated parabolic oxidation rate constants vs. temperature
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Table 5.10:  Oxide scale thickness and calculated parabolic rate constant of HfO: coated ZrB: (VA) for the porous
ZrO: scale after rapid oxidation (P/Q) [137]

i Time RS PS TS PS/TS
Condition Temperature . In(Kj
P (min) ____ (um) (um) (um) (%) (Kres)
60 12 60 73 82.1 8.2
1500°C
240 16 219 236 92.7 9.4
HfO:> coated (VA) 60 31 229 262 87.4 10.9
1600°C
240 83 691 779 88.7 11.7
1700°C 60 112 300 411 72.9 11.4

Further, the activation energy for the temperature regime 1500°C to 1600°C and 1600°C to
1700°C were calculated, using Equ. 2.15. The results are visualized in Fig. 5.24b in form of an
Arrhenius plot, showing the change of oxidation rate constants over the temperature. The calcu-
lated values are provided in Table 5.11. As visible in the diagram, a decreasing trend for the
activation energy can be seen for higher temperature regimes (decreasing slope of the trend with
the temperature). The reason for this behavior will be thoroughly argued in the discussion [137].

Table 5.11: Calculated activation energies of HfO: coated ZrB> (VA) after rapid oxidation (P/Q) for the tempera-
ture regime 1500°C to 1600°C and 1600°C to 1700°C after 60 min and 240 min of oxidation

Condition Exposure Time EAt1500-1600 EA1600-1700
(min) (kJ/mol) (kJ/mol)
60 740 166

HfOz coated (VA)
240 635 -
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5.3 Metallic Niobium Coatings on ZrB:

5.3.1 Development of Nb Coatings on ZrB:

This section is based on the published paper of Forster et al. “Oxidation behavior of Nb-coated
zirconium diboride” (https://doi.org/10.1016/].jeurceramsoc.2023.04.029). Content and texts may
differ in part from the publication [139].

Metallic Nb coatings were deposited by magnetron sputtering, using a metallic Nb target (Table
4.2, Target T2). ZrB, specimens were polished with a surface finish of 3 um grit size and ultra-
sonically cleaned. The parameters for the magnetron sputtering processes, to apply metallic Nb
coatings on ZrB,, are provided in Table 5.12. The first deposition run with metallic Nb coatings
was performed on Al,O; substrates to investigate the deposition rate. Run5 revealed a deposition
rate of ~5.6 pm/h. Specimens of ZrB, were coated with consecutive runs. The deposition rate
decreased from Run6 with ~5.5 um/h to Run7 with ~5.3 um/h and led to a coating thickness of
~9 um. Parallel the voltage decreased. This behavior will be discussed later in the section of the
discussion of metallic Nb coating development [139].

Table 5.12:  Parameters for magnetron sputtering of metallic Nb coatings on ZrB2 with metallic Nb target

Run Tirpe Power  Voltage Argon Oxygen | Thickness Deposition Oxygen in
(min) (W) ) (scem)  (sccm) | (um) (um/h) Scale (at.%)

Run5 100 500 368 20 0 9.3 5.6 0

Run6 100 500 352 20 0 9.1 5.5 0

Run7 100 500 332 20 0 8.8 5.3 0

The X-ray diffraction pattern of Nb coated Al,Os substrate (AC) is presented in Fig. 5.25a. The
detected reflections were assigned to metallic Nb (PDF00-035-0789). Associated Miller indices
of the crystal lattice planes are marked in the diffraction pattern [139].

a) g Nb coated Al203 b)
5
3 o1
= B Nb coating (AC)
=
|
2 Interface coating/substrat;
o Nb
20 30 40 50 60 70 80
2 O (deg)

Fig. 5.25: Metallic Nb coating on Al:O3 substrate (AC): a) X-ray diffraction pattern; b) BSE cross-sectional

micrograph [139]
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A BSE cross-sectional micrograph of the applied Nb coating on Al,Os substrate (AC) is presented
in Fig. 5.25b. The micrograph confirmed a uniform thickness of ~9 pm for the metallic Nb coat-
ing, exhibiting a dense morphology without defects such as pores and cracks. Results of the EDS
analysis of the applied HfO; coating are provided in Table 5.13. The chemical analysis revealed
a contamination of Titanium by <1 at.% (Spec.C1). The hypothesized reason for the contamina-
tion and its effect will be discussed later. Considering the unit cells and the Wyckoff positions for
Nb atoms in metallic Nb and in Nb,Os, the applied Nb coating might experience a volume expan-
sion of ~170 vol% during oxidation (Table 3.2). Therefore, spallation of the metallic Nb coating
is expected to appear during oxidation [139].

Nb coated ZrB; (AC) were vacuum-annealed (Fig. 4.6) to induce the mutual interdiffusion of ZrB,
and metallic Nb at the interface zone of the coating/substrate. Top-view photographs of Nb coated
Z1B; before and after vacuum annealing are presented in Fig. 5.26. No spallation of the metallic Nb
coating or defects such as cracks or open pores were observed at the surface of the coated ZrB; after
vacuum-annealing (VA). The silver metallic coloration of the Nb coating changed to a yellowish
hue during the vacuum-annealing procedure. The effect of vacuum-annealing on the chemical com-
position and microstructure of the Nb coating is presented in Fig. 5.27 [139].

Cut for cross-section:

2 mm

—

Fig. 5.26: Top-view photographs of Nb coated ZrB:: a) As coated (AC); b) Vacuum-annealed (VA) with marked
cut (red dashed line) to prepare a cross-section for further investigation

The X-ray diffraction pattern for Nb coated ZrB (VA) revealed reflections for NbC (PDF00-038-
1364). Further, reflections for NbB, (PDF03-065-0512) were found in a high magnification of the
pattern. Associated Miller indices of the crystal lattice planes are marked in the diffraction pat-
terns (Fig. 5.27a). BSE cross-sectional micrograph of Nb coated ZrB, (VA) revealed the presence
of two discrete layers with a total thickness of ~9 um. Detailed results of the EDS analysis for the
Nb coated ZrB; (AC and VA) are provided in Table 5.13. A scale of ~7 um thick with a chemical
composition of ~13 at.% Nb and ~35 at.% C (Spec.C2) was attached to the ZrB, substrate. An
outer dark layer of additional ~2 pm thick (darkish) revealed a chemical composition of ~9.5 at.%
Nb and ~23 at.% C (Spec.C3). EDS is not a reliable method for the differentiation and quantifi-
cation of lightweight atoms such as boron and carbon (compare Chapter 4.5.5). However, the
presence of boron in the uppermost section of the annealed coating is unambiguous and aligns
with the results of the X-ray diffraction, identifying the phases NbC and NbB,. A characteristic
porosity was observed at the interface zone of the coating/substrate, formed inside the vacuum-
annealed Nb coating [139].
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Fig. 5.27: Nb coated ZrB: after vacuum annealing (VA): a) X-ray diffraction pattern; b) BSE cross-sectional
micrograph of the vacuum-annealed coating; ¢) High magnification of the uppermost section of the
vacuum-annealed Nb coating

Table 5.13:  EDS analysis of unoxidized Nb coated ZrB2 (AC and VA) (compare Fig. 5.25 and Fig. 5.27)

Condition  Spee. 21‘[.%) &.%) fit.%) (Talt.%) (%art.%) 213.%) Zo/HE félsisifnated)
AC col |- - - 08 0 992 950  Nb

co2 |s15 03 349 0 0 133 953 NbC
VA co3 660 06 25 12 02 95 2.0 NbB:

HAADF micrographs of a TEM lamella of Nb coated ZrB, (VA) are presented in Fig. 5.28. Area
[E] shows the uppermost section of the annealed Nb coating and area [F] shows the interface zone
of the coating/substrate. STEM-EDS results are provided in Table 5.14. The electron diffraction
of the uppermost section of the Nb coating (VA) revealed a hexagonal crystal structure (Diffrac-
tion I). Considering the results of the STEM-EDS (Spec.C4) and the X-ray diffraction pattern
(Fig. 5.27a), this phase was identified to be hexagonal NbB; with the space group P6/mmm. An
indexed electron diffraction pattern for NbB; is presented in Fig. 5.29a. A cubic crystal structure
was identified for the intermediate section (Diffraction IT). STEM-EDS analysis confirmed the pres-
ence of metallic Nb and C (Spec.C5). Considering the reflections for NbC in the X-ray diffraction
pattern of Nb coated ZrB, (VA) (Fig. 5.27a), the phase was assigned to be cubic NbC with the space
group Fm-3m.
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Fig. 5.28: HAADF micrographs of Nb coated ZrB:z (VA): a) Overview of TEM lamella; b) Uppermost section of
the coating (area [E]), c) Interface of the coating/substrate (area[F]).

An indexed electron diffraction pattern for NbC is presented in Fig. 5.29b. The interdiffusion zone
(IDZ) was observed at the coating/substrate interface and was found to be ~2 pm thick (Fig. 5.28c).
The chemical composition in the IDZ revealed a mixture of Nb and ZrB, (Spec.C7). No carbon was
identified in the IDZ. The electron diffraction pattern (Diffraction III) of the IDZ was taken and a
hexagonal crystal structure was identified. The assignment to a discrete phase via D-spacing analy-
sis was not possible. However, a boron-based transition metal mixture (Nb,Zr)B; is assumed.

Table 5.14:  STEM-EDS analysis of Nb coating on ZrBz (VA) (compare Fig. 5.28)

Condition  Spec. ?at.%) &‘%) gt.%) (Talt.%) (%art.%) 215.%) Ze/HE f]fllsatsifnated)
co4 |710 - 0.5 46 02 237 08 NbB:
cos 531 - 100 02 03 363 08 NbC

VA co6 |s22 - 43 02 2.0 412 46 NbC
co7 |686 - 0 0.1 159 154 508  (NbZnB:
co8 |648 - 0 02 349 02 994 7B
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5 nm
e

Fig. 5.29: Electron diffraction pattern of Nb coated ZrBz (VA) (compare Fig. 5.28): a) Uppermost section of
NbB: (Diffraction I, NbB3); b) Intermediate section of NbC (Diffraction II, NbC)

5.3.2 Ramped Oxidation Experiments of Nb Coated ZrB:

Specimens of Nb coated ZrB, (AC and VA) were oxidized in a tube furnace at 1500°C for 60 min
using ramped oxidation (R/C) (Fig. 4.10). The appearance of Nb coated ZrB, (AC) after oxidation
can be seen in Fig. 5.30a. The oxidized surface revealed a silver/brownish coloration with an
increased roughness [139].

AC; Oxidized, 1500°C, 60 min
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Fig. 5.30: Nb coated ZrB: (AC) after ramped oxidation (R/C) for 60 min at 1500°C: a) Top-view photograph; b)
X-ray diffraction pattern
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The X-ray diffraction pattern in Fig. 5.30b was assigned for m-ZrO, (PDF00-037-1484) and the
orthorhombic mixed oxide phase Nb,ZrsO17 (PDF00-009-0251). Associated Miller indices of the
crystal lattice planes are marked in the diffraction pattern [139].

Top-view BSE micrographs of the tested specimen are presented in Fig. 5.31. Detailed results for
the EDS analysis of the specimen are provided in Table 5.15.

Fig. 5.31: BSE top-view micrographs in the center of Nb coated ZrB: (VA) after rapid oxidation (R/C) for 60
min at 1500°: a) Overview at lower magnification; b) High magnification of a partially reacted ZrO:
grain at the surface beside a thin and comprehensive B203 layer [139]

The surface of the oxidized specimen was covered by a dark phase (BSE contrast). EDS analysis
revealed a chemical composition of ~96 at.% O and traces for C, Zr, and Nb for the darkish phase.
Considering results in several publications, the dark phase was assigned to be B,O; glass [39, 66].
Arbitrary-shaped grains with an average size of ~28 um were found inside the B,Os glass. Ac-
cording to the EDS spot analysis, the grains consist of ~32 at.% Zr, and ~68 at.% O (Spec.C9).
Engraved areas of the grains exhibited a chemical composition of ~6 at.% Nb, ~28 at.% Zr, and
~66 at.% O (Spec.C10) [139].

RO
—

Fig. 5.32: BSE micrographs of fractured cross-section of Nb coated ZrB: (VA) after ramped oxidation (R/C) for
60 min at 1500°C: a) Overview at lower magnification, b) High magnification micrograph of B203
layer at the surface [139]
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BSE cross-sectional micrographs of the fractured surface are presented in Fig. 5.32, revealing a
~10 pm thick B»Oj layer at the uppermost section of the formed oxide scale. A porous ZrO; scale
(PS) was found beneath the glass layer. Polished cross-sections of the specimen are presented in
Fig. 5.33, which exhibits a two-layered structure. The reaction scale (RS) contained globular
grains of ZrO, (Spec.C13) with an average size of ~6 um. Another phase was observed between
the single globular grains of the uppermost section with the chemical composition of ~33 at.%
Nb, ~4 at.% Zr, and ~63 at.% O (Spec.C12). The RS has formed on top of a porous ZrO; scale
(PS) (Spec.C11). The total oxide scale was measured as ~186 pm [139].

; ’
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Fig. 5.33: BSFE cross-sectional micrographs of Nb coated ZrB: (AC) after ramped oxidation (R/C) for 60 min at

1500°C

Table 5.15:  EDS analysis of Nb coated on ZrB2 (AC) after ramped oxidation (R/C) for 60 min at 1500°C (com-
pare Fig. 5.31 and Fig. 5.33)

.\ (0] C Hf Ti Zr Nb Phase
Condition  Spec. | oiop)  @ow)  (a%)  (@%)  @%)  @% 2" (Estimated)
09 |67.0 0 0.2 0.1 323 0.3 99.1 710,
Cl10 659 0 0.3 0.1 274 6.2 81.5 Nb2Zr6O17
1500°C, Cll 641 0.3 0 0.1 349 0.6 98.3 7r0s
60 min,
cr2 |62 0 0.1 0.2 42 32.9 11.3 Nb20s
Cc13 657 0.3 0 0.1 33.1 0.8 97.6 710,

Vacuum-annealed ZrB, substrate with Nb coating (VA) revealed contrary results. A top-view
photograph and the X-ray diffraction pattern of the specimen is presented in Fig. 5.34. Detailed
EDS results for this specimen are provided in Table 5.17. The oxidized specimen revealed a dark-
ish coloration with a shiny glassy appearance. The X-ray diffractogram of the tested specimen
was assigned for m-ZrO, (PDF000-037-1484) and Nb»ZrsO17 (PDF000-009-025 1). Miller indi-
ces of the single crystal lattice planes are marked in the pattern (Fig. 5.34b) [139].
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Fig. 5.34: Nb coated ZrB: (VA) after ramped oxidation (R/C) for 60 min at 1500°C: a) Top-view photograph; b)
X-ray diffraction pattern

BSE top-view micrographs are presented in Fig. 5.35a-b. The surface was completely covered with
B,0s glass [39]. Sparsely distributed globular grains were found inside the B,Os glass. The single
grains were ~5 um in diameter, exhibiting a smooth surface with a chemical content of ~1 at.% Nb
(Spec.C14). Further, holes with a diameter of ~7 um were present inside the glassy layer [139].

Fig. 5.35: BSE micrographs of Nb coated ZrB: (VA) after ramped oxidation (R/C) for 60 min at 1500°C: a)
Top-view micrograph in low magnification; b) Top-view micrograph in high magnification; c) Over-
view of fractured cross-section, d) High magnification of the fractured cross-section [139]
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The fractured cross-section in Fig. 5.35¢-d proved the presence of a ~18 pm thick and continuous
B»0s layer. ZrO, grains with a diameter of ~8 pm were present inside the glassy layer. The formed
oxide layer revealed a dual layer, subdivided into a reaction scale (RS, containing a layer of Nb,Os
and (Nb,Zr)O) on top of a porous ZrO, scale (PS) [139].

Table 5.16 provides the average scale thicknesses of the reaction scale (RS) and porous oxide

scale (PS) for Nb coated ZrB, (AC, VA) after ramped oxidation at 1500°C for 60 min.

Table 5.16:  Oxide scale thickness of Nb coated ZrB: (AC, VA) after ramped oxidation (R/C) at 1500°C for 60 min
(compare Fig. 5.32 and Fig. 5.35)

ime RS PS TS PS/TS

" T
Condition Temperature (min) (um) (um) (um) (%) In(Kp(ps))
Nb coated (AC), R/C  1500°C 60 20 166 186 89.2 10.2
Nb coated (VA), R/C  1500°C 60 48 45 93 484 7.6

The polished cross-section of the most protective area of the oxide scale with the lowest porous
ZrO, formation is presented in Fig. 5.36. The BSE micrographs show an intact Nb,Os layer with
the chemical composition of ~27 at.% Nb, ~5 at.% Zr, ~1 at.% Ti, and ~67 at.% O (Spec.C15). A
porous ZrOs scale (Spec.C17) formed underneath the Nb,Os layer. Both layers were separated by a
thin white layer with the composition of ~69 at.% Nb, ~8 at.% Zr, and ~23 at.% O (Spec.C16).
Several globular grains with a diameter of ~3 um were found to be embedded in the uppermost
section of the Nb,Os layer (Fig. 5.36b) [139].

Micrographs with 30 kV acceleration voltage in Fig. 5.36¢ revealed precise contrast variance for
two niobia phases at the uppermost section of the oxide scale and a core-shell structure for the grains
inside the niobia. A colored schematic is added to the picture to clarify the BSE contrast information
for the observed phases. Whereas the darker Nb,Os contained ~3 at.% Zr (Spec.C19), the brighter
phase contained ~5 at.% Zr (Spec.C15, Spec.C20). The observed grains inside the Nb,Os revealed
a darker core and a bright shell structure as a enclosing layer. The dark core revealed ~4 at.% Nb
(Spec.C21), and the bight shell ~8 at.% Nb (Spec.C22). For a detailed analysis of the observed core-
shell structure and the Nb,Os phases, a TEM lamella of the grain was cut [139].
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> Os layer

Fig. 5.36: BSE micrographs of Nb coated ZrB: (VA) after ramped oxidation (R/C) for 60 min at 1500°C: a-b)
polished cross-section with 15 kV acceleration voltage at the most protective area of the tested speci-
men; ¢) polished cross-section with 30 kV acceleration voltage [139]
Table 5.17:  EDS analysis of Nb coated on ZrB: (VA) after ramped oxidation (R/C) for 60 min at 1500°C (com-
pare Fig. 5.35 and Fig. 5.36)
-, 0} C Hf Ti Zr Nb Phase
Condition  Spec. | o) @ow)  (at%)  (@%)  @%)  @%) 27 (Estimated)
Cl4 |[67.2 - 0.2 0.1 32.0 0.5 98.5 Zr0O2
Cl5 |674 - 0.1 0.9 49 26.7 15.3 Nb20s
Cl6 (222 - 0.2 0.5 7.9 69.1 10.3 Nb20s
C17 (633 - 0.4 0.1 35.7 0.5 98.6 7102
S00°C, g |s39 - 0.1 0 153 07 956 ZiB
60 min
C19 |[68.3 - 0.1 1.3 2.8 27.5 7.9 Nb20s
C20 [67.9 - 0.1 0.8 4.7 26.5 15.3 Nb20s
C21 [63.6 - 0.1 0.2 32.0 4.1 88.6 ZrO>
C22 |68.1 - 0.2 0.1 24.1 7.6 76.0 Nb2Zrs017

A HAADF micrograph of the prepared lamella and a high-magnification image of the analyzed
grain with the core-shell structure are presented in Fig. 5.37. The grain core was analyzed in the
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area [G] and the shell structure in the area [H]. Detailed results about the chemical compositions,
measured in the analyzed areas via STEM-EDS, are listed in Table 5.18 [139].

Fig. 5.37: a) Overview of TEM lamella of Nb coated ZrB: (VA) after ramped oxidation (R/C) for 60 min at
1500°C; b) High magnification micrograph of the core-shell structured grains inside the Nb20s

A HAADF micrograph of the area [G] and the corresponding electron diffraction pattern for the
grain core (Diffraction IV) are presented in Fig. 5.38a. The chemical composition was measured
as ~33 at.% Zr and ~67 at.% O (Spec.C23). A monoclinic crystal structure was identified via
electron diffraction. The data enables the assignment as m-ZrO, for the grain core with the space
group P21/c. The indexed electron diffraction pattern for m-ZrO- is presented in Fig. 5.38b. A
HAADF micrograph of the area [H] and the corresponding electron diffraction pattern of the shell
structure is presented in Fig. 5.39. The electron diffraction revealed an orthorhombic crystal for
the shell structure around the m-ZrO, grains (Diffraction V) [139].

Fig. 5.38: Nb coated ZrB: (VA) after ramped oxidation at 1500°C for 60 min: a) High magnification micro-
graph of the core-shell structure of ZrO: grains in Nb2Os matrix (area [G]); b) Electron diffraction
pattern of the ZrO: core with assigned crystal lattice plane (Diffraction 1V, m-ZrO3) [139]
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Secondary reflections appeared between the main reflections in the diffraction pattern (Fig. 5.39b,
blue circled). These secondary reflections indicate a modulated crystal structure with a commen-
surably complex lattice. According to the literature, the secondary reflections are characteristic
of the solid solution Nb,2ZrsO17[81, 119, 123]. Considering the chemical composition of ~8 at%
Nb, ~23 at% Zr, and ~69 at.% O (Spec.C24), the shell around the m-ZrO, core was assigned to
be Nb,ZrsO17 with the space group Ima2 [139].

200 nm
—

Fig. 5.39: Nb coated ZrB: (VA) after ramped oxidation at 1500°C for 60 min: a) High magnification micro-
graph of the core-shell structure of ZrO: grains in Nb2Os matrix (area [H]); b) Electron diffraction
pattern of the mixed oxide shell with assigned crystal lattice (Diffraction V, Nb2Zrs017) [139]

An electron diffraction pattern of the Nb,Os was taken (Fig. 5.39, Diffraction pattern VI). The
diffraction pattern was not assigned to a specific phase of Nb,Os since the Ti-contamination

(~1 at.% Ti) induced the formation of various complex polymorphs with various crystal structures
(Spec.C25) [113, 114, 139]

Table 5.18:  STEM-EDS analysis of Nb coated ZrB: (VA) after ramped oxidation (R/C) for 60 min at 1500°C
(compare Fig. 5.38 and Fig. 5.39)

.. (0] C Hf Ti Zr Nb Phase
Condition  Spec. | oiop)  @os)  (at%)  (at%)  (@%)  @%)  Z7H0 (Estimated)
23 673 - 03 03 285 36 888 71O
1500°C, o4 6811 . 03 0.1 230 86 728  NbZrOu
60 min,
25 |71 - 0.1 08 13 267 46 Nb:0s
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5.3.3 Rapid Oxidation Experiments of Nb Coated ZrB:

Top-view photographs of Nb coated ZrB, (VA) after rapid oxidation (P/Q) for 15 min, 30 min,
and 60 min at 1500°C, 1600°C, and 1700°C are presented in Fig. 5.40.

1500°C 1600°C 1700°C

15min

30min

60min

Fig. 5.40: Top-view photographs of Nb coated ZrB: (VA) after rapid oxidation (P/Q) at 1500°C, 1600°C, and
1700°C for an exposure of 15 min, 30 min, and 60 min

As visible in the photographs, the temperature and the exposure time had a dramatic effect on the
appearance of the specimens and the phases at the oxidized surface, i.e. more dark surface ap-
pearance at lower temperatures and more white-brownish coloration with several pores and in-
creased roughness at higher temperatures and longer times. Partial spallation of the uppermost
oxide scale at a few places was observed for the exposure at 1600°C for 30 in and 60 min as well
as for the exposure at 1700°C for 15 min and 30 min.

X-ray diffraction patterns were taken for each specimen after rapid oxidation (P/Q). The diffrac-
tion patterns after an exposure of 15 min, 30 min, and 60 min are presented in Fig. 5.41. Reflec-
tions for m-ZrO, (PDF00-037-1484), the mixed oxide phase Nb,ZrcO;7 (PDF00-009-0251),
Nb,Os (PDF00-028-0317) and NbO, (PDF00-068-0147) were assigned to the pattern. The Miller
indices of the single lattice planes of the crystals are added to the pattern.
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SEM top-view analysis of the surfaces was performed. EDS data for the analyzed surfaces are
provided in Table 5.19 with marked oxidation parameters and estimated phases. BSE top-view

micrographs in Fig. 5.42 show the surface after 15 min at 1500°C. Globular grains with an aver-
age grain size of ~1 um were found in the area [J], directly in the center of the specimen. The
chemical composition of the globular oxide grains was found to be ~8 at.% Nb, ~7 at.% Zr, and
~85 at.% O (Spec.C26). Dendrite formed in the glass in area [K]. The chemical analysis was not
precise and revealed ~96 at.% O and traces of Zr (Spec.C27).

Fig. 5.42: BSE top-view micrograph in the center of Nb coated ZrB: (VA) after rapid oxidation (P/Q) for 15 min
at 1500°C: a) Overview at lower magnification of B20; covered surface with marked areas ([J] and
[K]) and distinct features; b) High magnification micrograph with globular precipitates (area [J]); c)
High magnification micrograph with dendrite precipitates (area [K])

The glassy B,Os3 layer remained at the surface after 30 min at 1500°C. However, the recession of
the B20s liquid can be observed at the sharp edges of the specimens (compare Fig. 5.40). A BSE
surface micrograph near the sharp edges is presented in Fig. 5.43. A higher magnification reveals
the formation of engraved grains with an average size of ~6 um, containing ~7 at.% Nb, ~27 at.%
Zr, and ~66 at.% O (Spec.C28). An Nb-rich layer with a needle-like microstructure was found
beneath the engraved grains. The chemical composition for the Nb-rich layer was measured as
~27 at.% Nb, ~6 at.% Zr, and ~67 at.% O (Spec.C29).

320 pm
Falh

Fig. 5.43: BSE top-view micrograph near the sharp edges of Nb coated ZrB> (VA) after rapid oxidation (P/Q)
for 30 min at 1500°C: a) Overview B20;3 covered surface at lower magnification; b) High magnifica-
tion with exposed Nb2Os layer and engraved grains of mixed oxide grains
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Glass was still present after 15 min of oxidation at 1600°C in the center of the specimen (compare
Fig. 5.40). A BSE top-view micrograph of the center of the tested specimen is presented in Fig.

5.44. Several globular particles with an average diameter of ~1 pm were found on the surface and
exhibited a chemical composition of ~8 at.% Nb, ~7 at.% Zr, and ~85 at.% O (Spec.C30).

Fig. 5.44: BSE top-view micrograph in the center of Nb coated ZrB: (VA) after rapid oxidation (P/Q) for 15 min
at 1600°C: a) Overview at lower magnification; b) High magnification micrograph with globular
mixed oxide grains

Enhanced exposure of 30 min at 1600°C led to the evaporation of the B,Os liquid and the for-
mation of a dry surface as presented in Fig. 5.45. The area [L] revealed a coverage by ZrO, with
~1 at.% Nb as well as traces of Hf, W, and Ti (Spec.C31). Residual needle-like structures with
~7 at.% Nb (Spec.C32) were found at the surface. Area [M] represents a spalled section of the
uppermost oxide scale, which exposed the B»>O; glass, filling defects in the underlying oxide scale.

Fig. 5.45: BSE top-view micrograph in the center of Nb coated ZrB: (VA) after rapid oxidation (P/Q) for 30 min
at 1600°C: a) Overview at lower magnification of dry surface with spalled chunk, exposing residual
B:0s liquid; b) High magnification micrograph of dry ZrO: (area [L]); c¢) High magnification of ex-
posed B:0s (area [M])

90



Chapter 5 | Results

The surface condition after the oxidation at 1700°C for 15 min are presented in Fig. 5.46. The
exposure led to the rapid evaporation of the glassy B,Os at the surface, leaving dry ZrO,
(Spec.C33). Traces of a Nb-containing phase with a needle-like structure were found at the sur-
face. The EDS analysis confirmed ~9 at.% Nb and ~23 at.% Zr and ~68 at.% O for the needle-
like structures (Spec. C34). The overview revealed an even and comprehensive surface, covered
with ZrO; and residuals of the mixed oxide phase.

?a')

Fig. 5.46: BSE top-view micrograph in the center of Nb coated ZrB: (VA) after rapid oxidation (P/Q) for 15 min
at 1700°C: a) Overview at lower magnification with a comprehensive oxide layer at the surface; b)
High magnification micrograph of ZrO: and needle-like structures containing Nb

The exposure for 30 min at 1700°C led to similar conditions at the surface as visible in Fig. 5.47.
No B,Os glass was observed at the ZrO, surface (Spec.C35). A Nb-containing phase was sparsely
distributed at the surface and contained ~3 at.% Nb and ~29 at.% Zr (Spec.C36). The surface
revealed an uneven appearance with several holes. The holes at the surface had an average diam-
eter of ~147 pm. Beside the holes, fine open porosity can be observed.

Fig. 5.47: BSE top-view micrograph in the center of Nb coated ZrB: (VA) after rapid oxidation (P/Q) for 30 min
at 1700°C: a) Overview at lower magnification of an oxide layer with several holes and uneven sur-
face; b) High magnification micrograph of ZrO:z and needle-like structures containing Nb
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Table 5.19:  EDS surface analysis of Nb coated ZrB: (VA) after rapid oxidation (P/Q) at 1500°C, 1600°C, and
1700°C for 15 min and 30 min of oxidation (compare Fig. 5.42 to Fig. 5.47)

Condition  Spec. &.%) (Cat.%) ?af.%) gt.%) (%art.%) Z]Z%) Zr/HE flfll:tsifnated)
1500°C, €26 |85.5 - 0 0 6.9 75 479 (Nb,Zr)O
15 min 27 959 - 0 0 3.6 0.4 90 7t0;
1500°C, 28 [66.5 - 0.1 0.2 5.9 26.8 18.0 Nb20s

30 min 29 659 - 0.3 0 26.9 6.8 79.8 Nb2Zr6017
00C a0 fsso0 - 0 0 72 7.7 483 (Nb,Z1)O
1600°C, 31 [65.2 - 0.5 02 332 0.9 97.4 7t0;

30 min 32 |65.1 - 04 0.9 284 5.1 84.8 Nb2Zr6017
1700°C., 33 |63.9 - 0.5 0.1 339 1.6 95.5 Zr0»

15 min 34 [68.1 - 0.3 0.9 219 8.8 713 Nb2Zr6O17
1700°C, €35 |66.5 - 0.5 0.1 317 1.1 96.6 Zt0»

30 min 36 |67.1 - 0.2 0.4 29.0 32 90.1 710>

Polished cross-sections were analyzed and oxide scale thicknesses were measured. BSE micro-
graphs of the holistic oxide scales of Nb coated ZrB, (VA) after rapid oxidation (P/Q) at 1500°C,
1600°C, and 1700°C for 15 min, 30 min, and 60 min are presented in Fig. 5.48 to Fig. 5.51. Cor-
responding micrographs in high magnification show the former interface zone of the coating/sub-
strate. The blue-dashed lines mark the transition between the reaction scale (RS) and the porous
ZrO; scale (PS). The oxidation front of ZrB, is marked with a red dashed line. The scale thick-
nesses for the RS, the PS, and the total oxide scale TS are provided in Table 5.23.

The formed oxide scale after 15 min at 1500°C is presented in Fig. 5.48a-b. The uppermost section
of the formed RS consisted of Nb,Os (~51 um thick) with a chemical composition of ~30 at.%
Nb, ~4 at.% Zr, and ~66 at.% O (Spec.C37). Further, a ~4 um thick and dense intermediate layer
of NbO with a chemical composition of ~61 at.% Nb, ~5 at.% Zr, and ~34 at.% O formed under-
neath the Nb,Os (Spec.C38), covering porous ZrO (~31 at.% Zr and ~69 at.% O) (Spec.C39).
EDS results are provided in Table 5.20.

A similar oxide scale architecture, containing an RS and an underlying porous ZrO; scale with
B»0;-filled porosities, was found after 30 min at 1500°C (Fig. 5.48c-d). The formed RS can be
subdivided into three layers. An outermost Nb,Os layer with a thickness of ~9 um and a chemical
composition of ~34 at.% Nb, ~5 at.% Zr, and ~61 at.% O (Spec.C40) formed at the surface. The
scale covered a dense ZrO; layer of ~45 um in thickness with dissolved Nb>Os (Spec.C44). Glob-
ular grains with an average diameter of ~6 um and a core-shell structure (ZrO; as a core,
NbyZrs017 as a shell) can be found between the Nb,Os layer and the dense ZrO- scale. The grains
were enclosed by the former NbO phase, which revealed a chemical composition of ~51 at.% Nb,
14 at.% Zr, and ~35 at.% O (Spec.C41) after 30 min of oxidation. BSE contrast information
proved a variation of the Zr content in the NbO phase. Lower sections of the NbO contained
~20 at.% Zr and appeared darker (Spec.C42). The porous ZrO> scale, which formed beneath the
multilayer reaction scale, increased in size from ~19 pm after 15 min to ~29 pm after 30 min.
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Another characteristic of the oxidation after 30 min of oxidation is the formation of horizontal
cracks in the porous ZrO,.
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Fig. 5.48: BSE cross-sectional micrographs of Nb coated ZrB:2 (VA) after rapid oxidation (P/Q) at 1500°C: a)
Holistic oxide scale, 15 min; b) Former interface zone, 15 min; c) Holistic oxide scale, 30 min; d)
Former interface zone, 30 min; e) Holistic oxide scale, 60 min; f) Former interface zone, 60 min

2 8 TSR PLY Tt
B203+(Nb,Zr)O
AL TR YL AAGS

Fig. 5.49: BSE micrographs of fractured cross-section of Nb coated ZrB: (VA) after rapid oxidation (P/Q) for
30 min at 1500°C (compare Fig. 5.49c-d): a) Overview of fractured cross-section with holistic B203
layer thickness; b) High magnification micrograph of B20s coverage with convection cell
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The fractured cross-section of the tested specimen for 30 min at 1500°C is presented in Fig. 5.49
and proves the comprehensive coverage of the oxide scale by B,Os. Horizontal cracks were filled
with B,O3 liquid and were found to be reservoirs for B,Os liquid. Further, the picture shows viv-
idly the breakthrough of the B,Os3 liquid through the porous ZrO, and the liquid Nb,Os layer. The
“eruption” of the liquid B,O; enables the migration of the glass to the surface (Spec.C48). Several
particles were pushed into the uppermost liquid layer due to the flux of B,Os3 glass to the surface.
The particles consisted of ~4 at.% Nb, ~16 at.% Zr, and ~80 at.% O (Spec.C50). Finally, the lig-
uid B>Os layer was measured to be ~98 um in thickness and covered most of the oxide scale.

The exposure for 60 min at 1500°C led to the complete absence of the continuous uppermost
Nb,Os layer as presented in the polished cross-section in Fig. 5.48e-f. Residuals of the NbO-rich
phase with a chemical composition of ~42 at.% Nb, ~20 at.% Zr, and ~38 at.% O were observed
in the uppermost section of the oxide scale (Spec.C45). Most of the deposited Nb coating left the
surface. The residual reaction scale consisted of dense ZrO, with ~3 at.% Nb (Spec.C46). The
thickness of the reaction scale was found to be ~40 um in thickness.

Table 5.20:  EDS analysis of cross-sections of Nb coated ZrB: (VA) after rapid oxidation (P/Q) at 1500°C for
15 min, 30 min, and 60 min (compare Fig. 5.48 and Fig. 5.49)

.. (0] C Hf Ti Zr Nb Phase
Condition  Spec. | oior) @)  (at%)  (a%)  (@%)  @%) 2700 (Estimated)
37 |65.6 - 0.1 0.1 39 30.1 1.5 Nb20s
1500°C, 38 [342 - 0 0.1 4.6 60.6 7.1 NbO
15 min
39 [66.7 - 0.4 0.1 30.8 1.6 95.1 710s
Cc40 [61.7 y 0.1 0.2 45 335 11.8 Nb2Os
C41  |345 - 0.1 0 14.3 50.9 219 NbO
1500°C,
30 min Cc42 [34.8 - 02 0 19.9 445 30.9 NbO
43 |615 - 0.4 0.1 339 39 89.7 ZrB)
C44 [623 - 0.4 0 339 29 92.1 710,
45 |38.1 - 0 03 20.1 415 32.6 (Nb,Zr)O
éSOO.C’ c46 |593 ; 0.4 0.1 36.9 2.9 92.7 710,
0 min
Cc47 1606 - 0.4 0.1 383 02 99.5 710,
48 |97.1 - 0 0 22 0.7 75.9 B:03
1500°C,
15 min C49 [84.0 . 0 0 77 8.2 48.4 Nb2ZreO17
(Fractured)
Cc50 (803 - 02 0 15.9 35 82.0 Nb2Zr6O17
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BSE cross-sectional micrographs of the polished oxide scale of Nb coated ZrB (VA) after rapid
oxidation at 1600°C for different exposure times are presented in Fig. 5.50. The figure includes
high-magnification BSE micrographs of the former interface zone of the coating/substrate. The
blue-dashed line marks the transition between the reaction scale and the porous oxide scale,
whereas red dashed lines mark the oxidation front of ZrB,. Table 5.21 provides the EDS results.

The oxide scale after 15 min of oxidation at 1600°C (Fig. 5.50a-b) featured an RS at the upper-
most section with a sparsely distributed Nb-rich phase of ~47 at.% Nb, ~14 at.% Zr, and ~41 at.%
O (Spec.C52). No pure NbO nor a Nb,Os layer was present after oxidation. Almost all of the
deposited Nb coating has been consumed in the reaction scale (~81 um thick). Globular grains
with a core-shell structure of ZrO, and Nb,ZrsO,7 revealed an average size of ~9 um. The chem-
ical composition of the core was found to be ~3 at.% Nb, ~35at.% Zr, and ~62 at.% O
(Spec.C51). A dense ZrO» oxide scale with a chemical composition of ~3 at.% Nb, ~46 at.% Zr,
and ~51 at.% O (Spec.C53) was found at the transition area of the reaction scale to the underlying
porous ZrOs.

- Nb205+Z102 . s k pi 4 Zr02

Fig. 5.50: BSE cross-sectional micrographs of Nb coated ZrB: (VA) after rapid oxidation (P/Q) at 1600°C: a)
Holistic oxide scale, 15 min; b) Former interface zone, 15 min; c¢) Holistic oxide scale, 30 min; d)
Former interface zone, 30 min; e) Holistic oxide scale, 60 min; f) Former interface zone, 60 min

The exposure of 30 min at 1600°C induced a transformation in the architecture of the oxide scale
(Fig. 5.50c-d). The reaction scale revealed several holes, cracks, and gaps. All in all, the thickness
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of the reaction scale was found to be ~58 pm and covered the porous ZrO,, which increased from
~ 66 um after 15 min to ~152 pm after 30 min. A gap of ~10 um appeared between the ruptured
RS and the porous ZrO,. Residuals of a Nb-containing phase were found in the gap with a chem-
ical composition of ~2 at.% Nb, ~30 at.% Zr, and ~68 at.% O (Spec.C54). Almost the complete
Nb coating left the oxide scale (Spec.C55, Spec.C56).

A similar architecture for the oxide scale was observed after 60 min of exposure (Fig. 5.50e-f).
However, the ruptured reaction scale revealed densification at the uppermost section and led to a
comprehensive ZrO, scale (Spec.C57). No Nb-containing phases were observed in the cross-sec-
tion, indicating the complete loss of the coating material. The gap between the lifted reaction scale
and the porous ZrO; scale was still present and was not closed. The underlying porous ZrO; in-
creased to ~236 um in thickness.

Table 5.21:  EDS analysis of polished cross-sections of Nb coated ZrB: (VA) after rapid oxidation (P/Q) at
1600°C for 15 min, 30 min, and 60 min (compare Fig. 5.50)

.. (o) C Hf Ti Zr Nb Phase

Condition  Spec. | oiop)  @os)  (at%)  (at%)  (@%)  @%) 270 (Estimated)

cs1 o [622 y 0.4 0 349 3.1 91.8 Nb2Os
1600°C, 52 [38.7 - 0 0.1 13.7 46.5 2.8 NbO
15 min

53 |61.7 - 0.4 0.1 45.9 33 933 7r0s

Ccs4 |67.5 . 0.4 0.1 30.1 1.8 94.4 Nb20s
1600°C, C55  |682 - 0.4 0.1 30.7 0.5 98.4 7B,
30 min,

C56 |59.4 - 0.5 0.2 389 0.5 98.7 710,
1600°C, 57 628 ; 0.4 0 357 11 97.0 NbaZr6017
60 min

Finally, the oxidation of Nb coated ZrB, (VA) at 1700°C revealed the formation of an oxide scale,
which consisted of a dense reaction scale and porous ZrO,. Micrographs of the polished oxide
scales and high magnification micrographs of the former interface zone of the coating/substrate
are presented in Fig. 5.51 with corresponding EDS results in Table 5.22. The red dashed line
represents the oxidation front of ZrB, and the blue-dashed line represents the transition of the
uppermost reaction scale (RS) to the porous ZrO; scale (PS).

After 15 min of oxidation, several crystals with ~9 at.% Nb, ~23 at.% Zr, and ~68 at.% O
(Spec.C58) or with ~5 at.% Nb, ~21 at.% Zr, ~23 at.% W, and ~51 at.% O (Spec.C61) were found
at the former interface zone of the coating/substrate. Approximately ~1 at.% Nb was observed for
the dense ZrO; of the RS (Spec.C59). A gap of ~14 um separated the reaction scale and the un-
derlying porous ZrO,. BSE micrographs of the fractured cross-section of Nb coated ZrB, (VA)
after rapid oxidation at 1700°C for 15 min are presented in Fig. 5.51c-d. The gap between the
reaction scale and porous ZrO; seemed to be filled with residual B,O3 glass. EDS analysis of the
fractured cross-section confirmed ~96 at.% O for the blackish phase inside the gap (Fig. 5.51d).

EDS analysis confirmed the chemical composition of ~36 at.% Zr and ~64 at.% O for the under-
lying porous ZrO; scale (Spec.C60), which was found to be ~128 um in thickness.

96



Chapter 5 | Results

The exposure at 1700°C for 30 min revealed an increase in the reaction scale from ~114 pm after
15 min to ~163 pm after 30 min (Fig. 5.51e-f). The reaction scale contained larger holes with a
diameter of ~40 um at the uppermost section and smaller pores with a diameter of ~2 pm near
the former interface zone of the coating/substrate. EDS analysis did not reveal any Nb-content in
the cross-section (Spec.C62). Several oxide crystals containing ~28 at.% W, ~3 at.% Zr, and
~69 at.% O were found at the former interface zone (Spec.C64). The gap between the RS and the
PS were almost closed, anchoring the reaction scale to the underlying porous ZrO,. The porous
ZrO; revealed ~36 at.% Zr and ~64 at.% O (Spec.C63). No Nb content was identified. The thick-
ness of the porous ZrO, increased from ~128 um after 15 min to ~182 um after 30 min.

Fig. 5.51: BSE cross-sectional micrographs of Nb coated ZrB:2 (VA) after rapid oxidation (P/Q) at 1700°C: a)
Holistic oxide scale, 15 min; b) Former interface zone, 15 min; c¢) Holistic oxide scale, 15 min, frac-
tured surface with B20:; filling; d) Fractured interface zone, 15 min; e) Holistic oxide scale, 30 min;
f) Former interface zone, 30 min
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Table 5.22:  EDS analysis of polished cross-sections of Nb coated ZrB: (VA) after rapid oxidation (P/Q) at
1700°C for 15 min and 30 min (compare Fig. 5.51)

Condition  Spec. &.%) Xt,%) ?af.%) gt.%) (%art.%) Z]Z%) Zr/HE f]?:tsifnated)
Cs8 |67.5 0 0.2 0.4 23.0 8.7 72.6 Nb2Zt6017
1700°C, 59 |63.1 0 0.5 0.1 354 0.9 97.5 7r0»
15 min Cc60 [63.5 0.3 0.4 0.1 35.1 0.6 98.3 Zr0s
c61 {506 22.1 0.3 0.6 213 5.1 80,7 Nb2Zr6017
62 |62:5 0.2 0.5 0.1 36.0 0.7 98.1 710>
;gorg:f’ 63 |64.9 14 0.4 0.1 34.6 0.6 98.3 Zt0»
64 |68.4 27.6 0.2 0.4 34 0 100 WO;

5.3.4 Kinetic Calculations of Nb Coated ZrB:

The oxide scale formed on Nb coated ZrB, (VA) was subdivided into a reaction scale (RS) with
at least 2 at.% Nb and/or dense ZrO», and a porous scale of ZrO,. The parabolic oxidation rate
constants were calculated for the porous ZrO, scale according to Deal and Groov's differential
equation for linear-parabolic oxidation kinetics (compare Equ. 2.14) [70, 138]. Finally, the ratio
of the porous scale to the total oxide scale TS was determined. All values are provided in Table
5.23 and visualized in Fig. 5.52a, showing the thickness of the porous oxide scale squared vs. the
exposure time.

Table 5.23:  Oxide scale thickness of the reaction scales and porous oxide scales as well as the calculated para-
bolic rate constants for the porous ZrO: scales of Nb coated ZrB: (AC, VA) after ramped (R/C) or
rapid oxidation (P/Q)

. Time RS PS TS PS/TS
Condition Temperature . In(K;
P i @m _ @m  @m (%) (Keers)
15 51 19 70 21.3 73
1500°C 30 54 29 83 25.9 7.4
60 40 69 109 38.8 8.5
15 81 66 147 31.0 9.8
Nb coated (VA)
1600°C 30 73 152 225 40.3 10.7
60 100 236 336 41.3 10.9
15 114 128 242 34.6 11.1
1700°C
30 163 182 345 34.5 11.1

The data reveals that the thickness of the porous oxide scale is increasing with respect to the
oxidation temperature and exposure time. However, the temperature has a dramatic effect on the
progression of the oxidation as visible in Fig. 5.52a (slope corresponds with the calculated
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parabolic rate constants In(Kpeps)) in Table 5.23). The oxidation at 1500°C shows a transition after
30 min of oxidation, increasing the parabolic oxidation rate constants by time. A similar effect
can be seen for the oxidation at 1600°C. The progression of oxidation changed after 15 min, trans-
forming into parabolic oxidation with increased oxidation rate constant. In contrast, the exposure
at 1700°C revealed steady parabolic oxidation with an increased rate constant. As visible in Fig.
5.52a, the rate constants for the parabolic oxidation at 1700°C align with the oxidation rate con-
stants at 1600°C for an exposure >15 min (similar slope of the graphs).

a) b) Exposure temperature T (°C)
1700 1650 1600 1550 1500
6E+4 ‘ 14 . . . . L
1 1500°C ]
1 1600°C 12 1
2 SEH T —a—1700°C ]
2 ] 10
o 4E+4 + ]
g ] ~ 8 1
2 5 T
2 3E+4 =
2 - 6 1
% 2E+4 ] i
3 4 t‘+ 60 min
= ] —— i
8 g4 , 1 30 min
] | =415 min
0E+0 ‘ ] l 0 , : :
0 15 30 45 60 50 52 54 56
Exposure time (min) Exposure temperature 100,000/T (1/K)
Fig. 5.52: a) Oxide scale thickness squared vs. exposure time for the isothermal oxidation at 1500°C, 1600°C,
and 1700°C; b) Arrhenius plot for the oxidation process for an exposure of 15 min, 30 min, and 60

min

Further, the activation energies for the oxidation were calculated (compare Equ. 2.15). The results
are provided in Table 5.24 and are visualized in the Arrhenius plot in Fig. 5.52b. As visible in the
plots, the activation energies for the Nb coated ZrB, (VA) decrease with increasing temperature
regime from 1500°C to 1600°C, and 1600°C to 1700°C (decreasing slope of the plots). However,
the highest activation energy was found after 30 min within the temperature regime of 1500°C to
1600°C. Long-term oxidation for up to 60 min led to increased rate constants. However, the acti-
vation energy was found to be similar to the oxidation for 15 min. The reason for this peculiar
behavior will be thoroughly argued in the discussion section.

Table 5.24: Calculated oxidation rate constants and activation energies for the formation of porous ZrO: scales
on Nb coated ZrB: (VA) for rapid oxidation (P/Q) in a temperature range between 1500°C to 1600°C
and 1600°C to 1700°C

Condition Exposure Time EAa1500-1600 Eai1600-1700
(min) (kJ/mol) (kJ/mol)
15 688 407

Nb coated (VA) 30 915 111
60 679
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5.4 Gadolinium Oxide Coatings on ZrB:;

5.4.1 Development of GAO Coatings on ZrB:

Oxygen-doped gadolinium coatings (Gd,O-y; [i(€R | 0.5 <i < 1]) were deposited by reactive mag-
netron sputtering, using a metallic gadolinium target (Table 4.2, Target T3) and high-purity oxy-
gen. Appropriate parameters for the reactive sputtering process were used to carry out a multilayer
coating experiment (Run8). Different oxygen gas flow rates were tested for similar processing
conditions to analyze the effect on the deposition rate and the chemical composition. The frac-
tured cross-section of the multilayer coating experiment on Al,O3 substrate is illustrated Fig. 5.53.
A schematic represents the multilayer coating and describes the set parameters. Detailed pro-
cessing parameters, measured scale thicknesses, calculated deposition rates, and measured oxy-
gen content inside the single layers are provided in Table 5.25.

GdiOq1-i) (2.5 sccm O2)

Metallic Gd

Gd203 (6 sccm O2)

GdiOq-i) (3 scem O2)

|
|
GdiO(1-i) (5 sccm O2) ‘
|
|
|

Metallic Gd

Fig. 5.53: BSE micrograph of fractured cross-section of multilayer parameter study for GdiOqi-iy (Run8) with an
appropriate schematic of the single layers and used process parameters (sccm Oz)
Table 5.25:  Parameters for reactive magnetron sputtering of oxygen-doped Gd coatings (GdiOqi-i)
Run Time Power Voltage Argon Oxygen Thickness Deposition  Oxygen in
(min) W) %) (scem) (sccm) (um) (um/h) scale (at.%)
5 500 410 20 0 2.6 31.58 15.4
15 500 401 20 3.0 22 8.77 26.3
23 500 198 20 6.0 2.0 5.26 57.3
Run8
60 500 250 20 5.0 9.7 9.65 42.1
5 500 403 20 0 1.8 21.05 11.2
60 500 405 20 25 10.1 10.1 32.5
Run9 300 500 179 20 6.0 5.5 1.10 61.7
Runl10 120 500 408 20 2.5 14.6 7.30 38.2
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The more oxygen the Gd,O-; coating contains, the darker the coloration of the layer in the BSE
micrographs. The effect of the oxygen flow (sccm) on the deposition rates of Gd,O(i-; coating and
the corresponding chemical composition is provided in Table 5.25. The data indicates a high in-
consistency in the deposition rate and chemical composition with respect to the oxygen gas flow.
This will be discussed extensively in the discussion of the results. Appropriate parameters for
coatings with the chemical composition for Gd,O3 (~38 at.% Gd and ~62 at.% O) were found to
be 6 sccm oxygen with ~178 V (compare Run9). The low deposition rate of ~1.1 pm/h would be
disadvantageous for depositing a thicker Gd,O; coating (~9um) on ZrB; specimens. Therefore, a
Gd;Oq-y coating with a deposition rate of ~7.3 pm/h (~62 at.% Gd and ~38 at.% O) and a thick-
ness of ~15 um was applied on Al,Os substrates. Appropriate sputter parameters were found to
be 2.5 scem O, with ~408 V (compare Run10). To induce the crystallization and oxidation of the
GdO(1- coating into a Gd,O3 scale with cubic crystal structure, coated specimens of Run9 and
Run10 were pre-oxidized (PO) in a box furnace. Specimens were put in the hot furnace at 600°C
and subsequently quenched after 15 min in lab air.

a) b) As coated (AC)

Intensity (a.u.)

o Gd
Gradient layer <aeo, | | [ | [] [[LILLLOTTL ]
Gd203—GdiOq-i)
Substrate 20 30 40 50 60 70 80
2 0 (deg)

5 pm
=1

Fig. 5.54: a) Schematic of the applied GdO coating; b) X-ray Diffraction pattern of GdO coated Al>0;3; c) Frac-
tured cross-section of GdO coated Al203; d) Polished cross-section of GdO coated Al>O3 (water in-
duced erosion)
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The GdO(.) coating of Runl0 spalled during the heat treatment, whereas the sputtered Gd,O3
layer of Run9 withstood the heat treatment. To avoid the spallation of the Gd;O(1-) coating during
oxidation, a two-layer system was created, containing a thin intermediate Gd,Oj3 layer (~600 nm)
and an overlaying Gd,O . scale of ~11 pum thickness. As the majority of the coating is Gd/O1-»,
from now on the coating will be mentioned as GdO throughout the following section. Deposition
parameters for the GdO coating are provided in Table 5.26, Runl1. A schematic of the developed
GdO coating, the X-ray diffraction pattern, the fractured cross-section, and the polished cross-
section is presented in Fig. 5.54.

Table 5.26:  Reactive magnetron sputtering parameters for the GdO coating on ZrB:2 (compare Fig. 5.54)

Run Tirpe Power Voltage Argon Oxygen | Thickness Deposition ~ Oxygen in
(min) (W) (V) (sccm) (sccm) (um) (pm/h) scale (at.%)
90 500 190 20 4.5 0.6 0.40 59.7
Runll 30 500 190-390 20 2.5 - -
120 500 390 20 2.5 12.1 6.05 40.1

The X-ray diffraction pattern of the GdO coated specimens revealed metallic Gd (PDF01-080-
6667) and a few reflections for Gd,O3 (PDF01-083-6010). Corresponding Miller indices for the
assigned reflections were marked in the diffractogram (Fig. 5.54b). The fractured cross-section
of the GdO coated Al,O; substrate revealed a columnar grain structure (see Fig. 5.54c). The chem-
ical composition was found to be ~59 at.% Gd, ~1 at.% Al, and ~40 at.% O (Spec.D01-D02).
Polished cross-sections were not be able to prepared due to the water affinity of metallic gadolin-
ium [124, 140]. Fig. 5.54d proved the intensive reaction of the GdO coating with water during the
polishing procedure. Several spots were eroded due to the water and formed a phase with the
chemical composition for ~18 at.% Gd, and ~82 at.% O (Spec.D03). It is assumed that it might
have formed Gd(OH);, following (Equ. 3.6) [140].

a) B Oxidized at 600°C for 15 min| )
o ~
= \ § — Gd203
< o -
&) _ -D04
£ g ’ o =
gl = 4 ;! g N e
Bz ] a8 E ——
o o | 282 la=225]% & o2 B e, ;< T
I | 5 o 28lgeg), 8 28 ot -
L el 1) 3IE 3 SRS 534
u% A ONJU\‘WJLM\WM WMV A AV i
0 Gd203
20 30 40 50 60 70 80
2 O (deg)

Fig. 5.55: a) X-ray Diffraction pattern of GdO coated Al:Os after low temperature oxidation at 600°C for 15
min; b) BSE cross-sectional micrograph of oxidized GdO coating on Al>Os substrate; c) High magni-
fication micrograph of the interface zone of the GdO coating
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The pre-oxidation (PO) of the GdO coating at 600°C for 15 min has not resulted in spallation of
the coating. The X-ray diffraction pattern as well as polished cross-sections of the oxidized GdO
coating are presented in Fig. 5.55. Crystalline Gd>O;3 with a cubic phase was assigned to the re-
flections of the diffractogram (PDF01-083-6010). Corresponding Miller indices for the ¢c-Gd,O3
are marked in the diffractogram. The results of the EDS analysis are provided in Table 5.27.

Table 5.27:  EDS spot analysis of GdO coated Al:03 substrate as coated (AC) and pre-oxidized (PO) at 600°C for
15 min (compare Fig. 5.54 and Fig. 5.55)

.. (6] Al Gd Phase
Condition - Spec. | o/ (at.%) (at.%) AlGd (Estimated)
DOl |39.8 14 58.8 1.9 GO
AC D02 [40.3 L1 58.6 1.8 GO
D03 |81.6 0 18.4 0 Gd(OH);
D04 |58.7 0 413 0 Gdh0s
600°C,  nos [s8.6 0.6 4038 1.5 Gdh0s
15 min
D06 |57.4 6.5 362 15.2 (GA,ADO

The chemical composition of the oxidized GdO coating revealed ~41 at.% Gd and ~59 at.% O,
which can be assigned to Gd>03 (Spec.D04-D05). Since Gd»0;3 is not soluble in water, polished
cross-sections were prepared for the pre-oxidized specimens. Several horizontal cracks appeared
inside the oxidized coating (Fig. 5.55b). However, no cracks were observed in the sputtered Gd>O;
layer at the interface between the coating/substrate (Fig. 5.55¢). EDS analysis revealed that Al
diffused into the sputtered Gd>Os during pre-oxidation, forming a solid solution (Spec.D06). This
might be a reason for the improved adhesion and need to be considered.

5.4.2 Ramped Oxidation Experiments of GdO Coated ZrB:

GdO coated ZrB; (AC, PO) was oxidized in a tube furnace at 1500°C for 60 min using ramped
oxidation (R/C) (compare Fig. 4.10). Top-view photographs of the GdO coated specimens and
oxidized condition are presented in Fig. 5.56. The comparison between AC and PO revealed no
significant differences after high temperature oxidation. A glassy phase with a white appearance
formed in the middle of the surface and covered ~53 % of the total surface area.
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GdO coating (AC) GdO coating (PO) GdO coating (AC) GdO coating (PO)
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Fig. 5.56: a) Comparison of GdO coated ZrB: (As Coated [AC], Pre-oxidized at 600°C); b) Comparison of
GdO coated ZrB: (AC, pre-oxidized) after ramped oxidation (R/C) at 1500°C for 60 min, c¢) X-ray
diffraction pattern of GdO coated ZrB: (AC) after ramped oxidation; d) X-ray diffraction pattern of
GdO coated ZrB: (pre-oxidized) after ramped oxidation

The X-ray diffraction pattern revealed similar results for both conditions. The reflections were
assigned to m-ZrO, (PDF00-037-1484) and t-ZrO, (PDF01-079-1764). BSE micrographs of the
surface and fractured cross-section of the specimen (AC) are shown in Fig. 5.57. EDS results are
provided in Table 5.28. As visible, the surface as well as the sharp edges of the specimens were
covered by a Gd-based phase with a chemical composition of ~20 at.% Gd, ~17 at.% Zr, and
~63 at.% O (Spec.D07). ZrO> grains can be observed beneath the liquid scale (Spec.D08). The
fractured cross-section revealed the infiltration of the formed ZrO, scale (Spec.D09) (Fig. 5.57c¢-
d). The infiltration depth is marked with a blue-dashed line, whereas the red-dashed line marks
the oxidation front for ZrB; (Fig. 5.57¢). The infiltration at the sharp edge was found to be ~11 um
thick (Fig. 5.57d).
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Fig. 5.57: Top-view BSE micrographs of the oxidized edge of GdO coated ZrB: (AC): a) Overview, b) High
magnification; BSE cross-sectional micrograph of fractured surface at the edge with marked infiltra-
tion of a Gd-rich phase in porous ZrO: (blue-dashed line): c) Overview, d) High magnification

Fig. 5.58: BSE cross-sectional micrograph of fractured surface of GdO coated ZrB: (AC) after oxidation for 60
min at 1500°C, located in the center of the specimen: a) Overview,; b) High magnification at the in-
terface zone
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The Fig. 5.58 shows micrographs of the fractured cross-section of the specimen. A thick layer of
a Gd-based phase covered the center of the specimen. EDS proved a content of ~4 at.% Zr
(Spec.D11). Several globular bubbles, filled with a darkish phase (Spec.D12, oxygen content
>90 at.%) appeared in the Gd-based layer. Furthermore, the coating/substrate interface was still
intact and did not indicate any porous ZrO; scale formation. Sparsely distributed ZrO, grains were
found inside the Gd-rich phase (Spec.D10). The red dashed line marks the oxidation front of ZrB:.

The EDS data revealed a significantly increased amount of oxygen for the Gd-rich phase
(>82 at.% O, Spec.D11). Similar results can be observed for B,O; glass (Spec.D12, ~90 at.% O).
Since boron is not quantifiable via EDS, boron might be counted for oxygen and lead to the excess
of oxygen in the compositions. Therefore, it is assumed that the Gd-rich phase might be a solution
of Gd,O3 and B,Os (in the following (Gd,B)O)). A detailed explanation, assigning the phase as
(Gd,B)O is presented in the discussion.

Table 5.28:  EDS spot analysis of the oxidized GdO coated ZrB:2 (AC) after ramped oxidation (R/C) at 1500°C for
60 min (compare Fig. 5.57 and Fig. 5.58)

Condition  Spec. (C;% ) Efl% ) gt.% ) ért.% ) (Ga(ti.% ) Zr/Gd f]f:]:tsifnate d)
D07 |62.5 0 0 17.2 202 460  (Gdzno
D08 |67.7 0.3 0 309 11 9%5  Zi0s

isoec, D09 [692 0.3 0.1 293 11 963 71O

60min - h15 669 0.3 0.1 319 0.8 975 1o
DIl |82.3 0.1 0.1 36 13.9 205 (Gd,B)O+ Zr0s
DI2 902 0 0 1.2 8.6 125 BaOs

Considering the results, a pre-oxidation step was not found to be a mandatory process step for
oxidation protection by the GdO coating. Therefore, rapid oxidation experiments were performed
with GdO coated ZrB, (AC).

5.4.3 Rapid Oxidation Experiments of GdO Coated ZrB:

Top-view photographs of oxidized GdO coated ZrB, (AC) at different temperatures and for dif-
ferent exposure times are presented in Fig. 5.59. Specimens revealed a darkish surface coloration
after oxidation at 1500°C. A whitish translucent glass with several bubble inclusions formed at
the surface. The surface coverage by the glass increased with respect to the exposure time till
60 min. Dry and yellowish oxides can only be found at the sharp edges of the oxidized specimens.
At 1600°C, the dominant oxide formation at the edges could already be seen after 15 min. The
oxidation front of the yellowish oxide grew from the edges into the center of the specimens as the
oxidation time progressed. However, the center of the specimen still exhibited a dark discolora-
tion. Finally, the oxidation at 1700°C showed the yellowish oxides already after 15 min and full
coverage with the yellowish oxides after 30 minutes.
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1500°C 1600°C 1700°C

15 min

30 min

60 min

Fig. 5.59: Top-view photographs of GdO coated ZrB: after rapid oxidation (P/Q) at 1500°C, 1600°C, and
1700°C for 15 min, 30 min, and 60 min

X-ray diffraction was performed with all tested specimens. The diffraction patterns for the oxida-
tion of 15 min and 30 min are presented in Fig. 5.60. Reflections for monoclinic ZrO, (PDF00-
037-1484) and tetragonal ZrO, (PDF01-079-1764) were identified for the detected diffraction
patterns. No characteristic reflections for Gd-containing phases such as Gd,0s, Gd2Zr,0O7, or
GdB30s were observed for any experimental condition via X-ray diffraction analysis.
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Fig. 5.60: X-ray diffraction pattern of GdO coated ZrB: after rapid oxidation (P/Q) at 1500°C, 1600°C, and
1700°C: a) for 15 min; b) for 30 min, c) for 60 min at 1500°C, d) for 60 min at 1600°C

BSE top-view micrographs of tested specimens are presented in Fig. 5.61 to Fig. 5.66. The EDS
data for the analyzed surfaces are provided in Table 5.29. The oxidation for 15 min at 1500°C led
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to the formation of a comprehensive coverage with (Gd,B)O (area [O], Spec.D15). Near the sharp
edges of the specimen, ZrO, grains were mounted in (Gd,B)O (area [P], Spec.D013-D014). The
grains were found to have an average size of ~9 pm in diameter. According to the literature, the
dark areas in the BSE micrograph were identified as B,Os-rich pools [39].

Fig. 5.61: BSE top-view micrographs of the GO coated ZrB: after rapid oxidation (P/Q) at 1500°C for 15 min:
a) Overview; b) High magnification of (Gd,B)O (area [O]); ¢) High magnification of (Gd,B)O
mounted ZrO: grains (area [P])

The surface condition of GdO coated ZrB; after 30 min at 1500°C is presented in Fig. 5.62. The
center of the specimen was covered with (Gd,B)O (Spec.D16) and B,Os3 glass, revealing a darker
discoloration in the BSE micrographs. Small globular grains with an average diameter of ~2.9 pm
and a chemical composition for ~6 at.% Gd, ~12 at.% Zr, and ~82 at.% O (area [Q], Spec.D19)
were found inside the B>Os; glass. ZrO;, grains with a chemical composition of ~1 at.% Gd,
~34 at.% Zr, and ~65 at.% O were found near the sharp edges of the specimen (area [R],
Spec.D17). The grains are enclosed in (Gd,B)O (Spec.D18).

Fig. 5.62: BSE top-view micrographs of the GO coated ZrB: after rapid oxidation (P/Q) at 1500°C for 30 min:
a) Overview; b) High magnification of (Gd,B)O (area [Q]); ¢) High magnification of (Gd,B)O
mounted ZrO: grains (area [R])

After 15 min at 1600°C, the surface was covered by B,Os glass as presented in Fig. 5.63. Arbi-
trarily shaped ZrO- grains with a chemical composition of up to ~6 at.% Gd, ~19 at.% Zr, and
~75 at.% O were found in the glass (Spec.D20-D21).
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Fig. 5.63: BSE top-view micrographs of the GdO coated ZrB: after rapid oxidation (P/Q) at 1600°C for 15 min:
a) Overview; b) High magnification micrograph of exposed ZrO: grains at the surface

After the exposure of 30 min at 1600°C the GdO coated ZrB: still revealed B.Os glass at the
surface (Fig. 5.64). However, the content of B>O3; decreased compared to the exposure of 15 min,
whereas the amount of exposed ZrO; grains increased. The grains of ZrO» revealed a chemical
composition for ~1 at.% Gd, ~38 at.% Zr, and ~61 at.% O (Spec.D22). Globular particles with an
average diameter of ~2 pm were found within the B,Os glass. The grains contained ~11 at.% Gd,
~7 at.% Zr, and an increased amount of ~82 at.% O (Spec.D17).

Fig. 5.064: BSE top-view micrographs of the GdO coated ZrB: after rapid oxidation (P/Q) at 1600°C for 30 min:
a) Overview; b) High magnification micrograph of exposed ZrO: grains at the surface.

A clear difference in the surface appearance was visible after 15 min at 1700°C compared to the
specimens oxidized at 1500°C or 1600°C for similar exposure time. As presented in Fig. 5.65, the
exposure of 15 min at 1700°C led to a dry surface, covered with ZrO, and crystals of a Gd-rich
phase. Further, the oxidized surface revealed a wavy surface with several cracks. Observed cracks
were found to be filled with residual B,Os. The dry surface contained ZrO, with a chemical com-
position for ~2 at.% Gd, ~30 at.% Zr, and ~68 at.% O (Spec.D24). Further, a Gd-rich phase with
an engraved surface appearance covered the ZrO,. The chemical composition of the Gd-rich phase
was measured as ~34 at.% Gd, ~3 at.% Zr, and ~63 at.% O (Spec.D25).
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Fig. 5.65: BSE top-view micrographs of the GdO coated ZrB: after rapid oxidation (P/Q) at 1700°C for 15 min:
a) Overview; b) High magnification micrograph of exposed ZrO: grains with Gd20s crystals at the
surface

The surface condition after 30 min can be seen in Fig. 5.66. The amount of the Gd-rich phase on
the surface decreased significantly by time at 1700°C. Several pits with a Gd-containing phase
were present at the surface. ZrO; grains with a chemical composition of ~1 at.% Gd, ~29 at.% Zr,
and ~70 at.% O (Spec.D27) revealed an average diameter of ~61 pm. Residual Gd-rich phase
fields with a chemical composition of ~18 at.% Gd, ~18 at.% Zr, and ~64 at.% O (Spec.D26)
were present at the surface. Furthermore, high magnification proved the presence of residual B>O;
at the grain boundaries.

Fig. 5.66: BSE top-view micrographs of the GO coated ZrB: after rapid oxidation (P/Q) at 1700°C for 30 min:
a) Overview; b) High magnification micrograph of exposed ZrO: grains and (Gd,Zr)O phase fields at
the surface

In the following, BSE cross-sectional micrographs of the oxide scales of GdO coated ZrB, after
rapid oxidation (P/Q) will be presented. The micrographs were always taken in the center of the
specimens. The red-dashed lines mark the oxidation front of the ZrB,, whereas the blue-dashed
line marks the transition from the reaction scale RS to the porous ZrO, scale PS.
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Table 5.29:  EDS spot analysis of the oxidized surfaces of GAO coated ZrB: after rapid oxidation (P/Q) at 1500°C,
1600°C, and 1700°C for 15 min and 30 min (compare Fig. 5.61 to Fig. 5.66)

.. (6] Hf w Zr Gd Phase
Condition  Spec. | oiopy (%) (at%)  (@%)  (at%) Z/Gd - Btimated)
DI3  |65.8 0 0 33.1 11 96.8 7r0;
1500°C, 14 (804 0.1 0.1 6.9 12,5 35.6 (Gd,B)O+ ZrO»
15 min
DI5  {80.0 0.1 0 7.6 123 382 (Gd,B)O
DI6  |803 0.1 0 83 113 423 (Gd,B)O+ ZtO2
isooec, P17 |644 0.4 0 342 0.8 97.7 70;
0min hie 625 0 0.1 17.2 20.2 46.0 GdaZr07
D19 [822 02 0 12.0 5.6 68.2 (Gd,B)O+ ZrO»
100°c, D20 756 02 0.1 18.5 55 77.1 70,
15 min D21 |75.6 0.3 0 21.0 3.1 87.1 7102
16o0rc, D22 [612 0.4 0 37.7 0.7 98.2 710,
30min hy3 818 0.1 0.1 6.6 11.4 36.7 (Gd,B)O+ ZrO»
1700°c, D24 684 0.4 0 295 1.7 94.6 70;
15 min D25 |62.4 0.1 0.1 32 34.2 8.5 Gd203
1700°c, D26 633 0.1 0.8 17.7 18.1 49.4 GdrZr07
30min hyg o 69.4 03 0.1 28.9 13 95.7 7:0;

Cross-sections of GdO coated ZrB, tested at 1500°C for different exposure times are presented in
Fig. 5.67. EDS results for the tested specimens are provided in Table 5.30. The oxide scale con-
sisted of a (Gd,B)O layer with a thickness of ~226 um and a chemical composition of ~11 at.%
Gd, ~9 at.% Zr, and ~80 at.% O (Spec.D28). The interface zone of the coating/substrate revealed
no visible oxidation for the substrate. This reflected the fact that no porous ZrO; scale was formed
and the (Gd,B)O layer was in direct contact with the ZrB; substrate. Sparsely distributed dendrites
of ZrO, were present in the (Gd,B)O phase. The chemical composition for these dendrites was
found to be ~4 at.% Gd, ~33 at.% Zr, and ~63 at.% O (Spec.D29, Spec.D30).

The layer thickness of the (Gd,B)O scale increased to ~322 um after 30 min of oxidation (Fig.
5.67b). The chemical composition corresponded to ~11 at.% Gd, ~9 at.% Zr, and ~80 at.% O
(Spec.D31). Several bubbles with a diameter of up to 39 um were found in the lower sections of
the (Gd,B)O scale. Similar to the oxide scale after 15 min at 1500°C, no porous ZrO, scale was
found at the interface zone, indicating the prevention of the oxidation of the ZrB; substrate. Sev-
eral ZrO, grains with a diameter of ~9 pm and a chemical composition of ~1 at.% Gd, ~36 at.%
Zr, and ~63 at.% O were found inside the (Gd,B)O phase (Spec.D32). The chemical composition
for the (Gd,B)O phase at the interface zone revealed a composition of ~13 at.% Gd, ~3 at.% Zr,
and ~84 at.% O at the interface zone (Spec. D33). In contrast, the (Gd,B)O layer at the uppermost
section revealed a composition for ~10 at.% Gd, ~9 at.% Zr, and ~81 at.% O (Spec. D31).
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Finally, the oxidation for 60 min at 1500°C revealed a ZrO, layer, containing large grains with an
average size of ~12 pm at the interface zone of the coating/substrate (Fig. 5.67¢-f). The chemical
composition of the ZrO, grains was measured as ~36 at.% Zr and ~64 at.% O (Spec.D36). The
(Gd,B)O scale was ~241 pm thick and revealed a chemical composition for~13 at.% Gd, ~5 at.%
Zr, and ~82 at.% O (Spec.D34). Porous ZrO; can be observed at the former interface of the coat-
ing/substrate as well as several ZrO, grains with a diameter of ~12 um. The uppermost section of
the porous ZrO; is infiltrated by the (Gd,B)O phase, revealing a ~14 at.% Gd, 4 at.% Zr, and
~82 at.% O (Spec.D35).

— B ¢ ZtB. —— ~ ZB: — .  ZB2

Fig. 5.67: BSE cross-sectional micrographs of GdO coated ZrB: after rapid oxidation (P/Q) at 1500°C: a-b) for
15 min; c-d) for 30 min; e-f) for 60 min

As mentioned above, a variation in Zr-content within the (Gd,B)O phase near the interface zone
and at the uppermost section of the oxide scale was observed. BSE micrographs with increased
contrast and acceleration voltage of 30 kV of the tested specimen for 30 min at 1500°C are pre-
sented in Fig. 5.68. The contrast information enables a clear differentiation of the two distinct
(Gd,B)O solutions. The uppermost section appeared darker and contained ~9 at.% Zr (Spec.D37).
The bright contrast indicates a (Gd,B)O phase near the interface zone, containing only ~4 at.% Zr
(Fig. 5.68, Spec.D39). Interestingly, the Zr-content in the (Gd,B)O decreased in the presence of
ZrO; grains/dendrites, which formed near the former interface zone of the coating/substrate
(marked with a yellow dashed line).
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Table 5.30:  EDS spot analysis of GO coated ZrB: after rapid oxidation (P/Q) at 1500°C for 15 min, 30 min, and
60 min (compare Fig. 5.67)

. o Hf w Zr Gd Phase
Condition  Spec. | . o/ @%)  (@%)  (at%) (at.%) 20Gd (B timated)
D28 |80.1 0 0 8.8 11.1 442 (Gd,B)O+ZrO>
ISOO.C’ D29 |62.7 0.3 0 34.0 3.0 91.9 ZrOs
15 min
D30 |[62.9 0.1 0 32.8 42 88.6 Zr02
D31 [80.6 0.1 0 8.7 10.6 45.1 (Gd,B)O+ZrO»
1500°C, p3y (630 0.4 0 36.1 0. 98.6 7102
30 min
D33 |82.8 0.1 0 3.7 134 21.6 (Gd,B)O+ZrO2
D34 |82.1 0 0 4.7 132 26.3 (Gd,B)O+ZrO2
1500. C, D35 |82.1 0 0.1 4.0 13.8 22.5 (Gd,B)O+ZrO2
60 min
D36 [62.9 0.4 0 36.4 0.4 98.9 ZrOs
Fig. 5.68: BSE cross-sectional micrograph with increased contrast information of GdO coated ZrB: after rapid

oxidation (P/Q) at 1500°C for 30 min

A fractured cross-section of the tested specimen for 60 min at 1500°C was analyzed to observe
the globular bubbles inside the (Gd,B)O scale. The results are presented in Fig. 5.69. The micro-
graphs expressively demonstrate the presence of B,Os inside the globular bubbles. The chemical
composition revealed ~98 at.% O, ~1 at.% C, and traces of Zr and Gd (Spec.D41). The chemical
composition demonstrates that the filling is no carbon-based polymer. Furthermore, the bubbles
are closed and not connected (no porous network), which prevents any infiltration by the embed-
ding material. Therefore, the filling is assigned as B,Os glass. In addition, sparsely distributed
dendrites of ZrO, were found in the B,Os bubbles (Spec.34). EDS results of the analyzed cross-
sections (Fig. 5.68, Fig. 5.69) are provided in Table 5.31.

114



Chapter 5 | Results

Fig. 5.69: Fractured cross-section of GdO coated ZrB: after rapid oxidation (P/Q) at 1500°C for 60 min: a)
Overview of B20:; filled bubble in (Gd,B)O scale; b) High magnification of ZrO: dendrites in the
B203-filled bubbles

Table 5.31:  EDS spot analysis of GO coated ZrB: after rapid oxidation (P/Q) at 1500°C for 30 min and 60 min
(compare Fig. 5.68 and Fig. 5.69)

.. (0] Hf W Zr Gd Phase
Condition - Spec. | o/ @%)  (@%)  (at%) (at.%) 20Gd - Egimated)
D37 |73.4 0 0 9.1 17.5 342 GdsZr:07
1500°C, 3 180.0 0 0 32 17.8 152 (Gd,B)O+Z10>
30 min
D39 |635 0 0 365 0 100 710
isopec, D40 [858 0 0 1.6 22 84.1 710
60min 141 logg 0 0 0 0 - B.0s

TEM analysis was performed for the GdO coated ZrB; specimen (AC), oxidized for 30 min at
1500°C. The lamella was prepared near the former coating/substrate interface to analyze the
formed ZrO; grains in the (Gd,B)O phase (compare Fig. 5.68). A HAADF micrograph of a single
Zr0O, grain, embedded in the (Gd,B)O phase, is presented in Fig. 5.70. STEM-EDS results are
provided in Table 5.32 and revealed a chemical composition of ~39 at.% Zr and ~61 at.% O for
the ZrO, grains (Spec.D42) as well as ~18 at.% Gd, ~4 at.% Zr, and ~78 at.% O for the (Gd,B)O
phase (Spec.D43). Interestingly, no reaction zone was observed at the interface of the ZrO,
grain/(Gd,B)O phase (no core-shell structure). Electron diffraction patterns for the ZrO, grain are
presented in Fig. 5.71 (Diffraction VII and VIII). Both diffraction patterns were assigned to m-
Zr0». No diffraction reflections were detected for the (Gd,B)O phase (Fig. 5.71b, Diffraction IX).
The result indicates an amorphous structure for the (Gd,B)O and aligns with the lack of reflections
for Gd-containing phases via X-ray diffraction (compare Fig. 5.60). These results will be dis-
cussed extensively in the discussion section.
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(Gd,B)O

Fig. 5.70: TEM HAADF micrographs of GdO coated ZrB: after rapid oxidation at 1500°C for 30 min: a) Over-
view of the TEM lamella with ZrO: grain in the (Gd,B)O phase; b) High magnification micrograph of
the analyzed area with marked points for electron diffraction (Diffraction VII-1X)

S nm
—

Fig. 5.71: Electron diffraction pattern of the ZrO: grain inside the (Gd,B)O phase after rapid oxidation (P/Q) at
1500°C for 30 min: a) Diffraction VII, indicating m-ZrO2,; b) Diffraction VIII, indicating m-ZrO:

Table 5.32:  STEM-EDS spot analysis of the TEM lamella of GdO coated ZrB: after rapid oxidation (P/Q) at
1500°C for 30 min (compare Fig. 5.70)

.. Hf w Zr Gd Phase
Condition - Spec. | 0 o/ @%)  (@%) (%) (at.%) Z0Gd - Egimated)
isoec, D42 [612 0 0 38.8 0 100 710,
30min - pgs 781 0 0 38 18.1 17.4 (Gd,B)O
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The BSE cross-sectional micrographs of the specimens oxidized at 1600°C for 15 min to 60 min
are presented in Fig. 5.72. Associated EDS results are provided in Table 5.33. A ~25 pm thick

porous ZrO; scale (PS) formed after 15 min of exposure. The porous ZrO, scale was covered by
areaction scale (RS), consisting of (Gd,B)O with a chemical composition of ~16 at.% Gd, ~6 at.%
Zr, and ~78 at.% O (Spec.D44). Enlarged grains of ZrO, with a chemical composition of ~37 at.%
Zr and ~63 at.% O (Spec.D45) were present in the reaction scale. The thickness of the reaction
scale was found to be ~41 um in thickness.
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Fig. 5.72: BSE cross-sectional micrographs of GdO coated ZrB: after rapid oxidation (P/Q) at 1600°C: a-b) for
15 min; c-d) for 30 min; e-f) for 60 min

After 30 min at 1600°C (Fig. 5.72¢-d) the reaction scale revealed a thickness of ~88 um and con-
sisted of (Gd,B)O with a chemical composition of ~15 at.% Gd, ~4 at.% Zr, and ~81 at.% O
(Sped.D46). Grains of ZrO, with a composition for ~37 at.% Zr and ~63 at.% O (Spec.D47) were
embedded in the (Gd,B)O phase. The reaction scale covered a porous ZrO, scale of ~33 um in
thickness (Spec.D48). Further, enlarged pores/holes were found within the reaction scale. The
holes revealed a diameter of up to ~73 um.

Finally, the exposure of 60 min at 1600°C (Fig. 5.72¢-f) led to the formation of a reaction scale
with a thickness of ~82 um, covering a porous oxide scale of ~120 um thick. Enlarged grains
with the composition of ~37 at.% Zr and ~63 at.% O were identified as ZrO; grains (Spec.D50).
Residual spots with (Gd,B)O were found at the surface and along the grain boundaries of enlarged
Z10O; grains, revealing a composition for ~18 at.% Gd, ~11 at.% Zr, and ~71 at.% O (Spec.51).
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Furthermore, sparsely distributed grains with the composition for ~13 at.% Gd, ~5 at.% W,
~4 at.% Zr, and ~78 at.% O were found at the uppermost section of the reaction scale (Spec.D49).

Table 5.33:  EDS spot analysis of GO coated ZrB: after rapid oxidation (P/Q) at 1500°C for 15 min, 30 min, and
60 min of oxidation (compare Fig. 5.72)

.. (0] Hf \\% Zr Gd Phase
Condition  Spec. | 1 o4 @%)  (@%)  (at%) (at.%) 206G Egimated)
looec, DM |789 0.1 0 5.5 15.5 262 (Gd,B)O+Zr0s
ISmin s 16 03 0 37.4 0.2 99.5 7r0;

D46 |80.9 0.1 0 36 15.4 18.9 (Gd,B)O+Z10>
1600°C, 47 [622 0.4 0 37.1 03 99.2 710,
30 min

D48 |62.1 0.5 0.1 372 0.1 99.7 7r0s

D49 |77.4 0.1 5.0 42 13.3 24.0 (Gd,W.Zr)O
1600°C, sy [ 62.4 0.5 0 368 03 99.2 710,
60 min

D51 |708 0.1 0 11.4 17.5 39.4 GdsZr:07

TEM analysis was performed for the GdO coated ZrB, specimen after oxidation for 30 min at
1600°C, revealing a porous and dense ZrO, scale as described above. The prepared lamella for
the specimen can be seen in Fig. 5.73. The lamella contained two particular areas of interest. Area
[S] represents the porous ZrO, scale (PS), covering the unoxidized ZrB, substrate. Area [T] shows
the densified ZrO, scale at the uppermost section of the reaction scale (RS).

v

w\ku -~
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e e

Fig. 5.73: TEM HAADF micrographs of GdO coated ZrB: after rapid oxidation (P/Q) at 1600°C for 30 min;
Overview of the lamella with an area for porous ZrO: (area [S]) and for dense ZrO: (area [T])

HAADF micrographs of the area [S] and the area [T] are presented in Fig. 5.74. Detailed STEM-
EDS results are provided in Table 5.34. Arbitrary-shaped crystals were found in the porous ZrO,
scale (area [S]). The pores inside the PS were found to be ~0.5 pm in diameter. A micrograph
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with increased magnification of the porous scale is presented in Fig. 5.74b. Fine pores of several
nanometers were found in area [U]. The porous area contained a chemical composition of
~37 at.% Zr and ~63 at.% O (Spec.D52).

In contrast, the dense reaction scale in the area [T] revealed two pores with a diameter of ~1.8 um.
These are the only pores, found in the dense reaction scale of the analyzed area [T]. A micrograph
with increased magnification of area [W] is presented in Fig. 5.74d. Parallel domains can be ob-
served with a wide of up to ~285 nm. No other defects were found in the analyzed area [W].

Fig. 5.74: HAADF micrographs of the TEM lamella of GdO coated ZrB: after rapid oxidation (P/Q) for 30 min
at 1600°C: a) Porous ZrO: scale (PS) (area [S]); b) Dense ZrO: scale (RS) (area [T]); c) High mag-
nification micrograph of porous ZrO: scale (PS) with marked SAED (RS) (area [U]); d) High magni-
fication micrograph of dense ZrO: scale (RS) with marked SAED (area [W])
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The electron diffraction pattern for the porous ZrO, scale and the dense reaction scale are pre-
sented in Fig. 5.75 and Fig. 5.76. In both cases, a Debye-Scherrer diffraction of multiple grains

was performed to analyze the orientation of the crystals. Furthermore, a SAED of a single crystal
was taken to assign the crystal structure. STEM-EDS results are provided in Table 5.34.

—

Fig. 5.75: Electron Diffraction of the porous ZrO: scale (PS) of GdO coated ZrB: after rapid oxidation (P/Q)
for 30 min at 1600°C (compare Fig. 5.76b, area [U]): a) Debye-Scherrer diffraction of multiple
grains with ring-type reflection (Diffraction X); b) SAED pattern with indicated m-ZrO:

P

Fig. 5.76: Electron Diffraction of the dense ZrO: scale (RS) of GdO coated ZrB: after rapid oxidation (P/Q) for
30 min at 1600°C (compare Fig. 5.76d, area [W]): a) Debye-Scherrer diffraction of multiple grains
with linear-type reflection (Diffraction XII); b) SAED pattern with indicated m-ZrO:
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Table 5.34:  STEM-EDS spot analysis of the TEM lamella of GdO coated ZrB: after rapid oxidation (P/Q) at
1600°C for 30 min of oxidation (compare Fig. 5.74)

.. (0] Hf W Zr Gd Phase
Condition  Spec. |\ o4 @%)  (@%)  (at%) (at.%) 20Gd - Eimated)
16o0ec, D2 |636 0 0 36.4 0 100 710
30min ey feag 0.1 0 37.1 0 100 710;

The Debye-Scherrer diffraction pattern of the porous ZrO, can be seen in Fig. 5.75a. The pattern
revealed a ring-type reflection (Diffraction X). This indicates multiple orientations of the dif-
fracted crystals. The SAED pattern for a single crystal is presented in Fig. 5.75b. The reflection
pattern was assigned for m-ZrO, (Diffraction XI), considering the STEM-EDS results
(Spec.D52). In contrast, Fig. 5.76a shows the Debye-Scherrer diffraction pattern of the parallel
domains inside the dense ZrO, reaction scale. The pattern revealed a linear-type reflection (Dif-
fraction XII). This indicates similar crystal orientation for the parallel domains and might imply
twinning in the dense reaction scale. However, the SAED pattern of a single domain is presented
in Fig. 5.76b. The pattern was assigned to m-ZrO, (Diffraction XIII), considering the STEM-EDS
results (Spec.D53).

L]

10 um 10 pm
1 . ; 7505

Fig. 5.77: BSE cross-sectional micrographs of GdO coated ZrB: after rapid oxidation (P/Q) at 1700°C: a-b)
after 15 min; c-d) after 30 min, e-f) fractured cross-section after 30 min
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Finally, the cross-sections of the GdO coated ZrB, (AC) after 15 min and 30 min at 1700°C are
presented in Fig. 5.77. The associated EDS results are provided in Table 5.35. No comprehensive
layer of (Gd,B)O was found after 15 min of oxidation. However, a dense reaction scale of ~38 um
in thickness consisted of enlarged ZrO, grains with a chemical composition for~37 at.% Zr and
~63 at.% O (Spec.D54). Sparsely distributed grains with a size up to ~3 um were incorporated in
the dense reaction scale. The EDS analysis revealed a chemical composition for ~2 at.% Gd,
~27 at.% W, and ~71 at.% O (Spec.D55).

The exposure of 30 min (Fig. 5.77¢c-d) led to an increase in the thickness of the reaction scale to
~72 um and contained enlarged ZrO, grains (Spec.D57). Residuals of a Gd-containing phase
could be found at the grain boundaries of the enlarged ZrO, grains. The chemical composition
was measured as ~16 at.% Gd, ~15 at.% Zr, and ~69 at.% O (Spec.D56). The fractured cross-
section of the specimen revealed several B,O;s-filled porosities in the reaction scale (Fig. 5.77 e-
f). Finally, a thin and detached ZrO, layer (~10 pm) formed at the uppermost section. As this
layer was separated by a large gap (~73 pum) it was not considered as the reaction scale.

Table 5.35:  EDS spot analysis of GdO coated ZrB: afier rapid oxidation (P/Q) at 1700°C for 15 min and 30 min
of oxidation (compare Fig. 5.77)

.. O Hf W Zr Gd Phase
Condition  Spec. | ¢ o4 (at%)  (at%) (at.%) (at.%) Zr/Gd (Estimated)
1700°c, D34 |62.5 0.5 0 36.8 0.2 99.5 710,
I3min s 1906 0 27.4 0 2.0 0 WOs3
1700°c, D6 |71.0 0.1 0.2 15.2 15.5 49.5 GdaZr07
30min g 161 0.4 0 377 0.2 99.5 7:0s

5.4.4 Kinetic Calculations of GdO Coated ZrB:

The oxide scale architecture formed on GdO coated ZrB; can be subdivided into a reaction scale
(RS), containing (Gd,B)O liquid, Gd>O3 and/or dense ZrO, as well as an underlying porous ZrO,
scale (PS). The average thicknesses of the reaction scale, the porous ZrO, scale, and the total
oxide scale TS were measured as described in Fig. 4.13. The percentage of porous ZrO, scale
thickness to the total oxide scale thickness was determined and the parabolic oxidation rate con-
stant for the porous ZrO, scale was calculated for each tested specimen. All the results are pro-
vided in Table 5.36.
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Table 5.36: Oxide scale thickness and calculated parabolic rate constant of GdO coated ZrB: for the porous ZrO:
scale after rapid oxidation (P/Q)

.. Time RS PS TS PS/TS
Condition Temperature . In(K;
P (min) ____ (um) (um) (um) %) (Kres)
15 226 0! 226 0 0?
1500°C 30 322 0? 322 0 0?
60 241 18 259 6.9 5.8
15 41 25 66 37.8 7.8
GdO coated (AC)
1600°C 30 88 33 121 27.3 7.7
60 82 120 202 59.4 9.6
15 38 107 145 73.8 10.7
1700°C
30 72 162 234 69.2 10.9
a) b) Exposure temperature T (°C)
1700 1650 1600 1550 1500
6E+4 1 1 1 1 1
1 1500°C
] 1600°C
2 SEH 1 —a—1700°C
32 1
2 4E+4 ]
g ] =
£ 3E+4 1 =
5 £
3
% 2E+4
3
x
© 1E+4
0E+0 4 —
0 15 30 45 60
Exposure time (min) Exposure temperature 100,000/T (1/K)
Fig. 5.78: a) Porous ZrO: oxide scale thickness squared vs. the exposure time; b) Arrhenius plot for the oxida-
tion of GdO coated ZrB: for 15 min, 30 min, and 60 min at different temperatures between 1500°C to
1700°C

The porous ZrO; scale squared over the exposure time is presented in Fig. 5.78a. According to
the differentiation equation of linear-parabolic oxidation kinetics by Deal and Grove, the squared
oxide scale thickness enables the determination of the parabolic rate constant (Fig. 2.11, Equ.
2.14) [70, 138]. Hereby, the slope of the plots corresponds with the oxidation rate constant. As
visible in Fig. 5.78a, protection against oxidation was achieved for an exposure of up to 30 min
at 1500°C. Further exposure increased the oxidation rate constant. At 1600°C, the oxidation fol-
lows parabolic oxidation with significantly reduced parabolic rate constants up to 30 min of

! Parabolic rate constant Kp (um/min) was set to 1 (In(1)=0) to conform with the mathematical
laws for calculating the kinetics and activation energies (for conditions without evaluable PS)
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exposure (steady slope). A transition of the oxidation process can be seen after 30 min of oxidation
(abrupt increase of the rate constant). Finally, the oxidation at 1700°C follows constant parabolic
oxidation kinetics up to 30 min of oxidation with increased rate constants compared to the oxida-
tion at 1500°C and 1600°C.

Further, the activation energies for the oxidation process in the temperature regime of 1500°C to
1600°C and 1600°C to 1700°C for 15 min, 30 min, and 60 min were calculated by using Equ.
2.15. The results are provided in Table 5.37. Further, Fig. 5.78b presents an Arrhenius plot, which
visualizes the calculated activation energies (corresponds with the slope of the plots, compare Fig.
2.10c). Similar activation energies were found for the exposure times of 15 min and 30 min in
the temperature regime of 1500°C to 1700°C (identical oxidation rate constants were calculated).
An enhanced dependency of the oxidation rate constants on the temperature can be seen in the
regime of 1500°C to 1600°C, which corresponds with increased activation energy (increased
slope of the plots)

The activation energies decrease in the temperature regime of 1600°C to 1700°C (flatter slope).
However, the oxidation rate constants increase with respect to the temperature and indicate an
acceleration of the oxidation. The reason for this peculiar behavior will be thoroughly argued in
the discussion section.

Table 5.37: Calculated activation energies of GdO coated ZrB: for rapid oxidation (P/Q) in the temperature re-
gime of 1500°C to 1600°C and 1600°C to 1700°C for 15 min, 30 min, and 60 min

Exposure Time EA1500-1600 EA1600-1700
(min) (kJ/mol) (kJ/mol)
15 2161 894

GdO coated (AC) 30 2123 978
60 1048 -
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6 Discussion
6.1 Effect of HfO; Coatings on ZrB;

This section is based on the published paper “Hafnium oxide coating to improve the oxidation
behavior of zirconium diboride” (https://doi.org/10.1016/j.jeurceramsoc.2024.116774) by Forster
et al. Content and texts may differ in part from the publication [137].

6.1.1 Processing of Reliable HfO: Coatings on ZrB:

6.1.1.1 Reactive Sputtering of HfOz Coatings on ZrB:

Considering the model for reactive sputtering by Berg et al., the sputtering rate and consequently
the deposition rate on the substrate decreases with increasing oxygen gas flow. This can be ex-
plained by the formation of oxides at the target surface (poisoning) with a decreased sputtering
rate (compare Fig. 2.18, Equ. 2.23, Equ. 2.24). Thereby, an abrupt drop in the sputtering condition
can be seen at a specific oxygen flow [103-105]. Regarding the parameter study of reactive sput-
tered HfO; coatings (Fig. 5.5), the forecasted progression of the deposition rate by Berg et al. can
be observed for the reactive sputtered HfO, coatings. An oxygen gas flow of ¢o,=4-5 sccm in-
duced an abrupt drop in the deposition rate (Fig. 5.6). Gas flows >5 sccm led to oxidic sputtering
conditions with a low deposition rate of ~2 pm/h and a chemical composition for HfO, (Fig. 5.7,
Spec.B1). Gas flows <4 sccm revealed metallic-like coatings with an oxygen deficit of <32 at.%
and a deposition rate of ~7 um/h. As mentioned in the literature, reactive sputtering processes can
not be controlled reliably by the oxygen gas flow rather than with the partial pressure of oxygen
(pO») during sputtering (Fig. 2.19b) [105]. Since the measurement of the partial pressure was not
possible during the deposition, the reactive sputtering process was performed with 5 sccm and
extended processing time of ~240 min (oxidic sputtering parameters, poisoned target). Coating
experiments with 5 sccm have been carried out multiple times (Run2-Run4) to verify the repro-
ducibility with a constant deposition rate of ~2 um/h (Table 5.3). Working exclusively in the
oxidic area with a poisoned target ensured constant sputtering conditions of full oxidized HfO»,
forming an oxidic coating at the substrates (compare Fig. 2.19).

Surface preparation plays an important role in the adhesion of thin PVD magnetron sputtered
coatings. This depends on the combination of the substrate and coating material [106]. A signifi-
cant effect of the surface roughness of ZrB, on the adhesion of the reactive magnetron sputtered
coating can be observed for the combination of HfO,/ZrB,. Whereas polished surfaces (3 um grit
size) caused spallation of the applied HfO, coating after exposure to the atmosphere, ground sur-
faces (10 um grit size) prevented the spallation. The reactive sputtered HfO, coating might an-
chors physically into the rough surface of the substrate, which increases the adhesive strength at
the coating/substrate interface and prevents spallation after exposure to atmosphere. It is hypoth-
esized that certain surface roughness for the substrate must be provided for HfO, coatings to en-
sure adequate adhesion. More roughness might lead to the spallation of the coating by inducing
internal stresses inside the coating [101, 137]. Further investigation needs to be carried out for
HfO; coatings on ZrB; and other diboride-based materials for detailed information about the ef-
fect of the roughness.

125



Chapter 6 | Discussion

6.1.1.2 Vacuum-annealing of HfO2 Coated ZrB: at ~1800°C

The X-ray diffraction pattern of the HfO: coatings on ZrB; revealed widened reflection peaks for
m-HfO,, which might indicate a semi-crystalline coating (see Fig. 5.7a). According to Berg et al.,
reactively sputtered coatings usually consist of chemically reacted compounds (i.e. HfO,) and a
non-crystallized solid solution of the target material, doped with the reactive gas (i.e. HfO,) [103-
105]. To induce crystallization of the reactive sputtered coating, vacuum-annealing was per-
formed in a graphite furnace. The distinct reflection peaks for the X-ray diffraction pattern after
vacuum-annealing proved the crystallization process during the annealing procedure (Fig. 5.9a).
Contrary to the expectations, it formed oxygen-doped HfC (HfC084O0.16)) instead of m-HfOs.
Various species of HfCO were revealed by cross-sectional analysis and EDS (Fig. 5.9b,
Spec.B02-B04). The assumed mechanisms during vacuum-annealing of HfO, coated ZrB: is pre-
sented in Fig. 6.1, considering the loss of oxygen during ramping [137].

Santucci et al. investigated the behavior of reactive sputtered WOs3 films during vacuum heat
treatment at temperatures >300°C. Weakly linked oxygen in the reactive sputtered coating left the
system during vacuum heat treatment and induced the reduction of the oxide scale [141]. A similar
effect was observed for Nb,Os coatings during vacuum heat treatment at 300°C for 30 min [112].
Further, Rodenbiicher et al. investigated the formation of HfC by oxygen-doped HfO, layers at
700°C. Oxygen vacancies in the oxygen-doped HfO, reduced the needed activation energy for the
reaction of HfC [142]. The sublimation of graphite particles during vacuum-heat treatment in the
range of 1500°C to 1900°C was observed by Long et al. In consideration, this might admit the
following process for HfO, coatings on ZrB, during vacuum-annealing in a graphite furnace. The
ramping procedure in vacuum (~5°C/min, compare Fig. 4.6) might induce the loss of weakly
bonded oxygen in the reactive sputtered HfO, coating. This would explain the significant reduc-
tion of oxygen from initial ~65 at.% (AC, Fig. 5.7b, SpecB01) to ~5 at.% (VA, Fig. 5.9b,
Spec.B02-B05). Free carbon could form during vacuum heat treatment at 1800°C' by the subli-
mation of carbon particles of the graphite furnace parts. The oxygen-doped HfO, coating would
be carburized and form HfCO. A general reaction an concept for the formation of a HfCO scale
by an oxygen-doped HfOx coating during vacuum-annealing in a graphite furnace is proposed by
Equ. 6.1 (compare Fig. 4.6) [137].

! Compare Fig. 4.6, vacuum-annealing. The process was carried out for 60 min at 1800°C and for
180 min at 1750°C due to a malfunction of the thermocouple
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Fig. 6.1: Proposed model for the formation of a multi-phase HfCO scale during vacuum-annealing of HfO:

coated ZrB: in a graphite furnace: a) Reduction and carburization of the HfO: coating during ramp-
ing procedure (T~1500°C); b) Diffusion of HfCO along the grain boundaries of ZrB: and solid solu-
tion formation (T~1800°C); ¢) Vacuum-annealed HfO: coating at atmosphere (T~20°C)

HfOx +C - HfC(l—h)Oxk + Cho(x—xk) Equ 6.1

with [x€R | 0 <x <2],[h€R |0 < h < 1], [kER |0 < k < 1] inducing the formation of free Hf (x=2,
h=1, k=0), HfC (x=2, h=0, k=0), or HfCO. (E.g. HfC(().g4)O(0_16) (x=0.32, h=0.16, k:0.5).

The reaction of HfO, and C (Equ. 6.1) is depicted Fig. 6.1a. EDS analysis confirmed the presence
of Zr inside the HfCO scale as well as the presence of Hf-rich phases along the grain boundaries
of the ZrB; grains near the interface zone. This might emphasize the diffusion of Zr cations into
the HfCO scale as well as the diffusion of Hf cations into the ZrB, along the grain boundaries
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during vacuum-annealing. Boron can not be quantified via EDS in a reliable way. However, the
diffusion of boron into the HfCO scale can not be excluded. The diffusion of Zr and B (repre-
sented as ZrB; in the schematic) into the HfCO scale is illustrated in Fig. 6.1b [137].

The ternary phase diagram of the system Hf-Zr-B was investigated by Pan et al. and proves the
formation of a boron-based solid solution (HfysZros)B, in the temperature range of 597°C to
3230°C. Below 597°C the solid solution decomposes into HfB, with a solubility of ~11 at.% Zr
as well as ZrB; with a limited solubility of up to ~6 at.% Hf [143]. Minor reflections in the X-ray
diffraction pattern of vacuum-annealed specimens indicated the presence of ZrB,, HfB: or a bo-
ron-based solid solution of Zr and Hf (Fig. 4.2b, Fig. 5.9a). According to the EDS analysis, a
corresponding chemical composition (Hf(1-4)Zr.)B> might form along the grain boundaries of the
ZrB, substrate (Fig. 5.9b, Spec.B05). The formation of mixed borides and zirconium containing
carbonates is proposed Equ. 6.2 [137].

HfCO + ZrB, — Hf(1_y)Z1,B; + Hf,, Z1(1_,,CO Equ. 6.2

with [y€R | 0 <y < 1] inducing HfB, and ZrCO (y=0), ZrB> and HfCO (y=1, no reaction), or a
diboride-based solid solution and a mixed carbonate. During cooling below 597°C the boron-
based solid solution might decompose and form HfB, with dissolved Zr ((Hf,Zr)B.) (compare
Fig. 5.9, Spectrum BO0S5; Fig. 6.1b).

6.1.2 Oxidation Mechanisms of HfQ; Coated ZrB:

The oxidation of HfO, coated ZrB; leads to the formation of a dual layer oxide scale, consisting
of'a (Hf,Zr)O, layer at the uppermost section and an underlying porous ZrO; scale. Corresponding
oxidation mechanisms for the different temperature ranges and exposure times will be discussed
in the following.

6.1.2.1 Ramped Oxidation of HfOz Coated ZrB: (AC vs. VA) at 1500°C

Ramped oxidation (R/C) experiments of HfO, coated ZrB, (AC, VA) have shown a beneficial
effect on the oxidation resistance of ZrB,. The applied coating is successful in reducing the porous
Zr0; scale growth during oxidation at 1500°C. It can be assumed that the dense coating enforces
vacancy diffusion or interstitial diffusion of oxygen molecules along the applied coating thickness
rather than accelerated Knudsen diffusion through the pores and cracks of porous ZrO,. It implies
the fact that as long as a dense m-HfO; is present, the oxidation will be controlled by diffusion
through the dense coating [137, 144].

The comparison of AC and VA specimens demonstrated the effect of vacuum-annealing on the
boria coverage, the microstructure of the oxide scale, and the chemical composition of the upper-
most reaction scale (Fig. 5.10 to Fig. 5.14). As mentioned above, the HfO, coating was a semi-
crystalline coating with amorphous content after deposition (Fig. 5.7a). The oxidation of HfO,
coated ZrB; (AC) would induce accelerated crystallization of the coating during oxidation. Con-
sequently, the rapid crystallization might cause inner stresses and induce partial spallation of the
coating as well as the formation of cracks across the coating thickness (Fig. 5.12). Oxygen mole-
cules could pass the ruptured m-HfO» scale. As a result, a ruptured solid coating would not prevent
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the oxidation of ZrB; and would induce the formation of liquid B,Os at the interface zone. Further,
the m-HfO, reacted with the formed porous ZrO,. Both oxides are soluble in each other [109]. A
significant enrichment of the reaction scale by Zr would have the consequence of forming m-
(Hf,Zr)O, with reduced transition temperatures <1500°C (instead of 1790°C for HfO,, compare
Fig. 3.1b). This admits the phase transition from m-(Hf,Zr)O, to t-(Hf,Zr)O> and the formation of
several defects, cracks, and pores inside the reaction scale [137].

In comparison, the preceding vacuum-annealing procedure induced a cautious crystallization of
the coating and prevented cracks. As mentioned above, the coating experienced a phase transfor-
mation from HfO, to HfCO during vacuum-annealing (Fig. 5.9). The interdiffusion of Hf cations
along the grain boundaries of ZrB; and the formation of diboride-based solid solutions increased
the adhesion of the uppermost coating to the substrate (chemically bonded to the substrate). This
prevented the partial spallation of the coating during oxidation. As mentioned above, the reduc-
tion of oxygen in oxide scales during vacuum-annealing at temperatures >300°C was observed in
multiple cases (WO3, Nb,Os). The heat treatment in an oxygen rich atmosphere (e.g. synthetic air
or lab air) induced the re-oxidation of the former oxides [141]. In consideration of this behavior,
it is proposed that the formed HfCO (carburized HfO, scale with oxygen deficit) might re-oxidize
to m-HfO; during the initial seconds of oxidation at temperatures >1500°C. The Equ. 6.3 is pro-
posed to describe the oxidation of the HFCO scale, concerning the well-known oxidation process
of baseline HfC [137, 141, 145, 146].

HfCO + 0, - Hf O, + CO Equ. 6.3

The dense and re-oxidized m-HfO, scale would assure diffusion-controlled oxidation as men-
tioned above. Oxygen vacancies inside the m-HfO, might enable vacancy diffusion of oxygen
molecules through the protective scale. In addition, interstitial diffusion of oxygen through the
applied scale might be induced due to the elevated temperatures. Both mechanisms would decel-
erate the oxygen mobility to the oxidation front of ZrB, and would offer a certain oxidation pro-
tection of the substrate [72, 147]. Once porous t-ZrO, and liquid B,Os form underneath the m-
HfO,, boria might accumulate beneath the dense mixed oxide scale. The accumulation of liquid
B,0s exerts pressure on the m-HfO, scale and would enforce its destruction, creating defects like
cracks (Fig. 5.16). These cracks would then act as channels and enable the evaporation of the
liquid B,Os (Fig. 5.15b-c). The formation of a mixed oxides m-(Hf,Zr)O, and the enrichment of
the reaction scale due to Zr diffusion would induce the phase transition to t-(Hf,Zr)O, (lowered
transition temperature <1500°C with increased Zr content). As a consequence, the transition will
induces several defects and cracks inside the reaction scale. From this moment on, oxygen could
pass the ruptured oxide scale and react with the ZrB, substrate (Fig. 5.17). Therefore, the ruptured
reaction scale will not offer diffusion-controlled oxidation for extended oxidation time [109, 137,
148].

However, grain boundary diffusion of Hf cations into the ZrB, and the cautious crystallization of
the applied coating during vacuum-annealing prevented partial spallation of the coating during
oxidation and improved its protective nature. Therefore, vacuum-annealing was found to be a key
processing step for improved performance.
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6.1.2.2 Rapid Oxidation of HfO2 Coated ZrB: (VA) at 1500°C

The assumed oxidation mechanism of HfO; coated ZrB, (VA) at 1500°C for rapid oxidation (P/Q)
with a thermal shock is presented in Fig.6.2. The short-term oxidation (red frame) is extrapolated
based on the results of long-term oxidation >60 min. As presented in Fig. 5.9b and Fig. 6.1c, the
dense coating contained multiple phases of HfCO with varying amounts of dissolved Zr after
vacuum-annealing (up to ~24 at.% Zr, Fig. 5.9, Spec.B02-B04). The dense coating inhibited the
oxygen mobility to the underlying substrate by forcing volume diffusion of oxygen molecules
during the initial stages of oxidation (reduced diffusivity of oxygen molecules through the dense
coating compared to Knudsen diffusion through the porous ZrO, scale) [137, 144, 145, 149].
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Fig. 6.2: Proposed oxidation mechanisms of HfO: coated ZrB> (VA) at 1500°C: a) after 0 min of oxidation (ex-

trapolation); b) after 60 min of oxidation; c) after 240 min of oxidation

According to the oxidation mechanism of HfC, the HfCO scale will oxidize to m-HfO,, following
the proposed reaction in Equ. 6.3. Gaseous reaction products such as CO would leave the system,
inducing the decarburization of the scale [137, 146, 150]. The dense scale would prevent the
oxygen mobility to the reaction front of ZrB, by volume diffusion and causing passive oxidation
for a distinct oxidation period [147]. The diffusion of Zr cations into the HfCO scale might induce
the formation of m-(Hf,Zr)O, during oxidation. Minor cracks could appear in m-(Hf,Zr)O,, weak-
ening the reaction scale (Fig. 6.2a) [137].

Henceforth, the oxidation mechanism simply follows as it was explained in ramped oxidation
case. Once, oxygen diffuses through the protective scale via vacancy diffusion or interstitial dif-
fusion, the underlying ZrB, will oxidize and form B,Os liquid and porous t-ZrO,. The liquid B>O;
will accumulate beneath the dense m-HfO, scale and exerts pressure. Finally, the liquid detaches
the protective coating from the porous t-ZrO, scale. This will introduce large cracks, running
through the entire m-HfO; scale from the surface to the porous t-ZrO, (Fig. 5.20a-b). Boria would
leave the system through the cracks and evaporate at the surface. The reaction of the porous t-
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ZrO; and the ruptured m-HfO; scale leads to the formation of a Zr-rich reaction scale. Once the
Zr content of the reaction scale exceeds ~16 at.%, the phase transition of the reaction scale from
monoclinic to tetragonal structure is inevitable at 1500°C. The formation of t-(Hf,Zr)O, induces
more defects. This entire process ends up with increased oxygen mobility, reaction-controlled
oxidation at the oxidation front of ZrB,, and more boria evaporation (Fig. 6.2b) [137].

It is well known that ZrO is soluble in B,O; for up to 12 mol% [78, 151]. Dissolved ZrO, might
precipitate inside and on top of the reaction scale during B,O3 evaporation, forming a dense sec-
ondary t-ZrO, scale as an uppermost layer. With respect to time, pores and cracks between the
single grains of the reaction scale became filled by t-ZrO, (Fig. 6.2¢). The continuous precipita-
tion of secondary t-ZrO; at the surface increased the thickness of the reaction scale from ~12 um
after 60 min to ~16 um after 240 min by forming a comprehensive t-ZrO, scale at the ruptured
reaction scale (Table 5.8, Fig. 5.20c-d). It is expected, once the reaction scale is covered by a
dense layer of secondary t-ZrO,, the oxide scale might be protective again by enforcing volume
diffusion through the dense and solid oxide scale [137].

6.1.2.3 Rapid Oxidation of HfO2 Coated ZrB: (VA) at 1600°C and 1700°C

The proposed oxidation mechanism for HfO, coated ZrB, (VA) at 1600°C is presented in Fig.
6.3. Since no short-term experiments for less than 60 min were performed with HfO, coated ZrB,
(VA), the initial behavior is proposed (red frame) according to the observed results after 60 min.
As mentioned above, it is expected that the HFCO scale with dissolved Zr will oxidize to m-HfO,
and/or m-(Hf,Zr)O,. The thermic energy of the diffusing oxygen molecules increases with the
temperature [64, 72]. This would result into increased diffusion processes of oxygen molecules
through the dense and protective m-HfO». For this reason, the passive oxidation period might be
reduced at 1600°C and consequently at 1700°C [137, 149].

In case of extensive oxidation at higher temperatures, more liquid will form beneath the dense
scale in a relatively short time and lift the protective scale (Fig. 6.3a). Simultaneously, the enrich-
ment of the ruptured m-HfO, by Zr will induce the phase transition to t-(Hf,Zr)O, and further
destruction of the reaction scale as already hypothesized for 1500°C (Fig. 6.3b). However, the
excessive evaporation of B,O3 with dissolved ZrO, might induce the enhanced precipitation of
secondary t-ZrO; inside the reaction scale and on top of the surface. As a result, a comprehensive
layer of secondary t-ZrO, forms. The continuous precipitation of secondary t-ZrO, assures the
growth of a dense reaction scale at the surface (~83 pm after 240 min (Table 5.8)). It can be
assumed that the Knudsen diffusion might be reduced as soon as a comprehensive dense ZrO,
scale formed uniformly at the surface. Dramatic improvement can be assumed by significantly
densification and/or pore diameters smaller than 3 um, following the observations of Parthasara-
thy et al. (Fig. 6.3¢) [42, 43, 137].
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An identical mechanism is expected for the oxidation temperature of 1700°C but more rapidly.
The passive oxidation period is further reduced, ending in a ZrO,-based reaction scale after 60 min
of oxidation (~112 pm thick). The solubility of ZrO; in liquid B,O; increases with respect to
temperature. In the same time, an enhanced evaporation rate for the B,O3 liquid can be observed
at 1700°C [58, 59, 137]. This might explain the accelerated formation of a thick and dense ZrO,
scale as an uppermost layer at 1700°C. The reaction of the Al,Os crucible and the specimen in-
duced the formation of an Al-containing mixed oxide phase ((AL,B)O). This liquid phase was
found to fill the pores in the porous t-ZrO; (Fig. 5.22, Spec.B24). The effect of the Al-rich oxide
phase on the oxidation mechanism at 1700°C can not be estimated. More experiments with HfO,
coated ZrB, (VA) need to be carried out for a detailed statement. Especially short-term experi-
ments need to be considered to understand the oxidation mechanisms and effects of the HfO,
coating in the initial minutes [137].

6.1.3 Oxidation Kinetics of HfO; Coated ZrB:

The oxide scales of HfO, coated ZrB, (VA) specimens can be divided into a reaction scale (RS),
containing a (Hf,Zr)O; solid solution with >2 at.% Hf, and an underlying porous ZrO, scale (PS).
Vacuum-annealed HfO, coatings had an initial thickness of ~7.5 um as shown in Fig. 5.9b. An
increase in thickness for the HfO,-containing reaction scale can be observed with increasing ex-
posure time from 60 min to 240 min. However, the increase in the thickness of the reaction scale
was found to be relatively small at 1500°C (~12 um to ~16 pm). A significant increase in the RS
thickness was observed at 1600°C (~31 um to ~83 um) as well as at 1700°C (~112 um). There-
fore, the growth rate of the RS depends on time and temperature (Fig. 5.23, Table 5.10) [137].

A reduction in the porous oxide scale growth can be observed for HfO, coated ZrB> (VA) com-
pared to baseline ZrB,. The scale measurements revealed a reduction of the porous ZrO, scale by
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~27% after 60 min and ~13% after 240 min at 1500°C. Even at 1600°C, the thickness of the
porous oxide scale was found to be reduced by ~15% and ~9% after 60 min and 240 min (compare
Table 5.1 and Table 5.10). The reduced oxide scale thickness of HfO, coated ZrB, (VA) is at-
tributed to the reduced oxygen mobility through the dense HfO, scale at the initial time of oxida-
tion. The increased density of the ceramic coating enforces volume diffusion of oxygen molecules
to the ZrB, substrate, which can be found as the oxidation limiting mechanism (slower diffusion
mechanisms than Knudsen diffusion through porous ZrO,) [72]. As a result, the coating ensures
a passive oxidation period with reduced parabolic oxidation rate constants for HfO, coated ZrB,
(VA) compared to baseline ZrB, [43, 73, 137, 144].

The activation energy of HfO, coated ZrB, and baseline ZrB, are very similar for an exposure of
60 min and 240 min in a temperature range of 1500°C to 1600°C (Table 5.2, Table 5.11). This
indicates similar oxidation mechanisms for both conditions (direct oxidation of ZrB,, formation
of porous ZrO; and liquid B,0O3), once the protective nature of the HfO, coating is lost. However,
the comparison of the Arrhenius plots for baseline ZrB, and HfO, coated ZrB; reveals a shift to
lower oxidation rate constants for the coated ZrB, (VA). This is attributed to the passive oxidation
period, which is offered by the HfO, coating during the initial time of oxidation [137].

A decreasing trend for the activation energy of HfO, coated ZrB, can be observed in the temper-
ature regime of 1600°C to 1700°C for 60 min of exposure (reduced slope). This might be at-
tributed to the formation of a dense t-ZrO, scale at the uppermost section. With respect to time,
more secondary t-ZrO, will precipitate at the surface at elevated temperatures and form a dense
reaction scale. This scale might act similarly to the dense HfO; coating in the initial time of oxi-
dation, reducing the Knudsen diffusion of oxygen molecules to the reaction front of ZrB,. How-
ever, the observed (ALB)O phase might manipulate the results at 1700°C (Fig. 5.22). Therefore,
experiments should be repeated to confirm the observations [137].

Based on the parabolic rate constants and the change in the activation energy shown in Fig. 5.24,
Table 5.10, and Table 5.11, the following statements can be made:

Oxidation at 1500°C: A limited passive oxidation period with lower parabolic oxidation rate con-
stants is expected due to the pore-free and dense m-HfO, scale. However, the scale can not prevent
the oxidation of the ZrB: substrate for 60 min. Once liquid B,O3; accumulates beneath the dense
reaction scale, it will lift the protective scale and induce cracking. From this moment, the oxida-
tion kinetics are reaction-controlled and aligns with baseline ZrB,. The protection is solely at-
tributed to the dense m-HfO, scale in the initial time of oxidation, providing volume diffusion
mechanisms of oxygen molecules (vacancy diffusion, interstitial diffusion) (<60 min).

Oxidation at 1600°C: Similar oxidation processes are expected as at 1500°C. However, the in-
creased temperature will accelerate the diffusion processes of oxygen molecules through the
dense m-HfO, scale and the oxidation of ZrB,. Increased solubility of ZrO- in B»O; and enhanced
evaporation of B>O3; might lead to the precipitation of secondary t-ZrO, at the uppermost section
of the oxide scale. A certain densification of the uppermost section of the oxide scale would in-
duce limited oxidation protection by reducing the Knudsen diffusion .

Oxidation at 1700°C: Accelerated oxidation of the substrate leads to the loss of the protective
coating in the initial time of oxidation. However, the rapid oxidation might induce the dominant
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precipitation of secondary ZrO, at the uppermost section of the oxide scale. This would enforce
the formation of a significantly thick and dense reaction scale.

6.1.4 Conclusions of HfQ; Coated ZrB:

e Reactive magnetron sputtering is a successful method to deposit dense m-HfO, coatings on
ZrB:; in a reliable and reproducible way.

Ground ZrB; surfaces (10 wm grit size) improve the adhesion of the coating to the substrate
due to the mechanical interlocking of the applied HfO, coating to the substrate.

Interdiffusion processes during vacuum-annealing improved the stability of the coating due
to the crystallization of the applied coating and the formation of mixed phases such as
Hf(Co8400.16), HfB», and (Hfy.5Z10.5)Bo.

Oxidation at elevated temperatures leads to the formation of a dual-layer architecture for
the oxide scale, containing an outer m-HfO» reaction scale and inner porous t-ZrOs.

The accumulation of B>Oj3 beneath the m-HfO, scale induces the lift up and the destruction
of the protective dense layer with respect to time.

The enrichment of the m-HfO, by Zr and the formation of the solid solution m-(Hf,Zr)O,
reaction scale decreases the transition temperature for the monoclinic to tetragonal phase
transition and induces cracks due to the volume reduction.

Dense m-HfO» coating reduces the total oxide scale thickness by ~27% after 60 min and
~13% after 240 min at 1500°C compared to baseline ZrB,.

At 1600°C the reaction kinetics are accelerated, limiting the protective period of the dense
m-HfO» coating for an exposure time <60 min.

On one hand, the performance of the coating could be improved by introducing a diffusion barrier
coating (DBC) in between HfO, and ZrB, against Zr diffusion, which prevents/delays the enrich-
ment of the deposited m-HfO, scale by Zr during oxidation. As a result, the transition temperature
of the dense m-HfO» scale might be unchanged for an extended period. However, it must be con-
sidered that the diffusion barrier coatings might have other implications on the oxidation behavior
of ZrB; and will not prevent spallation due to the formation of B,O3 with respect to the oxidation
time.

On the other hand, increasing the coating thickness might extend the protective period of the
coating. Considering a constant diffusion flux of Zr cations into the m-HfO, scale at a specific
temperature, a thicker coating (more volume) will decelerate the enrichment of the scale. Conse-
quently, the transition temperature will be higher for extended oxidation and will prolong the
protective period of the dense scale. However, it should be considered that increased coating
thickness may lead to spallation due to internal stresses after the coating process. In addition,
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liquid boria that forms underneath the thick dense coating could again cause cracks and the de-
tachment to the substrate. This will be detrimental for the oxidation resistance.

Therefore, a thick m-HfO, coating with a gradient in porosity across the coating thickness might
be helpful. i.e. an architecture containing more pores at the coating/substrate and increased den-
sity at the coating/atmosphere. This morphology could accommodate the volume expansion due
to the liquid boria formation, minimize the stresses, and avoid cracks in the coating for an ex-
tended exposure time. Detailed studies on the development of the coating (process parameters,
surface roughness, chemical composition, vacuum annealing, porosity, and coating thickness)
are required to enable optimal performance.
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6.2 Effect of Metallic Niobium Coatings on ZrB;

This section is based on the published paper of Forster et al. “Oxidation behavior of Nb-coated
zirconium diboride” (https://doi.org/10.1016/].jeurceramsoc.2023.04.029). Content and texts may
differ in part from the publication [139].

6.2.1 Processing of Sputtered Nb Coatings on ZrB:

6.2.1.1 PVD Magnetron Sputtering of Metallic Nb Coatings

Magnetron sputtering was used to apply thin coatings of metallic Nb on ZrB,. The sputtering
behavior of a new Nb target was investigated in different coating runs with given process param-
eters (Table 5.14). A downward trend in the deposition rate and the resulting coating thickness
can be seen and associated with the progressive lifetime of the target [104, 152]. Due to the sput-
tering mechanism, a trench is created on the planar target surface (compare Fig. 4.5b). With the
progressing lifetime of the target the size and depth of the trench increases. Welzel and Ellmer
have investigated the effects of target aging to the sputtering process. Various parameters such as
the plasma geometry, the ion flux density, and the actively used target surface A; will change
(compare Equ. 2.21). All these factors influence the sputtering process and decrease the deposi-
tion rate with respect to the age of the target. Especially for new/”fresh” targets an increased effect
can be observed on the deposition rate [152]. Considering these results, a decreasing deposition
rate from ~5.6 um/h to ~5.3 um/h for the metallic Nb coatings is plausible. However, the coating
thickness for the tested specimens was ~9 um with a deposition rate of ~5.3 pm/h (compare Table
5.12). The columnar grain growth on substrates, which is a characteristic of PVD coatings, man-
ifests in elongated grain boundaries that run from the interface of the coating/substrate to the
surface/atmosphere (Fig. 5.25). Defects such as cracks or pores were not observed in the deposited
Nb coatings.

6.2.1.2 Vacuum-annealing of Nb Coated ZrB: at Elevated Temperatures

Volume expansion during oxidation (compare Table 3.2, ~170 vol%) might lead to internal
stresses and the spallation of the coating [153]. The common approach to improve the adhesion
of a coating to a substrate and to inducing the crystallization of the magnetron-sputtered coating
is annealing in a non-oxidizing atmosphere (e.g. argon or vacuum). Therefore, vacuum-annealing
was performed with the Nb-coated ZrB; substrates in a graphite furnace. The annealed Nb coating
revealed a multilayer system, divided into three distinct sections: an interdiffusion zone (IDZ)
near the interface zone of the coating/substrate, an intermediate NbC layer with dissolved Zr and
B, as well as an uppermost NbB; layer (Fig. 5.28, Spec.C06-C08). Several reactions might occur
during the vacuum-annealing at ~1800°C! to achieve the observed multilayer system. A sche-
matic, illustrating the hypothesized processes during vacuum-annealing, can be seen in Fig. 6.4.

! Compare Fig. 4.6, vacuum-annealing. The process was carried out for 60 min at 1800°C and for
180 min at 1750°C due to a malfunction of the thermocouple
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Fig. 6.4: Hypothesized model of interdiffusion and reactions during vacuum-annealing of Nb coated ZrB: at

~1800°C with respect to the processing time (compare Fig. 4.6): a) Carburization of metallic Nb and
mutual interdiffusion processes at the interface of the coating/substrate in the initial time of the an-
nealing procedure; b) Reaction of metal borides at the interdiffusion zone during the intermediate
time of the annealing procedure; c) Reaction of NbB and C at the surface

The formation of NbC during vacuum-annealing has been proven by X-ray diffraction (Fig.
5.27a), electron diffraction (Fig. 5.28), and EDS analysis (Spec.C02, Spec.C05, Spec.C06). Long
et al. investigated the sublimation of graphite nanoparticles during vacuum heat treatment in the
temperature range of ~1500°C to ~1900°C. The sublimation of graphite induced the formation of
gaseous components [ 154]. Brizes et al. investigated the carburization of metallic niobium in car-
bon powder during vacuum/argon annealing. A NbC layer of ~10 pm thick formed already after
~25 min at 1800°C [155].
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Considering the carburization of metallic Nb and the sublimation of graphite nanoparticles during
vacuum-annealing at ~1800°C, the formation of NbC during vacuum-annealing seems plausible.
It is proposed, the formation of NbC follows the general reaction in Equ. 6.4 [154-156] (compare
Fig. 6.4a).

Nb+ C - NbC Equ. 6.4

An IDZ of ~2 pm thick formed at the coating/substrate interface during vacuum-annealing (Fig.
5.28c, Spec.C06-C07). The IDZ revealed a chemical composition of ~16 at.% Zr and ~15 at.%
Nb (Fig. 5.28¢, Spec.C07). Moreover, pores appeared in the former Nb coating near the interface
zone of the coating/substrate (Fig. 5.27b). The formation of the porosity could be explained by
the mutual diffusion for diffusion couples, based on Fick’s first law of diffusion. The intrinsic
diffusion fluxes of two different materials as well as the net flux of vacancies during the mutual
diffusion can be described by Equ. 6.5 to Equ. 6.8 [72, 74, 157].

D I =0=Ja+Js+lva Equ. 6.5
Jva==Ja—Jp Equ. 6.6
Jva = |]|:|A + JuB | Equ. 6.7
Ja+Joa=—Jp—Jus Equ. 6.8

with Ja and Jg for the intrinsic diffusion fluxes of the materials, Jv, for the net flux of vacancies,
and Jsa and Jug for the vacancy flux of the materials. Porosity will form near the interface zone
of the material with increased diffusion flux (e.g. material A; Ja >> Jg). The dominant diffusion
flux of material A into B will enforce a dominant flux of vacancies from material B to A. Conse-
quently, it leads to the formation of the characteristic Kirkendall porosity near the interface zone
of material A [72, 74, 157]. The formation of fine porosity in the former Nb coating near the
interface zone can be interpreted as Kirkendall porosity (compare Fig. 5.27and Fig. 5.28). This
would indicate a significantly higher diffusion of metallic Nb into the ZrB, than Zr cations into
the metallic Nb coating. Consequently, the displacement of the transition metal atoms must induce
the formation of NbB, and ZrC [158]. However, neither ZrC or NbB, were observed near the
interface zone of the former coating/substrate via TEM electron diffraction, STEM-EDS, or X-
ray diffraction. Both reaction products might be dissolved in the NbC layer and the ZrB, substrate
and formed the observed mixed borides ((Nb,Zr)B) and mixed carbides ((Nb,Zr)C).

Carbon and boron were identified via STEM-EDS (qualitative) across the annealed Nb coating
up to the interface zone of the coating/substrate (compare Fig. 5.28, Spec C05, Spec C06). The
mutual diffusion of Nb and Zr by itself would not explain the dominant presence of boron across
the annealed Nb coating thickness. A mutual diffusion process of boron and carbon seems to be
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not plausible since no carbon was detected in the IDZ (compare Fig. 5.28, Spec. C07). Another
hypothesis could be the formation of reactive metal borides at annealing temperatures (~1800°C).

Merriles et al. observed the formation of metal borides such as ZrB, NbB and HfB and analysed
the electronic structure and the bonding dissociation energies of this composites. This observation
proved the possibility of the formation of metal borides [159]. The reaction of Nb and ZrB; in the
initial time of the annealing process (at ~1800°C, even before the formation of NbC at the former
interface zone) could lead to the formation of reactive metal borides, following the proposed re-
action of Equ. 6.9 (compare Fig. 6.4a). The recombination of the metal borides during cooling
would lead to the mixed diboride-based solid solution (Nb,Zr)B inside the IDZ (no carbon content
in the IDZ, compare Fig. 5.28, Spec. C07). The proposed recombination is presented in Equ. 6.10
(compare Fig. 6.4b). Similar reaction could be expected to form mixed carbides in the section of
the former Nb coating and would explain the presence of the solid solution of carbon, boron,
zirconium and niobium ((Nb,Zr,B)C) near the interface zone of the coating/substrate.

ZrB, + Nb - ZrB + NbB Equ. 6.9

ZrB + NbB - (Nb,Zr)B Equ. 6.10

The phase identification of (Nb,Zr)B in the IDZ via TEM electron diffraction and D-spacing anal-
ysis was not possible (compare 5.24c, Diffraction III). The results did not align with the data in
several data bases. However, a hexagonal crystal structure was observed, which would support
the formation of a diboride-based solid solution. As mentioned above, whereas most of the zirco-
nium was found near the interface zone of the coating/substrate (Fig. 5.28c, Spec.C06-C07), bo-
ron was found across the entire thickness of the coating (Fig. 5.28b-c, Spec.C05-C06). The pres-
ence of NbB at the coating/substrate would enabled the mobility of boron across the coating
during vacuum-annealing, forming NbC with dissolved boron (compare Fig. 6.4b, (Nb,B)C)).
BSE micrographs (Fig. 5.27b-c, Fig. 5.28b, Spec.C04) and electron diffraction (Fig. 5.29a, Dif-
fraction I, NbB») proved the formation of NbB; at the uppermost section of the vacuum-annealed
coating. The boron might permeate through the NbC scale to the surface with respect to time. The
carburization of the scale by free carbon might induce the reaction of the NbB with C at the
uppermost section of the coating, following the proposed Equ. 6.11 (compare Fig. 6.4c). As a
result, NbB; might form as an uppermost layer.

2NbB + C > NbB, + NbC Equ. 6.11

As aresult, the proposed reactions would explain the formation of NbB; at the uppermost section,
an intermediate NbC layer with dissolved NbB ((Nb,B)C), a mixed carbide of (Nb,Zr,B)C at the
interface zone of the coating/substrate and an IDZ with a mixed boride (Nb,Zr)B solid solution.
However, these are hypothetic mechanisms and needs to be investigated in detail for full under-
standing.
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6.2.2 Oxidation Mechanisms of Nb Coated ZrB:

First, ramped oxidation tests (R/C) were performed with Nb coated ZrB, (AC, VA) to investigate
the effect of vacuum-annealing on the performance of the coatings. The results pave the way for
rapid oxidation testing (P/Q). Depending on the oxidation temperature and the exposure time, a
multilayer oxide scale formed on Nb coated ZrB, (VA), which contains a reaction scale (RS) and
an underlying porous ZrO, scale (PS). The oxidation mechanisms for the Nb coated ZrB, at dif-
ferent temperatures and exposure times will be discussed in the following

6.2.2.1 Ramped Experiments of Nb Coated ZrB: (AC vs. VA) at 1500°C

An effect of the applied Nb coating on the oxidation mechanisms of ZrB, can already be observed
for Nb coated ZrB: (AC) after 60 min at 1500°C. Most of the Nb coating was spalled during the
exposure (Fig. 5.32, Fig. 5.33). The spallation of the coating might be induced by the volume
expansion during the oxidation from Nb to Nb,Os (Table 3.2), following Equ. 6.12 [139, 153].

5

The remaining Nb,Os did not prevent the oxidation of the ZrB,. However, Nb,Os melt at 1500°C
(Tm ~1495°C) and modify the B»Os liquid, stabilizing the glassy layer at the surface (Fig. 5.31,
Fig. 5.32) as it was observed by Dehdashti et al. [37, 79]. Furthermore, the uppermost section of
the ZrO, oxide scale got affected by the Nb coating. The reaction of Nb,Os and t-ZrO; at 1500°C
led to the formation of Nb,ZrsO17 and engraved crystals at the surface (Fig. 5.31, Spec.C10).
Residual Nb,Os, containing ~4 at.% Zr (Fig. 5.33b, Spec.C12), was found at the grain boundaries
of globular ZrO; grains in the uppermost section of the solid oxide scale. The liquid Nb>Os might
induce liquid phase sintering [160]. Although, the amount of the Nb,Os liquid did not induce the
formation of a comprehensive solid oxide scale and full densification (Fig. 5.32, Fig. 5.33). In
comparison with baseline ZrB,, the Nb coated ZrB, (AC) slightly improved the oxidation re-
sistance, reducing the thickness of the porous oxide scale by ~6% (compare Table 5.1 and Table
5.23) [139].

In contrast, Nb coated ZrB, (VA) revealed a significant effect of the vacuum-annealing treatment
on the oxidation behavior of the underlying substrate. The majority of the oxidized surface was
still covered with a ~15 pm thick layer of B,Os. Very few zirconia grains were observed at the
surface after 60 min at 1500°C (Fig. 5.35a-b). A dense Nb,Os layer was found at the uppermost
section of the solid oxide scale as shown in Fig. 5.36. Unlike in the AC case, the comprehensive
layer of Nb,Os might indicate less spallation of the deposited coating during oxidation (Fig. 5.36a,
Spec.C16). This can be attributed to the formed interdiffusion zone (compare Fig. 5.28¢), which
formed during vacuum-annealing (chemical bonded) and prevented the coating against spallation
(chemically bonded to the substrate) [139]. It is expected that the NbB, and NbC layers of the
vacuum-annealed Nb scale have a beneficial effect on the oxidation behavior of the system (Fig.
5.27). Even though, all the individual phases would oxidize simultaneously during the ramp-up
phase, for the sake of simplicity, mechanisms are explained one by one.
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At first, NbB, will oxidize to form Nb,Os and B»O; following the proposed reaction in Equ. 6.13.
Dokumaci et al. investigated the oxidation of NbB; and compared it with metallic Nb. The bo-
ronization showed a significant improvement in the case of the oxidation resistance of metallic
Nb, forming a liquid solution of Nb,Os and B>Os at the surface during oxidation at 1000°C for
30 min [161]. A similar mechanism is expected for the Nb coated ZrB, (VA). The thin layer of
NbB; at the uppermost section of the annealed coating system will oxidize, following Equ. 6.13
[162].

11
ZNbBZ + 702 g Nb205 + 23203 Equ 6.13

The underlying NbC layer subsequently begins to oxidize next. The oxidation of NbC has been
studied extensively, forming Nb,Os and CO. The oxidation reaction of NbC is shown in Equ. 6.14
[163]. Since boron is expected to be present in the NbC layer (Table 5.14, Fig. 5.28b-c, Spec.C5,
Spec.C6), the equation is extended with NbB to form additional B»O3 liquid.

15
2NbC + 2NDB +~-0; > 2Nb,05 + B, 03 +2C0 1 Equ. 6.14

While the Nb,Os and B,O; remain on the surface, the gaseous components such as CO would
leave the oxide scale. As already mentioned, Nb,Os will form a viscous layer on the surface [80,
81, 114, 119]. Based on the phase diagram for the B,O3-Nb,Os system (Fig. 3.4a), the two liquids
will mix and form a liquid solution (Nb,B)O at the surface, protecting the underlying substrate
[82]. The modification of the B,O3 by Nb,Os, forming a stable liquid solution was investigated
by Dehdashti et al. A significant stabilization of the glass on the surface was achieved due to the
addition of ~6 mol% Nb into the ZrB, matrix, [37, 79]. However, cross-sections prove there is a
distinct layer of free Nb,Os present as an immiscible liquid layer (Fig. 5.36, Spec.C15, Spec,C19,
Spec,C20).

Further oxidation proceeds to the layer of (Nb,Zr,B)C. The oxidation will lead to the formation
of Nb,Os, B,Os, CO, and porous t-ZrO,. Considering the phase diagram of the system Nb,Os-
Z1r0O; (Fig. 3.4b), the presence of >9 mol% Nb.Os might induce the reaction of a mixed oxide of
Nb,Zrs017, following Equ. 6.15 [119, 123]. Globular grains with a core-shell structure were found
near the former interface zone of the coating/substrate (Fig. 5.37). The core was identified as ZrO»
and the shell as the mixed oxide scale. Its commensurable complex lattice in combination with
the chemical composition enabled the indication as Nb,ZrsO17 (Fig. 5.38, Fig. 5.37) [139].

Nb,0s + 6Zr0, — Nb,Zrs04; Equ. 6.15

The last layer that undergoes oxidation, is the ~2 pm thick IDZ of the proposed (Nb,Zr)B; solid
solution at the interface of the coating/substrate. Nb,Os, t-ZrO; and liquid boria will form as oxi-
dation products. Whereas some Nb,Os liquid might react with the B>O; liquid and migrate to the
surface, some of the unreacted Nb,Os liquid will infiltrate the porous t-ZrO, network (Fig. 5.35¢-
d). ZrO, might dissolve in the Nb,Os liquid and would explain the Zr content for the residual
Nb,O:s.
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The presence of a ZrO, containing Nb,Os liquid could enforce liquid phase sintering and might
result in the densification of the porous ZrO, by forming a solid solution (compare the phase
diagram of the system Nb>Os-ZrO», less than 9 mol% Nb,Os ,Fig. 3.4b) [119, 139, 160].

Finally, the vacuum-annealing process improved the performance of the metallic Nb coating sig-
nificantly. The prevention of spallation induced the formation of a stabilized (Nb,B)O liquid at
the surface, a liquid Nb,Os layer with dissolved ZrO», and the densification of the porous ZrO»
by liquid phase sintering. As a result, the Nb coated ZrB, (VA) reduced the porous ZrO, layer
thickness by ~73% compared to the Nb coated ZrB, (AC) (Table 5.23). According to the results
of ramped oxidation tests at 1500°C for 60 min, vacuum-annealing for Nb coated ZrB, can be
considered as a key process step to optimize the performance of the applied metallic Nb coating
on ZrB; [139].

It needs to be mentioned that the specimen for ramped oxidation revealed a section of extraordi-
nary oxidation protection by forming an intermediate solid layer of NbO (Fig. 5.36, Spec.C16).
This layer prevented oxygen mobility and the infiltration of the porous t-ZrO, (~18 pm thick) by
liquid Nb,Os. This oxide scale architecture was increasingly found for the rapid oxidation case
and will be discussed elaborately in this section [139].

6.2.2.2 Rapid Oxidation of Nb Coated ZrB: (VA) at 1500°C

The hypothesized oxidation mechanisms at 1500°C for an exposure of up to 60 min during rapid
oxidation are presented in Fig. 6.5. The initial condition for the oxidation is the vacuum-annealed
Nb coating on ZrB; (VA) (compare Fig. 6.4¢). Similar oxidation processes for the NbB,, (Nb,B)C,
(Nb,Zr,B)C, and (Nb,Zr)B, layers are expected as explained in the previous section for the ramped
oxidation. However, the thermal shock affects the architecture of the oxide scale differently since
there is no oxidation during ramping and cooling.

The oxidized surfaces revealed the formation of a comprehensive liquid layer of (Nb,B)O at the
surface due to the glass stabilization of B,Os glass by Nb,Os (Fig. 5.42). Further, a thick liquid
layer of Nb,Os (~51 um) formed during oxidation, considering the melting point of ~1495°C for
Nb,Os (Fig. 5.48a-b). The observation of the thick and comprehensive Nb,Os layer along the
surface of the specimen enables the assumption that the coating withstand the thermal shock dur-
ing rapid oxidation (P/Q) at 1500°C. A thin layer of (Nb,Zr)O with the chemical composition for
NbO and <5 at.% Zr (Fig. 5.48, Spec.C38-39) can be found at the former interface zone of the
coating/substrate. X-ray diffraction proved the presence of NbO, (Fig. 5.41). A clear phase iden-
tification for the (Nb,Zr)O layer was not possible. The layer could have been formed due to the
comproportionating of the residual metallic Nb coating beneath the Nb,Os layer and the following
layer oxidation of metallic Nb (NbO—NbO,—Nb,0Os) [164]. Another option is the oxidation of
the interdiffusion zone to a NbO-based solid solution (IDZ, (Nb,Zr)B., see Fig. 6.4c). Neverthe-
less, the dense and solid layer of NbO and/or NbO, will be solid at 1500°C due to the increased
melting points of lower stochiometric niobia (compare Table 3.2, melting points of niobium ox-
ides >1700°C). The dense layer could not prevent the oxygen diffusion to the ZrB, and did not
inhibit the formation of porous ZrO, and liquid B,Os (Fig. 5.48a-b). However, it is expected that
the dense (Nb,Zr)O layer prevents the migration of the liquid B,Os to the surface and enforces the
accumulation of the liquid underneath it.
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Fig. 6.5: Proposed oxidation mechanisms of Nb coated ZrB:z (VA) at 1500°C for rapid oxidation with induced

thermal shock: a) after 15 min of oxidation, b) after 30 min of oxidation; c) after 60 min of oxidation

Consequently, horizontal crack-type reservoirs form in the porous t-ZrO; scale with respect to the
oxidation time (between 15 min to 30 min of oxidation) (Fig. 6.5b). Comparable structures were
observed by Karlsdottir et al. in ZrB»-SiC composites, which were defined as convection cells.
Reservoirs of borosilicate glass form and widen due to the continuous formation of B,Os liquid.
Internal pressure in the reservoirs leads to the breakthrough of the borosilicate liquid through the
solid oxide scale, releasing the liquid to the surface with dissolved ZrO, [78, 151]. A similar
mechanism is expected here for the Nb coated ZrB; specimens (VA) during oxidation. The accu-
mulated B,O; liquid breaks through the solid (Nb,Zr)O scale and through the liquid Nb,Os to
migrate to the surface (Fig. 5.49). Dissolved ZrO; in B,Os liquid will precipitate at the surface
and form globular grains of secondary t-ZrO, [151]. It is expected that the enhanced migration of
liquid B,0s and the stabilization with Nb,Os increase the coverage with protective (Nb,B)O glass.
This induces the consumption of the liquified Nb,Os layer with respect to the time. Once the solid
(Nb,Zr)O layer get ruptured due to the breakthrough of the convection cells, Nb,Os liquid will
infiltrate the underlying porous t-ZrO; scale to form an infiltrated layer section of ZrO, and Nb,Os
(Fig. 6.5b). Simultaneously, Nb,Os readily reacts with the porous zirconia layer (=10 at.% of
Nb,Os is needed) and induces the formation of globular core-shell structured grains with a core
of m-ZrO; and a shell of a complex mixed oxide phase Nb,ZrsO17, following Equ. 6.15 (a similar
formation can be found in Fig. 5.36).
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Fig. 6.6: Reacted ZrO: grains from the uppermost section of the porous ZrO: layer with Nb2Os, forming a
Nb:Zrs017 shell structure, bonded on the residual Nb:Os layer after 60 mins of oxidation at 1500°C

Further oxidation up to 60 min induced the densification of the infiltrated porous ZrO, scale
(Nb2Os+ZrO,) by means of liquid phase sintering. As a result, an almost dense t-ZrO, scale
formed (see Fig. 5.48e-f). According to the principle of Knudsen diffusion, the densified t-ZrO,
scale will slow down the oxygen mobility to the underlying oxidation front of ZrB,. As a result,
the oxidation kinetics will be reduced as the formation of the porous oxide scale and liquid boria.
However, the uppermost liquid solution (Nb,B)O keeps on evaporating, resulting in a thinner
liquid layer at the surface and the exposition of reacted zirconia grains at the surface. The en-
graved grains with a cauliflower-shaped structure resemble the situation and are presented in Fig.
6.6. Most of the Nb,Os left the surface after 60 min at 1500°C. It is assumed the Nb,Os liquid is
either consumed by the liquid B>Os and leaves the surface due to evaporation or through the in-
filtration and reaction with the porous t-ZrO,. In either way, the rate of boria formation at the
oxidation front of ZrB, must be less than the rate of boria evaporation, which should lead to the
recession of the protective glassy layer and less protective nature with respect to the time (Fig.
6.5¢).

6.2.2.3 Oxidation of Nb Coated ZrB: (VA) at 1600°C

The hypothesized oxidation mechanism at 1600°C is presented in Fig. 6.7. Unlike at 1500°C, no
Nb2Os layer, nor a dense (Nb,Zr)O was observed underneath the stabilized liquid solution of
(Nb,B)O after 15 min at 1600°C. Rather, globular t-ZrO, grains with a Nb,ZrsO7 outer shell and
Nb,Os-infiltrated porous ZrO, were found after 15 min (see Fig. 5.50a-b). The scale architecture
is quite similar to the oxide scale after 60 min at 1500°C, i.e. 100°C rise in the oxidation temper-
ature forces a dramatic increase in the oxidation of the Nb coated ZrB, (VA). The formation of
liquid B,Os and porous t-ZrO, beneath the coating takes place. As no dense (Nb,Zr)O layer was
present in the oxide scale, it is expected that the liquid B»O3 migrates without inhibition to the
surface instead of forming convection cells in the porous t-ZrO, (compare the case at 1500°C).
This situation is depicted in Fig. 6.7a. The almost dense layer, containing Nb,Os-infiltrated ZrO,
(ZrO,+NDb,0:s), and globular ZrO, grains with outer Nb,ZrsO7 separating the distinct layer of
liquid (Nb,B)O and the innermost porous t-ZrO, scale.
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Fig. 6.7: Proposed oxidation mechanisms of Nb coated ZrB:z (VA) at 1600°C for rapid oxidation with induced

thermal shock: a) after 15 min of oxidation, b) after 30 min of oxidation; c) after 60 min of oxidation

Further oxidation induces the densification of the Nb,Os-infiltrated ZrO, scale (ZrO,+Nb,Os).
The evaporation of the protective liquid solution (Nb,B)O at 1600°C leads to the exposure of a
quasi-densified ZrO- scale at the surface after 30 min of oxidation (see dry surface in Fig. 5.45).
As the protective outer liquid layer is missing, the oxidation kinetics will increase, leading to the
rapid formation of liquid B>O3 and porous t-ZrO; beneath the thin and quasi-dense t-ZrO; scale.
“Fresh” boria forms at the oxidation front of ZrB, and might accumulates underneath the quasi-
dense ZrO; layer. Consequently, the liquid exerts pressure on the quasi-dense t-ZrO, scale, forc-
ing its detachment from the porous t-ZrO,. A B,Os filled gap forms between the reaction scale
and the underlying porous t-ZrO; (see spalled chunk at the surface, exposing the accumulated
glass, Fig. 5.45a). Due to the prior process, the uppermost reaction scale might experience cracks
and holes, through which the liquid B>Os migrates to the surface (Fig. 6.7b).

At this moment, no protective mechanisms are active and continuous oxidation of ZrB, prevails,
forming a thick porous ZrO; and liquid boria at the oxidation front. The B,O; glass evaporates
and leaves the ruptured reaction scale through holes and cracks. Dissolved ZrO> in the boria glass
might precipitate at the reaction scale to form secondary t-ZrO,. As a result, fine cracks and holes,
formed during the detachment of the reaction scale, would be sealed by secondary t-ZrO, (Fig.
6.7 ¢). However, the gap between the reaction scale and the porous t-ZrO, would never be sealed
and could also spall after some time. The spallation of the ruptured reaction scale would lead to
catastrophic oxidation since no protection mechanism would protect the underlying substrate
against oxidation (Fig. 5.50e-f).
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6.2.2.4 Oxidation of Nb Coated ZrB:z (VA) at 1700°C

The oxidation at 1700°C requires more detailed investigation especially during the initial stages
of oxidation, i.e. in steps of 5 min up to 15 min to describe the exact mechanisms. Based on the
understood mechanisms at lower temperatures, the following hypothesis is carried out for the
oxidation of Nb coated ZrB, (VA) at 1700°C.

The multilayer scale, that formed during the vacuum-annealing (Fig.6.4), immediately oxidizes
and produces the oxide scale morphology that is proposed in Fig. 6.8a. It is expected, that a liquid
solution of (Nb,B)O and a thin Nb,Os-infiltrated porous ZrO; scale (ZrO,+Nb,Os) will form in
the first seconds at 1700°C. The Nb,Os-infiltrated ZrO, section will densify, forming a solid so-
Iution according to the phase diagram (Fig. 3.3b). As a result, it is expected to form a thin quasi-
dense t-ZrO» scale with several holes immediately at the zeroth minute at 1700°C, enabling the
migration and evaporation of fresh B,Os, formed at the oxidation front of ZrB, (Fig. 6.8a).

Neither boria nor a (Nb,B)O liquid solution was found on top of the surface after 15 mins as
shown in Fig. 5.46. Just sparsely distributed crystals of an Nb-rich phase can be found. It implies
that as the oxidation progresses (from 0 min to 15 min), the boria reaches the surface through the
holes of the quasi-dense reaction scale and evaporates immediately. The precipitation of second-
ary t-ZrO; on the surface enables the formation and growth of a thick and dense t-ZrO; scale after
15 min of oxidation. A clear interface is established between the outer dense and inner porous
zirconia. A fractured cross-section proved the presence of residual liquid B,Os at the former in-
terface zone of the coating/substrate (Fig. 5.51¢c-d). Smaller disconnected cavities with B,O; fill-
ing could be observed in the outer dense t-ZrO, layer. At this stage, boria is expected to use the
minor cracks and cavities in the dense layer to reach the surface and finally to evaporate. It is
expected, that the rate of boria formation is smaller/equal to the evaporation, preventing the ac-
cumulation of an increased amount of liquid B,Os3 as in the case of 1600°C. Therefore, no detach-
ment of the dense reaction scale might be observed (Fig. 6.8b).

The contamination of tungsten can be explained by the production procedure of the ZrB; billets
by commercial ZrB, powder. The ZrB, powder gets ball-milled with WC media to ensure similar
particle size and a homogenous distribution of the C powder, which acts as a sintering aid. The
ball-milling media might contaminate the ZrB, during the milling procedure. The precipitation of
WOs3 was also observed for baseline ZrB, and other tested ZrB, specimens and is not a character-
istic of this coating system.
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Fig. 6.8: Proposed oxidation mechanisms of Nb coated ZrB:z (VA) at 1700°C during rapid oxidation with ther-
mal shock: a) after 0 min of oxidation (extrapolation), b) after 15 min of oxidation, c) after 30 min of
oxidation

After 30 min of oxidation at 1700°C, the thickness of both, dense and porous ZrO,, increased
significantly (Fig. 5.51e-f, Table 5.23). Further, both layers were found to be sintered together at
a few places, ensuring reliable adhesion of the dense t-ZrO; scale to the porous ZrO, scale. It is
hypothesized that the dense reaction scale of secondary t-ZrO, will reduce the oxygen mobility
to the oxidation front of the ZrB; substrate, limiting the oxidation as well as the formation of
liquid B,O3 and porous t-ZrO,. No horizontal crack-type reservoirs formed beneath the reaction
scale, which might indicate the accumulation of B,O3 and the probable loss of the reaction scale.
As long as the dense t-ZrO; scale is attached to the porous ZrO; scale, the equilibrium between
the rate of boria formation and evaporation will be maintained and no change in the oxidation
mechanism is expected (Fig. 6.8c).

6.2.3 Oxidation Kinetics of Nb Coated ZrB:

Metallic Nb coatings affect the architecture of the oxide scale that forms on ZrB; and improve the
oxidation resistance of the substrate compared to baseline ZrB,. As observed, the oxidation mech-
anisms change with the oxidation times and temperatures, which influences the corresponding
oxidation kinetics and activation energies for the distinct temperature regimes. Comparing the
results of baseline ZrB; (see Fig. 5.4, Table 5.1) and Nb coated ZrB, (VA) (Fig. 5.52, Table 5.23),
the Nb coatings reduced the porous t-ZrO; scale formation by -55% at 1500°C, -6% at 1600°C,
and -55% at 1700°C, each for an exposure time till 30 min. Even for the oxidation up to 60 min a
reduction of ~-7% at 1500°C and -12% at 1600°C was achieved due to the deposited coating.

As shown in the Arrhenius plot of Nb coated ZrB, (VA) for 15 min (Fig. 5.52b), the activation
energies for the temperature regime of 1500°C to 1600°C and 1600°C to 1700°C are almost sim-
ilar (compare Table 5.24, 688 kJ/mol for 1500°C to 1600°C, 679 kJ/mol for 1600°C to 1700°C).
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Consequently, a steady increase in the parabolic oxidation rate constant was observed with respect
to the temperature. The protective nature of the specimens for the first 15 min at 1500°C and
1600°C was offered by the liquid solution (Nb,B)O (Fig. 5.36, Fig. 5.48a-b). The liquid layer of
(Nb,B)O enforces the permeation of oxygen molecules through the liquid layer and acts similar
like the protective B2Os liquid for baseline ZrB,. The increased protection of the substrate by the
(Nb,B)O liquid in the first 15 min at 1500°C and 1600°C can be attributed to the increased sta-
bility of the liquid solution compared to B,Os liquid. After 15 min of oxidation at 1700°C, the
protective liquid evaporated residue-free and left a dry surface. Form this moment, the protective
nature of the specimen can be attributed to the densification of the oxide scale at the uppermost
section. The reduced porosity and pore diameters in the densified oxide scale reduce Knudsen
diffusion, following the observations of Parthasarathy et al. [42, 43]. Depending on the tempera-
ture, the protection of the substrate for 15 min by a liquid layer or densified oxide scale leads to
reduced parabolic oxidation kinetics at 1500°C, 1600°C, and 1700°C compared to baseline ZrB,
(compare In(Kpps)) for 15 min from Table 5.1 and Table 5.23).

An impressive effect of the temperature was observed for the oxidation of 30 min. Oxidation rate
constants at 1500°C are not changing due to the extended liquid layer protection. The oxidation
limiting mechanism is still the permeation of oxygen molecules through the protective liquid. A
noticeable difference in the rate constants can be seen at 1600°C. The evaporation of the protec-
tive liquid solution (Nb,B)O leads to an almost dry surface after 30 min of oxidation (compare
Fig. 5.44 vs. Fig. 5.45). From this moment, the oxidation limiting mechanism can be attributed to
the densification of the oxide scale. The evaporation of the protective liquid did not ensure the
complete densification of the oxide scale by liquid phase sintering (time-dependent densification
process) [160]. Unfortunately, the dense oxide scale can not provide appropriate protection as the
liquid layer and leads to an increase of the oxidation rate constant. However, the dense scale still
protects the system. This is reflected in the lower oxidation rate constants compared to baseline
Z1B;. Enhanced solubility of ZrO; in B,O; at elevated temperatures and the increased evaporation
of B,O; liquid might leads to the associated precipitation of secondary t-ZrO, at 1700°C (Fig.
5.47e-f). A protective and dense oxide scale formed already after 30 min at 1700°C. The densifi-
cation and thickening of the reaction scale proceeds with respect to the time (Table 5.23). Conse-
quently, the densified reaction scale will reduce the Knudsen diffusion through the oxide scale
and limiting the oxidation progression, following the observations of Parthasarathy et al. [42, 43].
The dense reaction layer assures parabolic oxidation kinetics with reduced rate constants com-
pared to baseline ZrB; (compare Table 5.1). The protective nature of the reaction scale shows a
lower dependence on temperature as the volatile liquid. This is illustrated in Fig. 5.52b by the
significantly decreased activation energy in the temperature range of 1600°C to 1700°C for 30
min of oxidation (activation energy of ~111 kJ/mol). It is expected, further increase in tempera-
ture >1700°C might not affect the parabolic oxidation rate constant significantly for the exposure
of 30 min since a dense oxide scale would form and control the oxidation.

The long-term oxidation of 60 min led to an increase of the oxidation rate constants at 1500°C
and 1600°C (compare orange and blue lines in Fig. 5.52b). The steady evaporation of the protec-
tive liquid layer and the densification of the oxide scale induces a transition of the protection
mechanism from the protection by the liquid layer to the protection by the dense oxide scale.
Finally, after 60 min of oxidation, the protection mechanism at 1500°C and 1600°C can be
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attributed to the dense oxide scale, which formed due to the densification of porous t-ZrO, and
precipitation of secondary t-ZrO; at the surface.

Based on the parabolic rate constants and the change in the activation energies shown in Fig. 5.52
and Table 5.24, the following important statements can be made for Nb coated ZrB, (VA):

Oxidation at 1500°C: Passive oxidation period at temperature <1500°C due to the stabilization of
the liquid solution (Nb,B)O at the surface (~30 min). The liquid solution ensures diffusion-con-
trolled oxidation. An increase in the oxidation rate constant can be seen for long-term oxidation
between 30 min to 60 min due to the evaporation of the protective liquid.

Oxidation at 1600°C: Limited passive oxidation period (~15 min) with low parabolic rate con-
stants at 1600°C due to the protective liquid layer. Increased evaporation rate of the protective
liquid solution (Nb,B)O and the loss of the liquid with respect to the time. Insufficient densifica-
tion of the oxide scale does not offer protection after 30 min. Steady precipitation and growth of
the reaction scale by secondary t-ZrO, increases the protection for an exposure >60 min by re-
ducing the Knudsen diffusion of the uppermost section of the oxide scale.

Oxidation at 1700°C: Protective oxidation behavior occurs for an exposure of up to 30 min. The
protective nature belongs to the formation of a dense secondary t-ZrO; scale at the surface, which
reduces the Knudsen diffusion to the oxidation front of ZrB,.

6.2.4 Conclusions of Nb Coated ZrB:

e Magnetron sputtering is a successful method to deposit metallic Nb-coatings on polished
ZrB; substrates (3 um grit size) in a reliable and reproducible way.

e Vacuum-annealing in a graphite furnace induces the formation of a multilayer system, con-
taining NbB: as an overlaying scale, an intermediate layer of carbonized NbC with dis-
solved boron, and an interdiffusion layer of (Nb,Zr)B; at the interface zone of the coat-
ing/substrate.

e Vacuum-annealing was found to be a key performance step to ensure improved perfor-
mance of the metallic Nb coating by enhancing the adhesion of the deposited coating to
the substrate.

The scale architecture of the vacuum-annealed specimen induces the quick formation of a
protective liquid solution (Nb,B)O at the surface during the initial time of oxidation and
ensures protection.

The oxidation leads to a multilayer architecture containing a dense reaction scale of t-ZrO»
and Nb,ZrO17, as well as an innermost porous t-ZrO, scale with B,Os filled pores.

The densification of the oxide scale by liquid phase sintering and the coverage with pro-
tective liquid (Nb,B)O reduced the oxygen mobility through the oxide scale to the oxida-
tion front of the ZrB, substrate.
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e Oxidation protection was ensured for the oxidation till 30 min at 1500°C with a reduction
of ~55% compared to baseline ZrB.

e Limited protection up to 30 min was ensured at 1600°C and 1700°C. However, the dense
reaction scale reduces the progression of oxidation compared to baseline ZrB..

The protection mechanism of the coating might be improved for temperatures of 1600°C and
1700°C with the deposition of thicker Nb coatings. Instead of ~9 um, a coating of 15 pm to 20 um
should enhance the passive oxidation period by liquid (Nb,B)O at the surface. Further, a thicker
coating might increase the infiltration depth of the porous t-ZrO, by liquid Nb,Os and increase
the thickness of the dense reaction scale.

Since a dense metallic Nb coating was not found to be a diffusion barrier against oxygen, a high
density of the coating is not mandatory for the protection mechanisms. Therefore, an EB-PVD
coating with characteristic porosity and increased thickness might improve the oxidation behavior
due to an extended period with stabilized B,Oj3 liquid at the surface at higher temperatures for
prolonged exposures.
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6.3 Effect of Gadolinium Oxide Coatings on ZrB;

6.3.1 Processing of Reactive Sputtered GdO Coatings on ZrB:

A multilayer coating experiment was conducted to develop a reliable GdO based coating on ZrB,
that does not spall during oxidation. In accordance with Berg’s model for reactive sputtering (Fig.
2.18, Equ. 2.21 to Equ. 2.26), the deposition rate decreased with increasing flow of the reaction
gas. The high affinity of rare-earths such as gadolinium to react with oxygen and its deoxidation
capability for other oxides is well known [165]. Its dominant reactivity with oxygen affects the
reactive sputtering process as seen by the data (Table 5.25). A high variation in the deposition
rate was observed. This can be attributed to the variation of the partial pressure of oxygen during
the sputtering procedure with constant oxygen flux as proven by Sarhammer et al. (Fig. 2.19a-b)
[105]. A varying partial pressure will affect the reaction at the target surface and might cause
target poisoning, forming oxidation products such as Gd>O;3 with a significantly reduced sputter-
ing rate compared to the metal [103]. The transition from the metallic sputtering process (in-
creased deposition rate, high voltage) to the oxidic sputtering process (reduced deposition rate,
low voltage) is not determined by the oxygen flux. Rather, the applied voltage, which indicates
the condition at the target, is an appropriate factor. E.g. a voltage of ~400 V ensured a deposition
rate of ~7 pm/h (~2.5 sccm, oxygen-doped Gd coatings (GdiO.»; [iIER | 0.5 <i < 1])), and a
voltage of ~200 V a deposition rate <1.1 pm/h (~6 sccm, sputtered Gd,O3) (compare Table 5.25).
However, even voltage-controlled processes can not ensure full process stability for a distinct
oxygen-doped Gd coating. A solution might be observing the oxygen partial pressure at the targets
during the coating deposition.

The spallation of Gd;O(1-; was observed during pre-oxidation at 600°C, whereas sputtered Gd,O3
remained at the surface. This can be attributed to the volume expansion of the applied coating
during the formation of Gd,O3, inducing horizontal cracks (Table 3.3). Sputtered Gd,O; does not
experience a significant volume expansion during oxidation since oxygen is already incorporated
into the sputtered structure. Considering these observations, a rather unconventional approach
was considered to achieve a thicker Gd,Os scale. A ~11 pm thick Gd;O(:-; coating was deposited
on top of a ~600 nm thick Gd>O; coating (Fig. 5.54c). The pre-oxidation at 600°C revealed the
formation of a comprehensive Gd,Os scale with several horizontal cracks (Fig. 5.55b). The crack
formation can be assigned to the previously mentioned volume expansion of the Gd;Oq.; coating
to form crystalline Gd>Os. Although, the stresses inside the scale were not high enough to induce
the crack propagation and the spallation of the coating. The thin layer of sputtered Gd,O3 can be
seen as the key solution to ensure the adhesion of the deposited Gd;O(i; coating to the substrate
during oxidation. As a result, a reliable two-layer GdO coating system based on volume-stable
Gd0; as a thin first layer and Gd;O1-; with increased deposition rate was successfully developed
for ZrB.,, using reactive magnetron sputtering (Fig. 5.54c).

6.3.2 Oxidation Mechanisms of GdAO Coated ZrB:

Ramped oxidation experiments (R/C) with GdO coated ZrB; (AC, Pre-oxidized) were performed.
Based on these results, rapid oxidation experiments (P/Q) were performed as a next step.
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6.3.2.1 Ramped oxidation of GAO Coated ZrB: (AC) at 1500°C

The oxidation of the AC and pre-oxidized conditions at 1500°C revealed no significant difference
between both conditions, regarding the oxidation protection. The first observation of the speci-
mens revealed a darkish surface with a globular bubble of transparent glass at the center (Fig.
5.56a-b). Analyzed X-ray diffraction patterns prove the presence of m-ZrO, at the oxide scale.
Some reflections can be assigned to t-ZrO; as well. However, Gd-containing phases such as
Gd»Zr,07, or GdsBOs were not detected for both cases (AC and pre-oxidized) (Fig. 5.56¢-d).
These results indicate the amorphous nature of the translucent Gd-rich glass, which was found on
the surface (Fig. 5.56b, Fig. 5.59). Therefore, neither pure Gd,O3 (Tm ~2343°C) nor a solid solu-
tion of (Gd,Zr)O (Tm ~2300°C) could be identified as the amorphous glass at the surface (compare
the phase diagram of Gd»0s3-ZrO,, Fig. 3.5b) [129]. In contrast, the binary phase diagram of
Gd»03-B»0;3 shows the reaction product GdB3;Os with a melting point <1500°C (Fig. 3.5a) [131].
The EDS analysis of the glass at the surface revealed an excess in oxygen (Fig. 5.57, Spec.D11,
~81 at.%). As already mentioned, boron is not quantifiable by EDS analysis. Only a (Gd,B)O
phase such as GABOs or GdB30s might explain the surplus of measured oxygen, concerning the
similar effect of an excess of oxygen for B,O; or other boron-containing phases via EDS analysis.
Trégouét et al. investigated the crystallization of rare-earth borates such as (Nd,B)O. Their study
has revealed the formation of an amorphous metaborate glass due to rapid cooling. Annealing for
10 min at 754°C induces the crystallization of the uppermost section of the surface, whereas the
center was still found to be amorphous [166]. This indicates decelerated crystallization kinetics
for rare-earth borates, the formation of an amorphous structure during quenching, and would ex-
plain the lack of reflections for Gd-containing phases in the X-ray diffraction patterns. The fol-
lowing Equ. 6.16 to Equ. 6.18 might explain the liquid solution formation of GdB3Os at the sur-
face, starting with the oxidation of the GdO coating and the formation of cubic Gd,O3 during
oxidation at temperatures >600°C (compare Equ. 3.5).

4 5i—-2

?GdiO(l—i) + ( " )02 g 26d203 Equ 6.16
3Gd203 + (B203 + ZrOZ) - 2Gd3806 + ZT‘OZ Equ 6.17
Gd3BO6 + 4(3203 + ZTOZ) d 3GdB306 + 4ZT02 Equ 6.18

with (GdO-i; [i€R | 0.4 <i < 1)), describing the oxidation of Gd,O3 (i=0.4), oxygen-doped GdO
scales (>0.4) up to metallic Gd (i=1). The oxidation of ZrB; at temperatures >1000°C will lead
to the formation of ZrO, and liquid B,Os. Subsequently, the reaction of Gd,Os and liquid B,O3
might undergo the formation of Gd;BOs with a melting point of Tm ~1590 °C (Equ. 6.17). Further
enrichment of the composition by B,O3 would finally lead to liquid GdB3Os with a melting point
of Tm <1275°C (Equ. 6.18).

The pre-oxidation of GdO coated specimens at 600°C was not considered to have a significant
effect on the oxidation behavior of ZrB,. No differences were found via XRD, SEM, and EDS
analysis. The GdO coating (AC) will oxidize during the ramp-up phase at temperatures >600°C
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and form a comprehensive Gd>Os scale before the oxidation process of the ZrB, takes place at
>1000°C. As a result, the starting conditions for AC and pre-oxidized specimens are the same at
1000°C for ramped oxidation (R/C). The proposed oxidation mechanism of GdO coated ZrB,
(AC) for the initial oxidation period of ramped oxidation (R/C) at 1500°C is presented in Fig. 6.9.
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Fig. 6.9: Formation of liquid (Gd,B)O during the initial oxidation of GdO coated ZrB: (AC) at >1500°C

As mentioned above, the high affinity of GdO to oxygen leads to the formation of crystalline
Gd,Os at the surface by consuming enough oxygen during ramping up to 1000°C [167]. The vol-
ume expansion of the GdO coating might induce the observed horizontal cracks in the oxidized
GdO coating (compare XRD pattern and cross-section in Fig. 5.55, Spec.D04) (Fig. 6.9a). Sim-
ultaneously, ZrB, may oxidize during ramping (>1000°C) and form ZrO, particles, dissolved in
the liquid B,O3 (Oxidation front very thin and not measurable). The liquid B,O3 might react with
the Gd»Os as proposed in Equ. 6.17, forming solid Gd;BOg (Tm ~1590°C) (Table 3.3, Fig. 3.5b)
[131] (Fig. 6.9b). The continuous formation of B2O; beneath the Gd;BOs scale enriches the scale
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and induces the formation of liquid GdB3Os (Tm<1275°C) [131]. As a result, the liquefication of
the (Gd,B)O scale will be inevitable with respect to the exposure time. The GdB3Os liquid seems
to inhibit the oxygen mobility to the oxidation front of ZrB; by enforcing the permeation of oxy-
gen molecules through the liquid layer (Fig. 6.9¢). The formation of GdB3Os is assumed to be
accelerated near the uncoated edges, since more B,O3 will be produced at the uncoated sides in
the same time. As a result, liquid GdB3Os forms at the sharp edges and infiltrates the formed oxide
scale in the early stages of oxidation (Fig. 5.57d). Cooling enforces the solidification of the liquid
solution as an amorphous glass in case of significantly reduced crystallization kinetics [166].

The phase diagram for the system Gd,03-B»O; revealed a limited solubility of B»Os in the
(Gd,B)O liquid at temperatures <1300°C [131]. Cooling might lead to the precipitation of B,O3
out of the GdB3Os liquid. This would explain the globular bubbles inside the (Gd,B)O phase,
which were found to be filled by B,O3 and several ZrO, dendrites in fractured cross-sections (Fig.
5.58b, Spec.D12). No comprehensive porous ZrO; scale has formed at the center of the specimen
beneath the (Gd,B)O scale. This demonstrates already the protection of the underlying ZrB, by
the GdO coating for ramped oxidation at 1500°C.

As a general statement, “GdO coating does not require any intermediate pre-oxidation heat treat-
ment” to improve the oxidation behavior. However, a significant advantage of the pre-oxidized
condition compared to AC can be seen in the presence of water (Fig. 5.54d, Fig. 5.55b). It is well
known that rare-earths such as samarium (Sm) and gadolinium have a high affinity to water due
to their high electropositivity [165, 168]. As a result, metallic gadolinium as well as the oxygen-
doped gadolinium coating Gd;O.-) are soluble in water, form hydroxides (compare Equ. 3.6), and
get eroded in the presence of water (Fig. 5.54d) [124]. It can be assumed, the presence of water
or increased humidity will have a dramatic effect on the oxidation behavior of GdO coated ZrB»
(AC) and could lead to defects inside the coating or even the spallation of the coating. In contrast,
the pre-oxidized GdO scale revealed an inert behavior to water at room temperature (compare
Fig. 5.55b). The formation of Gd>O3 would ensure the stability of the coating against the exposure
of water or moisture during storage. Nevertheless, more investigations are needed to make a clear
statement regarding the benefits of pre-oxidation for the reliability of the coating.

6.3.2.2 Rapid oxidation of GdO Coated ZrB: (AC) at 1500°C

The Fig.6.10 describes the assumed oxidation mechanisms for rapid oxidation (P/Q) at 1500°C
for the oxidation of 15 min, 30 min, and 60 min. As proven via cross-sectional analysis, a signif-
icant oxidation of the ZrB, substrate has been prevented for up to 15 min by forming a compre-
hensive and protective (Gd,B)O liquid solution at the surface (Fig. 5.61a). B,Os liquid with dis-
solved ZrO, forms at the oxidation front of ZrB, and reacts with the Gd,Os scale, following the
proposed Equ. 6.17 and Equ. 6.18. Passive oxidation for the underlying substrate is provided by
the decelerated permeation of oxygen molecules through the (Gd,B)O liquid layer to the oxidation
front of ZrB,. The formation of ZrO, dendrites can be observed at the oxidation front of ZrB.
However, a comprehensive porous ZrO; did not form. (Fig. 5.67a-b).

Most of the surface is covered by the protective (Gd,B)O liquid after 30 min of oxidation. Surface
observation revealed an increased amount of B,Oj at the surface (increase of darkish areas in BSE
micrographs, Fig. 5.62a). The fractured cross-section proved an increased thickness of the liquid
layer from ~226 pm after 15 min to ~322 um after 30 min of oxidation (average thickness for the
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formed glass bubble in the center of the specimen). This behavior can be attributed to the low
evaporation rate of the (Gd,B)O liquid solution compared to liquid B>Os. Even during passive
oxidation period, it is expected to form B,Os liquid and ZrO- at the oxidation front of ZrB,. The
stabilization of the liquid B,O3 at 1500°C might induce the accumulation of protective liquid at
the surface (formation of B,O3; >> evaporation of (Gd,B)O) and would increase the liquid layer
thickness at the surface. Simultaneously, the growth of ZrO, grains inside the (Gd,B)O liquid can
be observed at the former interface zone of the coating/substrate (Fig. 5.67c-d). The formation of
mixed oxides such as Gd>Zr,O7 was not observed (Fig. 5.70b, Spec.D42). However, high contrast
BSE micrographs and EDS spot analysis proved the presence of two distinct (Gd,B)O liquids,
which were distinguishable by the Zr content. The liquid at the surface/atmosphere contains
~8 at.% Zr. In contrast, the liquid, which encloses the ZrO; grains, contains 4 at.% Zr (Fig. 5.68,
Spec.D37, Spec.D38). It is assumed that ZrO, dendrites formed during oxidation increase in size
and form the enlarged grains with respect to time. The driving force might be liquid phase sinter-
ing. This mechanism requires, among other parameters, a solubility of the solidifying phase in the
liquid solution, a reduced solubility of the liquid phase in the solid, an increased wettability of the
solid phase by the liquid solution, and time for the sintering mechanism [160]. Considering the
chemical composition of the ZrO, grains (Fig. 5.70, Spec.D42, no Gd content) and the surround-
ing (Gd,B)O phase (Fig. 5.70, Spec.D43, ~4 at.% Zr) the requirements for liquid phase sintering
seems to be fulfilled and are consistent with the observations (Fig. 6.10b). Therefore, it is as-
sumed, ZrO, will precipitate out of the (Gd,B)O liquid, decrease the amount of dissolved ZrO; in
the enclosing (Gd,B)O liquid (decreases from ~8 at.% to ~4 at.% Zr), crystalize, and induce the
growth of the ZrO, grains with respect to time (compare Fig. 6.10b).
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Fig. 6.10: Proposed oxidation mechanisms of GdO coated ZrB: at 1500°C for rapid oxidation with induced

thermal shock: a) after 15 min of oxidation; b) after 30 min of oxidation; c¢) after 60 min of oxidation
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The reduction of the (Gd,B)O liquid layer thickness was observed after 60 min of oxidation at
1500°C. Considering the phase diagram of Gd,03-B,03, the melting point of the liquid solution
decreases with increasing amount of B,Os. The continuous enrichment of the (Gd,B)O liquid so-
lution by B,O; might lead to a more “boria-like” liquid solution at the surface, which would read-
ily evaporate at 1500°C (compare Gd»03-B>0s phase diagram (Fig. 3.5b) [42]). The enhanced
evaporation rate for the (Gd,B)O liquid solution might exceed the formation rate of B,Oj3 at the
oxidation front of ZrB, (evaporation of (Gd,B)O >> formation of B>O3). Accordingly, the liquid
layer thickness would decrease from ~322 pm after 30 min to ~241 pm after 60 min of oxidation
(Fig. 5.67c&e). The continuous enrichment of the (Gd,B)O liquid by B,Os is expressed by the
formation of a B,Os layer at the surface as well as several B,Os-filled bubbles in the residual
(Gd,B)O liquid. The excess of B>Oj; in the liquid solution might precipitate during cooling and
form a continuous layer at the surface as well as several B,Os-filled bubbles inside the residual
(Gd,B)O liquid. The liquid phase sintering of the ZrO, grains near the interface zone might con-
tinue and lead to the enlarged ZrO, grains after 60 min of oxidation (~12 pm in diameter). It can
be expected that the grains will sinter together and form a dense oxide scale as the oxidation
progresses >60 min (Fig. 6.10c) [160]. However, no comprehensive porous ZrO, oxide scale
formed during the oxidation at 1500°C. This can be attributed to the protective nature of the
(Gd,B)O liquid layer, which enforces the permeation of oxygen molecules even after 60 min of
oxidation. The decreased oxidation might be the reason for the grain formation instead of a porous
Zr0O; scale. A decelerates oxidation would enable the full dissolution of the formed ZrO; in the
(Gd,B)O liquid. With respect to time, single ZrO, grains form and induce the precipitation of the
dissolved ZrO». As a result, dense grains appear instead of a porous ZrO, scale.

6.3.2.3 Oxidation of GdO Coated ZrB: (AC) at 1600°C

The oxidation at 1600°C affects the formation kinetics of the (Gd,B)O liquid solution, the B,O3
liquid, and the ZrO, grain growth. The mechanism after 15 min, 30 min , and 60 min of oxidation
is presented in Fig. 6.11. The (Gd,B)O scale was found to be ~41 um thick after 15 min. An
increase in the oxidation temperature by 100°C results in an increased evaporation rate of the
protective (Gd,B)O liquid solution. Further, the enrichment of the (Gd,B)O liquid by B>O; will
decrease the melting point of the liquid and might increase the evaporation rate of the liquid so-
lution in the same time. This would explain the decreased liquid layer thickness at 1600°C. The
enrichment of the liquid solution by B2Os after 15 min at 1600°C manifests in the dominant pre-
cipitation of B»Os liquid at the surface during cooling (Fig. 5.63). Typically, no continuous layer
of B»Os glass forms at the surface during the oxidation at 1600°C as it readily evaporates (com-
pare Fig. 5.3 and Fig. 5.59)[42]. The cross-section of the tested specimen revealed the formation
of enlarged ZrO, grains enclosed by residual (Gd,B)O liquid with reduced Zr content (Fig. 5.72b,
Spec.D44). The enhanced evaporation of the protective (Gd,B)O liquid solution might affect the
growth of the single ZrO; grains, promoting accelerated precipitation of ZrO- out of the liquid.
As a result, enlarged grains of ~19 pm formed already after 15 min of oxidation at 1600°C. Fur-
thermore, the accelerated processes enabled the formation of a porous ZrO; scale beneath the
enlarged ZrO- grains with a thickness of ~25 pm. This indicates less protection of the ZrB; sub-
strate by the liquid solution at higher temperatures and a more rapid oxidation process compared
at 1500°C (not enough time and not enough liquid to dissolve the formed ZrO,) (Fig. 6.11a).
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Throughout the process, B,Oj3 liquid enriches the (Gd,B)O liquid solution with proceeding oxida-
tion at 1600°C, destabilizing the protective liquid layer, and enforces the increased oxidation of
the ZrB, substrate after 30 min of oxidation (Fig. 6.11b). Consequently, the porous ZrO, scale

increased to ~33 um in thickness. In the same time, the ZrO, grains sintered together and formed
a comprehensive reaction scale of dense ZrO, with residual (Gd,B)O liquid solution along the
sparsely distributed grain boundaries (Fig. 5.72d, Spec.D46). TEM analysis revealed a similar

chemical composition and a monoclinic crystal structure for the porous and dense ZrO» at room
temperature (Fig. 5.74c-d, Spec.D52-D53; Fig. 5.75b and Fig. 5.76b). HAADF micrographs and
Debye-Scherrer diffraction revealed the formation of parallel domains in the dense ZrO, with
similar crystal orientation (linear-type diffraction pattern, Fig. 5.76a)). This might indicate the
formation of twins inside the dense m-ZrO, [52, 53, 56]. It is well known that dense t-ZrO, un-
dergoes a martensitic transformation during cooling, forming dense m-ZrO, below ~1120 °C [46,

54]. The volume expansion of ~7 vol% during the transformation induces stresses and increases
the internal energy of the dense m-ZrO, [43, 46, 54]. Shearing induces twinning inside the grains
and reduces the stresses inside the dense m-ZrO, [46, 54, 55]. In contrast, porous m-ZrO; revealed
arbitrary-shaped crystals with multiple orientations (ring-type diffraction pattern, Fig. 5.75a). The

pores in the porous ZrO; enable the volume expansion without inducing stresses. Therefore, no

twinning was observed in the porous ZrO,. Finally, this results prove that the grain growth of

ZrO> must be induced at elevated temperatures via liquid phase sintering of t-ZrO, grains and/or
the precipitation of t-ZrO, out of the (Gd,B)O liquid during the evaporation of the protective
liquid. During cooling, the dense t-ZrO, scale undergoes martensitic transformation and form
dense m-ZrO, with twinned crystals as observed [54]. From this it can deduced, the dense t-ZrO,
as an uppermost layer will reduce the Knudsen diffusion of oxygen molecules to the underlying
oxidation front at elevated temperatures, following the observations of Parthasarathy et al. [43,
73, 144] (Fig. 6.11b).
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Fig. 6.11: Proposed oxidation mechanisms of GdO coated ZrB: at 1600°C for rapid oxidation with induced

thermal shock: a) after 15 min of oxidation; b) after 30 min of oxidation; c¢) after 60 min of oxidation
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Further oxidation at 1600°C up to 60 min increases the density of the uppermost section of the
oxide scale, forming a dense t-ZrO, reaction scale at elevated temperatures with a thickness of
~38 um. A phase with ~11 at.% Zr, ~19 at.% Gd and ~70 at.% O formed along the residual grain
boundaries of the ZrO, grains at the uppermost section of the reaction scale (Fig. 5.72f,
Spec.D51). Considering the reduced oxygen content for this phase compared to (Gd,B)O liquid
(i.e. Fig. 5.67, Spec.D34 with ~82 at.% O), the phase might be assigned as Gd,Zr,0O7 or Gd,03
with dissolved ZrO, ((Gd,Zr)O). The B,Os content in the (Gd,B)O liquid might evaporate and left
behind the residuals of the former (Gd,B)O liquid solution. (Gd,Zr)O will be present as a solid
phase at 1600°C (compare phase diagram of the Gd,03-ZrO, system, Tm~2300°C, Fig. 3.5a)
[129]. Therefore, the presence of (Gd,Zr)O in between the sparsely distributed grain boundaries
of the dense t-ZrO; scale will increase the density of the reaction scale. Further densification due
to liquid phase sintering of a (Gd,B)O liquid is not expected after 60 min at 1600°C (Fig. 6.11c¢).

6.3.2.4 Oxidation of GdO Coated ZrB: (AC) at 1700°C

The oxidation at 1700°C requires more detailed investigations for short-term oxidation <15 min
to describe the exact processes of the first few minutes. Based on the gained information at lower
temperatures, the following hypothesis is carried out for the oxidation of GdO coated ZrB, (AC)
at 1700°C.

At 1700°C, rapid oxidation of the ZrB, substrate proceeds by forming a non-protective porous
ZrO; scale and liquid B,Os3 at the oxidation front. The B,O3 will react instantaneously with the
Gd»03 and form the protective (Gd,B)O liquid solution already in the zeroth minute of oxidation
at 1700°C (compare Fig. 6.9). Simultaneously, (Gd,B)O liquid might infiltrate the porous ZrO,
scale and induce the densification of the uppermost section of the ZrO, oxide scale, forming dense
t-ZrO, (Fig. 6.12a).
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Fig. 6.12: Proposed oxidation mechanisms of GdO coated ZrB: at 1700°C for rapid oxidation with induced
thermal shock: a) after 0 min of oxidation; b) after 15 min of oxidation; c) after 30 min of oxidation
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With progressing oxidation up to 15 min at 1700°C, mostly all liquid B,O; evaporated and ex-
posed the dense ZrO, scale with residual grain boundaries. Some boundaries were found to be
filled with residual B>Os glass (Fig. 5.65a). It can be assumed that the densified ZrO- scale enables
the migration of B,Os liquid from the oxidation front of ZrB, through the last open channels to
the surface. Several engraved crystals cover the surface, revealing a chemical composition of
Gd»0; with dissolved ZrO, (Fig. 5.65, Spec.D25). X-ray diffraction pattern did not reveal reflec-
tions for Gd,O3 (Fig. 5.60a). Although, the reflections for Gd,O3 could be obscured due to the
dominant reflections of m-ZrO;. Cross-section proved the densification of the uppermost section
(Fig. 5.77b) as well as the presence of (Gd,Zr)O along residual grain boundaries of the dense
reaction scale. As mentioned above, no further densification by liquid phase sintering is assumed
at this stage of oxidation since Gd>O3 nor Gd2Zr,O7 will melt at temperatures <1700°C (compare
Table 3.3) [129] (Fig. 6.12b).

The architecture of the oxide scale does not change at 1700°C by time. An uppermost reaction
scale of densified ZrO, with residual (Gd,Zr)O along the grain boundaries can be found, which
covers a porous ZrO; scale (Fig. 5.77¢c-f). The reaction scale increased by size from ~38 um after
15 min to ~72 um after 30 min, even though when liquid phase sintering by (Gd,Zr)O is not ex-
pected. B,Os-filling of residual porosities in the dense reaction scale as well as in the porous ZrO»
has been proven (Fig. 5.77¢-f). It is expected, B»O3; migrates through the residual pores and chan-
nels in the densified t-ZrO, reaction scale from the oxidation front to the surface and finally evap-
orate at the surface. As a result, the precipitation of t-ZrO, at elevated temperatures can be ex-
pected and might induce the growth of the densified oxide scale with respect to time at 1700°C.
It should be emphasized, the formation of the thin and detached ZrO, layer as an uppermost sec-
tion of the oxide scale (Fig. 5.77¢) could not be understood and must be investigated thoroughly
by doing several repetitive experiments (Fig. 6.12c¢).

6.3.3 Oxidation Kinetics of GdO Coated ZrB:

Compared to baseline ZrB,, the reduced parabolic oxidation rate constants for GdO coated ZrB,
(AC) show clearly that the applied GdO coating has a beneficial effect on improving the oxidation
resistance of ZrB, (Table 5.1, Table 5.36).

At 1500°C, the protection of the substrate was solely attributed by the presence of the liquid
solution (Gd,B)O at the surface. The oxidation of ZrB; and the formation of a porous t-ZrO, scale
has been prevented for an exposure of up to 30 min, providing passive oxidation. The formation
and accumulation of a stabilized liquid solution (Gd,B)O at the surface protected the underlying
ZrB; against oxidation and inhibited the oxygen molecules from reaching the former interface of
the coating/substrate. After 60 min of oxidation, several grains of ZrO, sintered together, to form
a porous structure with residual liquid at the grain boundaries and in the pores. This was counted
as a porous oxide scale for to kinetic calculations. As a result, the parabolic oxidation rate constant
for the porous ZrO; scale increases slightly with respect to the time between 30 min to 60 min at
1500°C (Fig. 5.77a, Table 5.36). The oxidation will be diffusion controlled (permeation of oxygen
through the liquid layer), as long as the protective liquid remains as a comprehensive layer at the
surface and ensures passive oxidation with significant reduced oxidation rate constants compared
to baseline ZrB.
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The exposure at 1600°C induced the formation of a three-layer architecture, consisting of a thin
liquid layer of (Gd,B)O, a dense t-ZrO; scale, and a B>O;-filled porous t-ZrO- scale. The synergy
of the protection mechanisms (permeation of oxygen molecules through the liquid layer, reduced
Knudsen diffusion through the densified reaction scale) induced the reduction of the porous ZrO»
scale formation by -70% and -82% after 15 min and after 30 min of oxidation compared to base-
line ZrB, and provided passive oxidation and significant reduced oxidation rate constants (com-
pare Fig. 5.78a, Table 5.36). However, the increase of the activation energy for the temperature
regime of 1500°C to 1600°C for 15 min and 30 min of oxidation can be attributed to the steady
loss of the comprehensive liquid solution with increasing temperature (Fig. 5.78b, steep slope
between 1500°C to 1600°C). After 60 min at 1600°C, the oxidation rate constant increases and
indicates a change of the protection mechanism (Fig. 5.78). The protective liquid evaporates and
leaves behind the dense reaction scale. The dense t-ZrO; scale reduces the Knudsen diffusion of
oxygen molecules through the oxide scale to the oxidation front of ZrB; and controls the kinetics
during the oxidation of 30 min to 60 min at 1600°C (Equ. 2.16, Equ. 2.17) [43]. The increase of
the oxidation rate can be seen as the proof, that the liquid is more protective than the densified
Zr0; scale. However, the reduction of the porous oxide scale formation (~55%) and the signifi-
cant reduction of the parabolic oxidation rate constant for GdO coated ZrB, confirms the protec-
tive nature of the dense t-ZrO; scale even after 60 min at 1600°C (compare Table 5.1 and Table
5.36).

At 1700°C the protective nature is solely attributed to the densified reaction scale and residual
Gd,0; at the grain boundaries of the reaction scale. Similar oxidation rate constants were calcu-
lated for the exposure of 15 min and 30 min. Simultaneously, the applied GdO coating induced a
reduction of the porous ZrO; scale at 1700°C by -64% after 15 min and -60% after 30 min of
exposure compared to baseline ZrB, (Table 5.1, Table 5.36). The protection of the system at
1700°C solely based on the dense reaction scale and the reduced Knudsen diffusion of oxygen
molecules [43, 73, 144]. In comparison, the oxidation rate constant for the oxidation of 60 min at
1600°C aligns with the rate constants at 1700°C since it based on the similar protection mecha-
nism (no protective liquid, protection solely due to the dense reaction scale). The calculated acti-
vation energy for an exposure up to 30 min decreases in the temperature regime of 1600°C to
1700°C (Fig. 5.78b, flatter slope between 1600°C to 1700°C). This again, indicates the loss of the
protective liquid, which depends on the temperature, and the transition to a temperature independ-
ent protection mechanism. Therefore, controlled oxidation kinetics can be expected even at higher
temperatures (activation energy might decrease further with the oxidation temperature). However,
this must be proven by experiments.

Overall, the comparison with the baseline ZrB, revealed a significant improvement in the oxida-
tion resistance for temperatures up to 1700°C till 30 min, which covers the targeted exposure time
for multiple reentries or long-term flight operations (compare Fig. 2.2).

Based on the parabolic rate constants and the activation energies shown in Fig. 5.78 and Table
5.37, the following important statements can be made for GdO coated ZrB, (AC):

Oxidation at 1500°C: Passive oxidation period at temperature <1500°C due to the stabilization of
the liquid solution (Gd,B)O at the surface. The liquid solution ensures diffusion-controlled oxi-
dation for up to 30 min by enforcing the permeation of oxygen molecule through the liquid layer.
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A certain increase in the oxidation rate constant can be seen for oxidation between 30 min to
60 min in case of the evaporation of the protective liquid layer.

Oxidation at 1600°C: Limited passive oxidation period with low parabolic rate constants at
1600°C due to the increased evaporation rate of the protective liquid solution (Gd,B)O and the
loss of the liquid after 30 min of oxidation. The densification of the oxide scale offers protection
by forming a dense reaction scale. The dense reaction scale reduces the Knudsen diffusion through
the forced oxide scale and inhibit the presence of oxygen at the oxidation front of ZrB,.

Oxidation at 1700°C: Oxidation protection occurs for an exposure of up to 30 min. The protective
nature belongs to the formation of a dense secondary t-ZrO; scale at the surface, which reduces
the Knudsen diffusion to the oxidation front of ZrB..

6.3.4 Conclusions of GdO Coated ZrB:

e A GdO coating of ~11 um in thickness is successfully applied on ZrB, by reactive magne-
tron sputtering, revealing resistance against thermal shocks up to 1700°C.

The formation of a protective liquid solution (Gd,B)O at the surface inhibits the oxygen
mobility and protects the ZrB, against oxidation.

Liquid phase sintering and/or the precipitation of ZrO, induces the formation of a dense t-
Z10; scale during exposure, which controls the oxygen mobility to the underlying ZrB-.

The synergy of the liquid solution (Gd,B)O and the dense t-ZrO; scale prevents the oxida-
tion of the ZrB; substrate for the exposure of up to 30 min at 1500°C.

A significant reduction of the formation of a porous ZrO; scale by -80% and -61% in thick-
ness can be observed at 1600°C and 1700°C after 30 min of oxidation.

The oxidation mechanism changes after >30 min of oxidation due to the loss of the protec-
tive nature of the liquid solution at 1600°C.

Steady oxidation conditions can be found at 1700°C, provided by the dense reaction scale
at the uppermost section of the oxide scale from the first minute of oxidation up to 30 min.

The applied GdO coating (~11 pm thick) provided a significant improvement of the oxidation
resistance of ZrB; at temperatures up to 1700°C for an exposure till 30 min. A dense micro-
structure for the coating is not needed for the protective mechanisms of the GdO coating, since
it forms horizontal cracks during oxidation and a comprehensive liquid layer with the B,Os.
Therefore, the passive oxidation period might be extended for a longer exposure time by in-
creasing the coating thickness. The increased thickness might enhance the thickness of the
(Gd,B)O liquid, dissolve more B,Os liquid, and ensure increased stability of the glass. Possible
coating methodologies for increased coating thicknesses could be EB-PVD. Therefore, the re-
sults encourage further experiments at higher temperatures, longer exposure times, increased
coating thickness, and other coatings.
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7 Conclusions and Future Aspects

Three different coatings were deposited on ZrB, by means of (reactive) magnetron sputtering
(HfO,, metallic Nb, and GdO). As described and discussed in detail, the coatings have affected
the oxidation behavior of ZrB; by inducing distinct oxidation mechanisms. In the following, the
coating performances are compared with each other with respect to the reduction of the porous
oxide scale formation (Table 5.1, Table 5.10, Table 5.23, Table 5.36). The results are presented
in Fig. 7.1and reveal the beneficial effect of coatings on the oxidation resistance of ZrB..
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Fig. 7.1:  Reduction of the porous oxide scale thickness (PS) compared to baseline ZrB: by applied coatings with
corresponding trend (dashed line): a) after 30 min of oxidation; b) after 60 min of oxidation

Performance up to 30 min of oxidation: The Arrhenius plots for the coated specimens and baseline
ZrB; after 30 min of oxidation are presented in Fig. 7.2. Baseline ZrB; reveals a steady increase
of the oxidation rate constants with respect to temperature with similar activation energies in the
temperature regime of 1500°C to 1700°C (straight line for ZrB,). In contrast, changing slopes/ac-
tivation energies with respect to temperature of coated specimens reveal the change of protection
mechanisms for the substrate (protection by liquid layer at lower temperatures, protection by
dense and solid oxide scale at elevated temperatures). The decreased oxidation rate constants
compared to baseline ZrB, prove the protection of the substrate. Detailed information about the
protection mechanisms was discussed in the separate chapters of the discussion (Chapter 6.1.2,
6.2.2, Chapter 6.3.2). Full oxidation protection was provided by GdO coatings for an exposure up
to 30 min at 1500°C (-100%). An increase in the oxidation temperature decreases its performance
(-82% at 1600°C, -60% at 1700°C). In contrast, the protective nature of Nb coatings decreases
significantly between 1500°C (-51%) to 1600°C (-16%). However, a further increase in
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temperature to 1700°C enhances the performance of the Nb coating (-55%). The reduction of the
porous oxide scale formation of GdO coated and Nb coated ZrB, compared to baseline ZrB; and
the trends of the performance of the coatings (dashed lines) are visualized in Fig. 7.1a.
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Fig. 7.2:  Oxidation rate constants of tested specimens for an exposure of 30 min vs. the inverted oxidation tempera-
ture (Arrhenius plot for Nb coated ZrBz, GdO coated ZrB2, baseline ZrB3)

The better performance of the GdO coating compared to Nb coatings for temperatures up to
1600°C is attributed to the more protective (Gd,B)O liquid solution at the surface. The liquid
provides a reduced evaporation rate compared to the (Nb,B)O liquid solution or baseline B,Os.
At 1700°C, both coatings revealed similar protection performance for an exposure of 30 min by
forming a dense oxide scale as an uppermost section. The presence of the stabilized liquid induced
liquid phase sintering and the densification of the uppermost section of the oxide scale. Further,
the evaporation of B,O3 glass with dissolved ZrO; led to the precipitation of ZrO at the densified
oxide scale and increased its protection mechanism with respect to time. In contrast, no densifi-
cation of the oxide scale was observed for baseline ZrB,. Consequently, the rate constants increase
further at 1700°C.

Performance up to 60 min of oxidation: The Fig. 7.3 presents the Arrhenius plots after 60 min of
oxidation for all tested specimens (HfO, coated, Nb coated, GdO coated, baseline ZrB,). An in-
crease in the exposure time from 30 min to 60 min does not affect the oxidation kinetics of base-
line ZrB,. In contrast, the tested coatings revealed protection against oxidation even after 60 min
at all test conditions (reduced oxidation rate constants). However, this effect is much more pro-
nounced in the case of GdO coatings and less evident for HfO, and Nb coatings. GdO coatings
provided a protective nature for up to 60 min at 1500°C (-78%) and 1600°C (-56%) due to the
residual liquid at the surface as well as the densification of the solid oxide scale.

The Nb coating and HfO, coating provided protection against oxidation. However, compared to
the GdO coatings, a reduced protection performance at 1500°C (-16% for Nb, -28% for HfO,)
and 1600°C (-13% for Nb, -15% for HfO,) can be observed. An interesting highlight, which must
be emphasized, is the protection of the HfO, coating at 1700°C after 60 min of oxidation. As
visible in the Arrhenius plot, the activation energy for the temperature regime of 1600°C to
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1700°C for oxidation up to 60 min decreases significantly compared to baseline ZrB,. This indi-
cates controlled oxidation conditions, independent of temperature. This might be attributed to the
densification of the uppermost section of the oxide scale by the precipitation of secondary ZrO,
(compare Chapter 6.2.1).
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Fig. 7.3:  Oxidation rate constants of tested specimens for an exposure of 60 min vs. the inverted oxidation tempera-
ture (Arrhenius plot for Nb coated ZrBs, GdO coated ZrB2, HfO: coated ZrB:, baseline ZrB:)

The following final statements can be made:

e Overlay coatings on ZrB; decrease the oxidation kinetics at temperatures up to 1700°C for
15 min, 30 min and 60 min. Coatings are potential solutions to improve the oxidation
resistance of diboride based UHTC components for hypersonic applications, such as
TPS, leading edges, or nose tips.

Liquid glass stabilization improves the oxidation behavior significantly at temperatures up
to 60 min at 1600°C and provides limited protection. The performance depends on the
liquid layer thickness, time, and temperature (distinct evaporation rate at specific temper-
atures).

Dense overlay coatings provide a certain protection, as long as the coating remains at the
surface as a dense scale without defects. The protection is limited and depends on its
thickness, oxygen diffusivity, and thermal stability. Once, liquid B,O3 forms beneath the
coating, the accumulation of the liquid might induce spallation.

Metal oxide scale densification provides protection and ensures diffusion-controlled oxi-
dation kinetics at elevated temperatures, once the scale is formed. The densification of
the uppermost section of the oxide scale depends on time and temperature (precipitation
of secondary ZrO- and/or liquid phase sintering). Significant densification and improve-
ment can be observed at 1700°C for all tested coating solutions.

GdO coatings have been proven to be the best performer in this study. Long-term passive
oxidation up to 60 min at 1600°C is provided by a protective liquid layer. The densifica-
tion of the oxide scale induces diffusion-controlled oxidation kinetics at temperatures up
to 1700°C for an exposure of up to 30 min.
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Till now, in steady atmospheric conditions, glass stabilizers as a coating perform better than dense
coatings. Considering hypersonic flights, the enhanced stream of atmospheric molecules will in-
duce shear forces at the surfaces of leading edges and nose tips. A dense oxide scale would with-
stand the harsh environment, whereas a protective liquid might be blown away. Therefore, the
densification of the oxide scale can be seen as the key mechanism to prevent the oxidation of
diboride-based UHTCs as hypothesized by Parthasarathy [43] and has been proved in this work.
All the applied coatings have served the purpose of scale densification and enhanced protection.
However, according to the results of this study, several aspects might be considered for future
work in the promising research field of protective overlay coatings for UHTC materials.

First of all, an increased coating thickness might extend the protective nature of the applied coat-
ings. The coating method of (reactive) magnetron sputtering is limited to a coating thickness of
up to ~20 pm. An increase in the coating thickness might induce spallation in case of the dense
microstructure. To achieve a reliable coating thickness of up to ~100 pm, coating techniques such
as EB-PVD might be an appropriate solution. The columnar structured coatings enable the needed
volume contraction of the coating and prevent its spallation. A thick coating of metallic Nb or
GdO would extend the passive oxidation period by forming a more protective liquid solution at
the interface zone of the coating/substrate. The extended period of liquid coverage might improve
the densification process of the oxide scale during oxidation (extended time for liquid phase sin-
tering) and would increase the thickness and density of the protective dense oxide scale.

In contrast, the functionality of the HfO coating does not belong to the liquid formation. The
dense microstructure of the coating is mandatory for its functionality. A thicker coating would
improve the performance. However, the columnar and porous structure of EB-PVD coatings
would not ensure the needed protection mechanisms. An opportunity would be a multilayer sys-
tem with an EB-PVD coating of HfO, (columnar structure) as an intermediate layer and a dense
magnetron sputtered coating of ~10-15 pm as a protective top layer. The intermediate columnar
coating would enable the inevitable volume expansion due to the formation of B,O; liquid at the
interface zone and would avoid the spallation of the coating. Simultaneously, the diffusion of Zr
cations into the dense HfO, top-layer coating would be prevented and would ensure extended
stability and density.

Another aspect could be the application of new coatings on diboride-based UHTCs. An appropri-
ate candidate might be the deposition of Al,Os3 as a protective overlay coating. The long-term
oxidation tests of the HfO, coatings (1700°C, 60 min of oxidation) revealed the reaction of liquid
Boria and the alumina powder/crucible (compare Fig. 5.22¢). The cross-section proved the sta-
bility of the reaction product at 1700°C for 60 min. Similar to the tested GdO coating, an alumina-
based coating might react with the liquid boria at the surface and form a more protective liquid
solution compared to baseline B,O;. The formation of an aluminum borate layer (e.g. AlisB4O33)
at the surface might provide the needed oxidation protection for the underlying ZrB, substrate.
Further, the liquid solution could infiltrate the porous ZrO, scale and might induce the liquid
phase sintering mechanisms as observed for the GdO coating and metallic Nb coating (compare
Fig.5.48, Fig.5.67) [169, 170].

As already observed, the surface condition of the substrate has an overriding priority for the func-
tionality and adhesion of the coating. Rougher surfaces ensured the adhesion of the HfO, coatings
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compared to polished surfaces (see Chapter 5.2.1). Specific designed surface conditions (e.g. mi-
crostructured, polished, laser-treated, ...) could improve the performance of the coatings during
oxidation. Furthermore, the surface condition might affect the wettability of the liquid reaction
products. Textured or structured surfaces could control the distribution of the liquid at the surface
and might avoid the accumulation in the center of the specimens as observed for Nb coatings
(compare Fig.5.40) or GdO coatings (compare Fig.5.56, Fig.5.59).

Besides coating and surface engineering, alternative analysis methods must be considered to un-
derstand the observed mechanisms such as the densification of glass formation in detail. An im-
portant factor is the behavior of the liquid reaction products at the surface (evaporation rate, vis-
cosity, wettability of surfaces, reactivity, ...). High-temperature viscosity measurements and
thermogravimetric analysis of the liquid reaction products could be used to adjust the properties
of the borate glass for improved performance (glass modifier, glass former, glass stabilizer). As
mentioned above, the densification of the oxide scale is mandatory for oxidation protection once
the protective liquid evaporates. In order to verify the densification of the protective oxide scales
(dense coatings or densification due to liquid phase sintering), a detailed analysis by means of the
FIB “slice and view” technique or a Nano-CT scan could be carried out.

Finally, the application of the tested coatings of this study should be applied on different diboride
UHTC materials. A predestined alternative might be carbon fiber-reinforced UHTCs, also known
as UHT ceramic matrix composites (UHTCMCs). Monolithic ZrB, applications such as tips of
hypersonic vehicles will experience an extremely high thermal shock during operation. Several
plasma wind tunnel tests proved that the lack of thermal shock resistance of monolithic ZrB,
might lead to failure during operation in hypersonic environments. A test-setup for a ZrB; nose
tip in a plasma wind tunnel can be seen in Fig.8.1. The low thermal shock resistance induced the
failure of the nose tip. The high thermal shock resistance of UHTCMCs provokes its usability for
such kind of applications. However, its low oxidation resistance must be improved. [162, 163].

a)

Q"? Monolithic

404 mm

Fig. 7.4:  a) Construction of tested nose with monolithic ZrB: tip; b-c¢) Thermal shock induced failure of the nose tip
during plasma wind tunnel test [13]
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As a ground-breaking step, the tested coatings in this study (HfO,, metallic Nb, GdO-based coat-
ings) could be applied on UHTCMCs to provide the oxidation protection of the substrate during
oxidation. Similar reactions with the matrix, mostly ZrB, or ZrB,-SiC, can be expected as ob-
served in this study with monolithic ZrB,. The stabilization of the protective liquid at the surface
as well as the densification of the oxide scale due to liquid phase sintering might increase the
oxidation resistance of the UHTCMCs. New challenges for the tested coatings on UHTCMCs
must be considered, such as the rougher surface, the carbon fibers, and the formation of gaseous
components such as CO or CO; during oxidation. However, the tested coatings in this study might
be an appropriate solution to improve the oxidation resistance of the UHTCMC. The thermal
shock resistance of UHTCMCs in combination with the oxidation protection by the applied coat-
ings would ensure the reusability of hypersonic applications such as nose tips or leading edges.

Finally, protective overlay coatings for UHTCs represent a completely new research field and
have a high potential to be established in the UHTC community. As presented, extensive inves-
tigation of different coatings on various UHTC materials such as carbides (TaC, ZrC, HfC) or
nitrides (ZrN, HfN, TaN) or UHTCMCs needs to be carried out and new testing methodologies
must be considered for detailed analysis to fully exploit the potential of oxidation protective
coatings on UHTCs.
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