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Abstract

Abstract

Hypersonic flight at a speed greater than Mach 5 (1715 ms™') requires materials
that can withstand temperatures up to 3000°C, high heat flux, rapid heating and
disassociated reactive oxygen in the extreme environment of space and during
re-entry. A number of advanced ceramic materials have melting points over
3000°C, of which the refractory metal carbides and borides are of main interest
due to their excellent thermal conductivity from room temperature to over
2500°C, good chemical stability and ablation resistance at high temperatures.
These materials are classified as ultra-high-temperature ceramics (UHTCs).
Among the family of UHTCs, ZrB2 and HfB:2 are reported as the most promising
candidates to be used as thermal protection systems (TPS) for the nose tip and
sharp leading edges. However, the issue of using monolithic ZrB2 and HfB2 is
the phase transformation of ZrO2 and HfO2 oxide by-products at elevated
temperature, leading to a volume change that results in cracking of the formed
oxide scale. Hence, it is necessary to use dopants to stabilize the oxidation
products of ZrB2 and HfB2 in-situ and to minimise the transformation induced
cracking and thus improving the oxidation resistance. This research is focused
on introducing dopants, such as Y and Ta into HfB2 and to understand its effect
on the oxidation behaviour of HfB2 based UHT ceramics. The primary objectives
were to: (a) Synthesize sub-micron pure and doped HfB2 powders; (b) Sinter
the HfB2 based ceramics to achieve relative density >95% (i.e. with close
porosity); (c) Assess the effect of dopants on the oxidation resistance of HfB2

ceramics at high temperatures.

Sub-micron pure HfB2 powder of ~200 nm was synthesized by a modified sol-
gel approach combined with subsequent carbothermal reduction process using
hafnium tetrachloride, boric acid, and phenolic resin as the starting materials.
HfC and residual carbon were found to be the main impurity phase, owing to the
lack of removal of carbon-containing species in the argon atmosphere during
the heat treatment. Therefore, a precipitation approach was developed to

transfer hafnium tetrachloride into hafnium hydroxide during the mixing stage to
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get rid of the CI- and carbon-containing functional groups. Based on the detailed
study of the formation mechanism of HfB2, it was found that the particle size of
the HfB2 powders was decided by the particle size of the starting Hf source.
Although the powders were slightly coarser (~400-800 nm) from the
precipitation approach, importantly phase-pure HfB2 was formed at the same
furnace heating conditions (1600°C/2 hrs). The precipitation method was also
used to prepare doped HfB2 powders as the homogeneity of the dopants (TaB.,
Y203) could be improved by controlling the pH values at ~8.5 to achieve the
simultaneous precipitation of the dopants and HfB2 precursors. As a result,

(Hf, Ta)B2 solid solution was prepared successfully at the temperature of 1600°C.

Spark plasma sintering (SPS) was used to densify the pure and doped HfB2
powders. The optimized density achieved was around 97% at 2150°C without
the use of any sintering aids and the addition of TaB2 slightly improved the
sinterability of the HfB2 based powders due to the formation of the (Hf,Ta)B2
solid solution. The sintered density of commercial micron HfB2 powders
(Treibacher) was only 94% in the same condition, and the resultant grain size
(5-10 um) is also significantly larger than that from synthesized HfB2-based
ceramics (2-6 um). The oxide impurities, such as HfO2 and B20s, on the surface
of the fine HfB2 based powders were attributed as the main reason for inhibiting

further densification.

The oxidation behaviours of the HfB2 based ceramics were investigated via both
static oven oxidation and oxyacetylene torch testing. In low and intermediate
temperature regime (<1600°C), it was indicated that the addition of dopants
didn't significantly improve the oxidation resistance as the glassy B203 was the
critical factor controlling the oxygen permeation rate. However, in the high-
temperature regime (>1600°C), it was found the oxidation product was mainly
tetragonal HfO2, which was stabilized by the Ta-dopants at temperatures well
below the HfO2 phase transformation temperature. Therefore, the cracking and
volume change due to phase transformation can be avoided and in return,
oxidation resistance was improved at high temperature, which should be

beneficial for the application of these materials in hypersonic aviation.
1]
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Introduction

1. Introduction

1.1 Hypersonic aviation and the need for Ultra High Temperature Ceramics

(UHTCs)

Hypersonic air- and spacecrafts can travel through the atmosphere at speeds
above Mach 5, a speed where dissociation of air becomes significant and
existence of high heat loads begin. The V-2 rocket, first used in World War Il by
Nazi Germany and later used by the United States in its early rocketry work,
was the first manufactured object to achieve hypersonic flight, i.e. reaching the
speed Mach 5 [1]. Although the first rocket was destroyed due to high
temperature during its atmospheric re-entry, the steps of developing faster and
safer hypersonic vehicles never stopped. Significant research efforts were
contributed to realise the dream of on-demand access to space and rapid
access to distant points on Earth. In April 1961, Russian Yuri Gagarin became
the first human to travel at hypersonic speed, during the world's first piloted
orbital flight. Soon after, in May 1961, American Alan Shepard also achieved
hypersonic flight when his capsule re-entered the atmosphere at a speed of
Mach 5 at the end of his suborbital flight over the Atlantic Ocean. In June 1961,
United States Air Force and NASA launched the X-15 research flight, which
reached the speed Mach 6.7 and is still holding the official world record for the

highest speed ever reached by a manned, powered aircraft [2].

Since then, numerous flights have flown at hypersonic speeds, including aircraft
Space Ship One and Space Ship Two, and especially the US Space Shuttle
Orbiters, as shown in Figure 1.1a, which have been the only reusable
atmospheric re-entry vehicles for the past 30 years. Recently the development
of hypersonic vehicles has drawn much more attention as they are also suited
for military applications because of the great difficulty of defending against them

[3]. A few hypersonic aircraft and cruise missiles are under development in
1
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various countries, including X-43 (unmanned experimental hypersonic aircraft
by NASA, USA), shown in Figure 1.1b, X-51 (unmanned experimental
hypersonic aircraft by Boeing, USA), Falcon HTV-2 (experimental rocket glider
by DARPA, USA), Kholod (hypersonic rocket, Russia), IXV (experimental
suborbital re-entry vehicle by European Space Agency), SHEFEX (Sharp Edge
Flight Experiment conducted by the German Aerospace Centre), Skylon
(experimental re-usable spaceplane by Reaction Engine Limited, UK) and WU-
14 (hypersonic glide vehicle, China). The Mach number of the hypersonic
vehicles ranges from 5 to 12. In these modern hypersonic vehicles design, no
matter whether they are jet-propelled or only driven by gravity in their
atmospheric re-entry, a slender body with sharp leading edges is employed to
produce laminar flow across the control surfaces, thus reducing the vehicle’s

drag and enhancing manoeuvrability [4].

(b)
Figure 1.1 (a) Space Shuttle Orbiter Endeavour by NASA; (b) X-43-A, a
design of reusable space vehicle by NASA [5], [6]

In order to make next-generation hypersonic vehicles fly in the sky, it requires
not only a slender body and stronger propelling force, but also advanced
materials that can withstand higher temperatures and survive extreme
environments. As mentioned, the speed of the Space Shuttle is about Mach 5

during the atmospheric re-entry. As a result of the aerodynamic heating of the

2
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surface due to friction and shock wave heating, the surface temperature of the
Shuttles increases rapidly. The maximum surface temperature on the shuttle
reaches ~1650°C since a blunt edge design is employed to transfer the intense
heat associated with atmospheric re-entry [7]. The blunt surfaces produce a
shock wave ahead of the vehicle that deflects some of the heat away from the
surface by transferring most of the kinetic energy to the air behind the vehicle
[8]. The issue with the sharp leading edge design is the convective heat to the
surface. The leading edge of the Space Shuttle has a radius of approximately
10 cm at the tip while the design concepts for some hypersonic manoeuvring
vehicles, such as Falcon HTV-2, which is under development by DARPA, have
leading-edge radii on the level of millimetres. The increase in surface
temperature is inversely proportional to the radius of the curvature of the edge
tip as the heat flux impinges directly on the sharp tip as shown in Figure 1.2.
Hence, the temperature developed on the sharp leading edges can rapidly

exceed 2000°C [9].
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Figure 1.2 Comparison of heat flux distribution on blunt and sharp leading edge
[10]

Silicon-based ceramics are widely used as thermal protection coatings on the
Space Shuttles for aerospace applications [11]. Dense and stable SiO2 formed

on the surface acts as a protective barrier. However, at temperatures >1600°C,
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the silica evaporates, thus restricting its use for higher temperatures. Although
other refractory oxides like zirconia and hafnia are very stable and possess high
melting points (>2700°C), their use is limited by poor thermal shock resistance
and high creep rates at elevated temperatures [12], [13]. In hypersonic
applications, the combination of extreme temperature and rapid heating/cooling
encountered is beyond the capabilities of the current engineering materials, thus,

explaining the interest in the development of UHTCs.

1.2 Challenges of developing UHTCs

For hypersonic vehicles, designers prefer to use metals or complex systems
rather than using advanced ceramics due to the advantages of ductility and
superior mechanical properties. It is generally believed that UHTCs will be
mainly used as the thermal protection system (TPS) for the nose tip and sharp
leading edges of the hypersonic vehicles. However, there is still a long way to
go for current UHTCs to become practical materials for TPS application since
the development of UHTCs is faced with processing and mechanical challenges

as well as oxidation limitations.

The mechanical challenges include high density, low thermal shock resistance,
low fracture toughness and the occurrence of phase transformations. Low
thermal shock resistance and low fracture toughness can be overcome by fibre
reinforcing the UHTCs, i.e. fabricating a composite [14], [15]. The stability of the
oxide scale of the UHTCs can also be improved by adding various dopants into

UHTCs [16]-[20], which is one of the primary goals of this work.

The oxidation limits the SiC-based UHTCs, the most widely studied UHTC
system, to ~1600°C temperature range for extended use [10], [21]-[28]. Above
this temperature range, active oxidation and non-protective oxide scales result

in the continual degradation of UHTCs. The SiC, which is added to improve the
4
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oxidation resistance of UHTCs below ~1600°C, is one of the primary
contributors to the active oxidation and rapid degradation above ~1600°C.
Hence, UHTCs, either as monolithic ceramics or as UHTC/UHTC composites,

have the potential for very higher temperature use.

Processing of UHTCs is also a big challenge for their advancement. Since
UHTCs are usually boride, carbides and nitrides, which are difficult to densify,
pressure-assisted sintering techniques, such as hot pressing and spark plasma
sintering, are necessary to produce dense UHTCs or UHTC composites [16],
[29]-[32]. The last and most critical challenge is to test UHTCs. However, it is
nearly impossible to perform the testing in real extreme environments during the
material development stages. Therefore, researchers have to simulate the
extreme environments by creating testing methods such as arc jet testing [33]-
[35] and oxyacetylene torch testing [14], [36]-[38], and then combine the results
with static oven testing results to analyse and assess the possibility of using

UHTCs for hypersonic applications.

1.3 Description of chapters

The sequence of the chapters in this report is following a standard scientific
study order: introduction — literature review — experimental — results and
discussion — conclusions — future work. After the introductory chapter, the next
chapter provides a literature survey associated with the historical studies and
achievements of UHTCs. Chapter 3 describes the experimental work performed,
including all the details about the synthesis approaches, sintering procedures,
testing methods and characterization techniques. The aim of this chapter is to
make sure that the experimental work is repeatable for other researchers.
Chapter 4 exhibits the results of the Ph.D. research, including the synthesis of
HfB2-based powders, the densification of the HfB2-based ceramics and the

study of the oxidation behaviours and thermal properties of the sintered HfB2-

5
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based ceramics. The conclusions are drawn in chapter 5 and possible future

experimentation is outlined in chapter 6.
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2. Literature Review

2.1 Definition of Ultra High Temperature Ceramics (UHTCs)

Ceramics are defined as inorganic, non-metallic solids comprising metal, non-
metal or metalloid atoms primarily held by ionic and covalent bonds. Differently,
the definition of a UHTC is extended to include some of the material
characteristics: the common definition for a UHTC is a material with its melting
point not lower than 3000°C. There are very few materials that meet this criterion,
including some metals: W (3400°C), Re (3200°C) and Ta (3000°C). ThO2
(3250°C) is the only simple oxide that has a melting temperature beyond 3000°C.
Most of the materials that can be classified as UHTCs using this criterion are
borides, carbides and nitrides of early transition metals Ta, Hf, Zr, Ti and Nb.
Among these, ZrB2, HfB2, TaB2, ZrC, HfC and TaC are the most studied for
applications in extreme environments [39]-[42]. However, the melting point
criterion itself is with significant uncertainty because of the difficulty of
measuring temperature precisely at such high temperatures and the common
occurrence of dissociation before the materials’ melting. For example, although
ZrB2 belongs to the UHTC family, the reported melting point for ZrB2 ranges from
3040°C to 3517°C from different publications [43]-[45]. Hence, the selection of
a melting point above 3000°C is arbitrary and only reflects one key property of

UHTCs.

Another method to define UHTCs is associated with the material’s long-term
stability in extreme environments, i.e. the highest use temperature in air. The
practical definition fits well with the name ‘engineering materials’. As introduced
before, materials like SiC, SisN4 and composites of these materials which are
currently used as protective coatings on the Space Shuttle Orbiters are able to

be used in air at temperatures up to 1600°C [46], [47]. Since the modern

7
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hypersonic applications involve higher use temperatures, a lot of papers take
the use temperature of 2000°C as the threshold for UHTCs [23], [48]-[51]. Again,
borides, carbides and nitrides of refractory metals (e.g. hafnium, zirconium and
tantalum) meet this criterion since their oxidation products protect them during

continuous use in extreme environments.

The definition of UHTCs based on the highest use temperature are still arbitrary
as well as the one based on the melting temperature. UHTCs usually also need
to fulfil other criteria, such as good thermal conductivity and high ablation
resistance [42], [52]. In fact, the most widely used definition for UHTCs, which
is used in this work as well, is not quantitative but the most summarised: most
UHTC compounds are borides, carbides or nitrides of early transition metals.
Hence, any compound containing a transition metal such as Zr, Hf, Ta, W or Nb

along with B, C or N has the potential to be a UHTC.

There has been significant interest in these materials in recent decades and a
lot of UHTC composites have also been developed to overcome some
shortcomings of monolithic UHTCs. These UHTC composites can be a
combination of two UHTCs (borides, carbides or nitrides of early transition
metals, for example, TaB2-HfB2) or one UHTC and one non-UHTC. A typical
composition for the latter is ZrB2-SiC, which is very arguably in the terms of the
definition of UHTCs because one of the constituents SiC cannot be used in air
at temperatures above 1600°C and it reduces the melting point of the

composition to below 3000°C [53].

2.2 Historical development of ultra-high temperature materials

The research of ultra-high temperature materials started with refractory metal

coatings in the early 1950s [54]. The lack of oxidation resistance at elevated

8
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temperature of these materials motivated the investigation of oxidation- resistant
intermetallic compounds, especially compositions containing silicon, aluminium
and chromium, which were found suitable for gas turbine applications [595].
Another branch of high-temperature materials, refractory metal oxides, were
developed in parallel with the refractory metal coatings in 1950s. However, they

have not been pursued due to their poor thermal shock resistance.

In the early 1960s, demand for high-temperature materials by the nascent
aerospace industry prompted the Air Force Materials Laboratory (AFML) to
begin funding the development of a new class of materials that could withstand
the environment of proposed hypersonic vehicles, e.g. the Space Shuttle Orbiter
by Manlabs Incorporated. Extensive work done by Manlabs and AFML showed
that diborides of group 1V, especially ZrB2 and HfB2, were promising candidates

for use as nose-cones and leading edge materials [56]-[59].

UHTC research was largely abandoned after the pioneering work by Manlabs
due to the completion of the Space Shuttle missions and the elimination of US
Air Force spaceplane development. Three decades later, however, research
interest was rekindled by a string of 1990s era NASA programmes aimed at
developing new generation hypersonic flights such as the National Aerospace
Plane, Hyper-X series hypersonic vehicles, and the Air Force's Blackstar
programme [60]. New research in UHTCs was led by NASA Ames, which
revived interest in HfB2/SIiC and ZrB2/SiC for sharp leading edges [61], [62].
NASA Ames, teamed with Air Force Research Laboratory (AFRL), also tested
these UHTCs in their hypersonic flight SHARP-B1 (1997) and SHARP-B2
(2000), showing the capability of UHTCs for extreme environment applications.
Since this test, NASA Ames has continued refining production techniques for

UHTC synthesis and performing basic research on UHTCs [62].
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Table 2.1 List of recent research efforts in UHTCs [63]

Zr-B,-Based Ceramics

Field Assisted Sintering of UHTCs

Missouri University of Science &
Technology, USA

Queen Mary University, London, UK

Shanghai Institute of Ceramics, China

AFRL, USA

AFRL, USA

NASA Glenn Research Center, USA

CNR-ISTEC, ltaly

University of lllinois at Urbana-
Champaign, USA

Stockholm University, Sweden

Kennametal, UK

Harbin Institute of Technology, China

Loughborough University

Naval Surface Warfare Center (NSWC)

Reactive Hot-Pressing

NIMS, Tsukuba, Japan

Shanghai Institute of Ceramics, China

Imperial College, London, UK

NASA Ames Research Center,USA

NASA Ames Research Center, USA

CNR-ISTEC, ltaly

National Aerospace Laboratories,
Bangalore, India

Leuven University, Belgium

Loughborough University, UK

Sandia National Laboratories, New
Mexico, USA

HfB.-Based Ceramics

McGill University, Montreal, Canada

NASA Ames Research Center, USA

Loughborough University, UK

UHTC Powder Production of
Power Processing

University of Birmingham, UK

Shanghai Institute of Ceramics, China

CNR-ISTEC, ltaly

Loughborough University, UK

Imaging and Analysis (Modeling)

NIMS, Tsukuba, Japan

Imperial College, London, UK

UHTC Polymeric Precursors

AFRL, USA

SRl international, California, USA

NASA Ames Research Center, USA

University of Pennsylvania, USA

Oxidation of UHTCs

AFRL, USA

Missouri University of Science &
Technology, USA

NASA Glenn Research Center, USA

MATECH/GSM Inc., California, USA

Georgia Institute of Technology, USA

Fiber Reinforced UHTCs

Loughborough University, UK

Texas A & M University, USA

Chinese Academy of Sciences,
Shenyang, China

CNR-ISTEC, ltaly

The University of Arizona, USA

NSWC-Carderock Division, USA

MATECH/GSM Inc., California, USA

Harbin Institute of Technology, China

Catalytic Properties of UHTCs

Missouri University of Science &
Technology, USA

PROMES-CNRS Laboratory, France

CIRA Capua, ltaly

University of Birmingham, UK

CNR-ISTEC, ltaly
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Further research efforts have been drawn to the field of UHTCs when various
aerospace-related programmes were started in Europe and China. Though the
development of these materials is a time-consuming process, but the
improvements in UHTCs may enable many advanced applications in the future.
Hence, substantial current ongoing projects on the fundamental aspects of
UHTCs are carried out in universities, government agencies and international
laboratories across the world as shown in Table 2.1. The fundamental research
of UHTCs includes the synthesis of UHTC powders, use of various additives
such as SiC, MoSi2, ZrSi and WSi2 to increase the oxidation resistance of UHTC
compounds, investigating the kinetics of oxidation mechanism of the diboride-
based materials and understanding the mechanical and thermal behaviours of

UHTCs at high use temperatures [19], [30], [64], [65] .

The research of UHTCs in the UK started about a decade ago since Defence
Science and Technology Laboratory (DSTL) funded 3 phases for the UHTC
work (2008-11, 2011-13 and 2014-16), which were carried out simultaneously
at Loughborough University and Imperial College, London. In 2013, another
project, Material Systems for Extreme Environments (XMat), which was funded
by EPSRC (Engineering and Physical Sciences Research Council), was
initiated to establish the UK’s capability to discover and understand UHTCs that
can operate under increasingly demanding conditions. The aims of these
projects are to develop the essential understanding of how the processing,
microstructures and properties of materials systems operating in extreme
environments interact to the point where materials with the required

performance can be designed and manufactured.
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2.3 Useful attributes for the design of UHTC components in hypersonic

applications

2.3.1 Melting point

Flow around
shock wave Shock wave
Urac e «— Surface material
Hot gas . «— Insulation
qCOI"I\u"
—
—_—b
Heat flux
.
Stagnation point
(a)
Hot gas Aeony
> N

qCOI“C

Heat flux Ueatal /

(b)

Figure 2.1 Schematics of heat flow in (a) blunt leading edge and (b) sharp
leading edge, (the effects that lead to heating are in red, including by qconv:
convective flow, Qrad: radiation, gchem: chemical reactions and Qcatai: surface
catalysis, while the effects that lead to heat dissipation are in blue including by

Jeond: conduction, and Qrerad: reradiation) [66].

At hypersonic speed (above Mach 5), a bow shock forms in front of the blunt
leading edges, as shown in Figure 2.1a, deflecting some of the heat away from
the surface. To obviate excessive drag and improve manoeuvrability, hypersonic
vehicles require sharp leading edges. The adverse consequence is an extreme

local heat flux at the stagnation point (tip of the leading edges, Figure 2.1b).
12
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Without rapid spatial redistribution of the heat, the temperature would be

generated that exceed the usage temperature of most materials.
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Figure 2.2 A comparison of melting temperatures between the most refractory

members of different classes of materials [50].

Only a few materials, as shown in Figure 2.2, have a melting temperature
approaching or more than 3000°C, of which, the UHTCs of interest including
several borides, carbides and nitrides of the transition metals Hf, Zr and Ta,
meet the melting point requirements of hypersonic applications. Moreover, the
melting points of the oxides of the transition metals, HfO2 and ZrOz2, which are
the oxidation products of the borides and the carbides, are 2758°C and 2715°C,
which are also significantly higher than the 2000°C working temperature of the

sharp leading edges [67], [68].
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2.3.2 Oxidation/ablation resistance

Other than heat flux, the oxidation/ablation resistance is another critical property
of UHTCs needed for hypersonic applications. At hypersonic speed, gases
passing through the bow shock are compressed and increase in density,
pressure, static enthalpy and temperature. At sufficiently high enthalpies, the
gas may become disassociated and ionised, which means that the N2 and O2
molecules break apart to become highly reactive N and O atoms. Because of
their lower bond energy (5.1eV vs. 9.8eV), O2 molecules dissociate at lower
enthalpy levels than N2 molecules [69]. The dissociated oxygen formed in the
bow shock impinges on the leading edge, causing the TPS materials of the
leading edges to oxidise. If active oxidation takes place, the component will lose

its function of ability far below its melting temperature.

Although the UHTCs often start oxidation at <1000°C in air, some borides and
carbides, especially ZrB2> and HfB2, have been proved to have good
oxidation/ablation resistance at elevated temperature [23], [48], [66], because
the borides and carbides can form a protective oxide layer to prevent further
oxidation of the substrate. The nature of the oxides formed also play a key role
in controlling the oxidation rate of the UHTCs [66], thus, a lot of research effort
has been devoted to understanding the oxidation mechanisms of the UHTCs
and the use of design engineering methods to enhance oxidation resistance of
some specific UHTCs, such as exploring composites with silicon carbide and

the addition of a second UHTC phase [19], [30], [37], [64], [65], [70].

2.3.3 Physical properties

The most important physical properties of UHTCs are the density and the

coefficient of thermal expansion (CTE). In hypersonic vehicle design, UHTCs
14
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are considered as a candidate for TPS, so comparing to other functional
materials used in different components of a hypersonic vehicle, such as
aluminium alloys and SiC-based materials, only a small amount of UHTCs
would be used at the wing leading edges and nose cap. Since UHTCs are much
denser than aluminium alloy and SiC based materials as shown in Table 2.2,
the small amount of UHTCs will play an important role in determining the mass
distribution of an aerospace vehicle. For example, the high-density UHTCs at
the nose cap of a vehicle move the centre of gravity of the vehicle further forward,

usually resulting in better flight stability [71].

Table 2.2 Comparison of some physical and thermodynamic properties of
UHTCs (HfB2, HfC and ZrB2) with that of other materials that can be used in
different components of hypersonic vehicles [23], [42], [50], [52], [53], [72], [73]

Density Young’s Flexural CTE Therm.al.
Igem= modulus strength X106 KL conductivity
g /GPa IMPa Wm-K-!
ZrB2 6.12 489 568 5.9 60
HfB2 11.21 480 -- 6.3 104
HfC 12.2 450 340 6 22
SiC 3.1 406 482 4.3 106
Si3N4 3.29 310 689 3.3 30
HfO2 9.68 -- -- 5.9 23
Carbon fibres* 1.74 >420 600-680 0-8 --
Aluminium 2628  70-79 - 24.4-25 190
alloys*

*Only general values are shown here. These values vary a lot for different kinds
of carbon fibre or aluminium alloy.

Most materials exhibit changes in density as a function of temperatures
associated with thermal expansion. The coefficient of thermal expansion (CTE)
is another critical property when UHTCs are designed to adhere to other
materials in hypersonic vehicles. The thermal expansion within UHTC

components produces inevitable and undesirable internal strains and stresses,
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particularly when temperature changes rapidly [74]. Different thermal expansion
between UHTC components and the substrate material can cause undesirable
contact stresses, leading to thermal shock failure and loss of adherence. Hence,
the CTE mismatch is a big concern for UHTC components, especially when
UHTCs are incorporated with other materials, such as SiC and carbon fibres
[15], [75]. It can be seen from Table 2.2, UHTCs and some carbon fibres have
similar CTE, meaning UHTC/carbon fibre composites have the potential to be
used in extreme environments. Another possible method to solve the CTE

mismatch issue is developing UHTC fibres.

2.3.4 Thermal properties

The primary thermal properties required for UHTC materials are specific heat
capacity, thermal shock resistance and, particularly, thermal conductivity.
Specific heat capacity has a great effect on the transient heating or cooling of a
UHTC component because more heat is required to raise the temperature of
the materials with higher specific heat capacity. For UHTCs, specific heat is a
strong function of temperature. For instance, the specific heat of HfB2 increases
by a factor of two when temperature increases from room temperature to
1000°C [52]. The increasing specific heat, to some extent, leads to better
thermal shock resistance (CTE is another factor deciding the thermal shock
resistance as thermal shock resistance varies inversely with CTE). The thermal
shock resistance can be evaluated by the maximum allowable temperature
change in transient heating or cooling without failure (A Tm) [42]. The
experimental value ATm of HfB2 can be as high as 395°C, which is much higher

than that of refractory metal oxides [42].

The wall temperature on the leading edges is determined by an energy balance,

as shown in Figure 2.3, which accounts for all the heat transfer processes
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transporting energy not only into, but also out of the surface. High thermal
conductivity is highly required for sharp-leading-edge applications because it
allows more energy to be conducted from the tip of sharp leading edge, lowering
the temperature, spreading the heat to an internal cooling system or cooler
component surface areas, thus enhancing vehicle performance under high heat
flux. It also improves a material’'s thermal shock resistance by reducing

temperature gradients.

Attachment region

Radiation back to remains relatively cool

the environment ? '{

)Conduction away
BRI from the nose

High heat flux to the
stagnation region

Figure 2.3 Energy balance of the leading-edge of hypersonic flight [71]

The thermal conductivity of UHTCs is largely dependent on the manufacturing,
and depends on various factors, including microstructure, composition, defect
and impurity levels, contact resistance between grains, and porosity [52].The
general values of thermal conductivity of some common UHTCs are also shown
in Table 2.2. Compared to metal oxides, UHTCs (e.g. HfB2) show elevated
thermal conductivity, the value of which is even more than half of that of

aluminium alloys.

2.3.5 Mechanical properties

In the case of using UHTCs as TPS for the leading edges of hypersonic vehicles,
although oxidation resistance and thermal properties are the priorities to be

considered, the mechanical properties, such as hardness, Young’s modulus and
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flexural modulus, are also important for the design of UHTC components [71].
As introduced in Table 2.2, UHTCs, e.g. HfB2, ZrB2 and HfC, have high Young’s
modulus and moderate flexural modulus, which is due to their limited ductility.
With the further incorporation of SiC or carbon fibres, the mechanical properties
can be significantly improved (i.e. Young’s modulus up to 466 GPa and flexural
modulus up to 1003 MPa) [76], [77]. Consequently, UHTC-SiC and UHTC-

carbon composites have become one of the major research subjects for UHTCs.

However, the Young’s modulus and flexural modulus measured at room
temperature are meaningless for the use of UHTCs in extreme environments.
As mechanical properties are highly-temperature-related, it is more accurate to
use high temperature measurements for mechanical analyses. Non-linear,
elastic deformation behaviours are observed for some UHTC materials at
elevated temperatures [21], [47], [78], [79]. Among these UHTCs, ZrB2 and HfB2
based material' showed good strength retention at elevated temperature as the
Young’s modulus and bending strength measured at 1400°C in air are 362 GPa
and 439 MPa respectively, remaining approximately 70% of that at ambient

temperature [79].

2.3.6 Surface properties

In terms of use as TPS for leading edges, the surface properties of the UHTC
components play an important role in controlling surface temperature because
the surface properties such as emissivity and catalytic efficiency have a large
effect on the ability of the surface to reject heat and, thus, on the steady state
surface temperature reached by a component. High emissivity and low surface

catalycity towards the exothermal recombination of oxygen atoms will improve

1 Defects caused by diamond blade cutting or electrical discharge machining (EDM) can lower

measured strengths significantly.
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the material performance in extreme environments by reducing temperature
gradients and thermal stresses. Scatteia et.al [80], [81] measured hemispherical
emissivity for ZrB2-15SiC-2MoSi2 and ZrB2-15SiC composites and the
emissivity values ranged from 0.49-0.81, depending on temperature, machining
method and oxygen ambient environment. Alfano et.al [82], [83] measured the
emissivity and catalycity for similar ZrB2-15SiC based composites which used
SisN4 and ZrSiz2 as sintering aids, finding that these materials presented a low
catalytic activity with an almost constant recombination coefficient of 0.1 at
temperatures up to 2000°C, while ZrB2-15SiC-5SisN4 showed the higher
emissivity, reaching 0.9 at 1500°C.

2.4 Refractory borides and other monolithic UHTCs

2.4.1 Refractory borides

The refractory diborides, especially ZrB2 and HfB2, are important members from
the family of UHTCs, as they exhibit an unusual combination of high melting
point, good oxidation resistance, metal-like thermal conductivity and good
strength retention at elevated temperature. They and their composites are
considered as promising candidates for thermal barrier coatings on future
hypersonic vehicles. Some other refractory diborides, e.g. TiB2, are also
attractive for the applications such as wear components and cutting tools, due

to their low specific weight, high hardness and elastic moduli [84].

2.4.1.1 Structure and structure-property relations

Zr and Hf are chemically very similar elements and the borides of these
elements are also very similar. As shown in Figure 2.4 and Table 2.3, the group

IV transition metal diborides exist with a hexagonal crystal structure of the MB2
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prototype. The structure is composed of layers of B atoms in 2D graphite-like
rings, which alternate with metal layers in a hexagonally close-packed array.
Each B atom is surrounded by 3 B neighbours and 6 metal atoms, whilst each
metal atom is surrounded by 12 B atoms and 6 metal neighbours. The B-B
distance is influenced by the radius of neighbouring metal atoms. It is equal to
al\/3, as shown in Table 2.3, and is 0.183 nm for ZrB2 and 0.181 nm for HfBx.
The M-B distance is equal to (a?/3+c?/4)"?, as shown in Table 2.3. It increases
linearly with the M:B radius ratio, which is 0.254 nm for ZrB2 and 0.251 nm for
HfB2 [42].

Table 2.3 Some structural, physical and thermodynamic properties of the
transition metal borides [85]-[92]

Property ZrB2 HfB:2 TiB2 TaB:2
Crystal system space | Hexagonal | Hexagonal | Hexagonal | Hexagonal
group prototype P6/mmm P6/mmm P6/mmm P6/mmm
structure AlB2 AlB2 AlB2 AlB2
a/nm 0.317 0.314 0.302 0.306
c/nm 0.353 0.347 0.322 0.330
10.50 11.15
Density / g cm™ 6.12 (11.21 4.52 (12.54
theoretical) theoretical)
veling fomperalire | 3245 3380 3230 ~3000
Y°“”9/SGr;Zd“'”S 489 480 565 587
Hardness / GPa 23 28 25 36

Coefficient of thermal
expansion / K
Electrical conductivity
/Sm
Thermal conductivity
/ Wm K"

5.9%10 6.3x10° 6.4x10° 8.2x10°

1.0x107 9.1x106 1.4x107 3.3x107

60 104 96 16-36

The order of the radius of the group IV transition metals is hafnium > zirconium >
titanium, which affects the B-B, B-M and M-M bond strength in the refractory

metal borides, and thus decides the mechanical, thermal and physical
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properties of the refractory metal borides. In addition, the group V transition
metal diboride, TaB2, has a similar crystal structure and metal atom radius as
HfB2 and ZrB2, so TaB: is likely to merge with HfB2 or ZrB2 to form solid solution.
As a result of similar M-B, B-B and M-M bond strength, TaB2 also show very

similar physical and thermal properties as HfB2 or ZrBa.

Top Y Active z
X
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Figure 2.4 The MBa2-type structure of HfB2 or ZrB2 [42]

Some properties of the pure refractory diborides are affected by the combination

of the bonds (B-B, M-B and M-M):

(a) Melting temperature: It was reported that the M-B bond strength rather than
B-B decided the melting temperature of the refractory diborides [93]. So in
theory, the larger the metal atoms the diborides have in their structure, the

higher the melting temperature they exhibit. For example, the melting points
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of HfB2, ZrB2 and TiB2 are 3250°C, 3246°C and 3230°C, respectively.

(b) CTE: Although CTE anisotropy is prevalent among the refractory diborides.
ZrB2 and HfB2 show lower CTE anisotropy than that of the diborides of Ti,
Nb and Ta [94]. It is due to the fact that larger metal atoms lead to stronger
bond strength, resulting in a lower CTE. For this reason, ZrB2 and HfB2 would
develop lower stress during fast cooling than other diborides. The values of
CTE of HfB2 and ZrB2 are 5.9x10% K-' and 6.3x10% K-!, respectively, which
are similar as that of HfC and HfN [47].

(c) Young’s modulus: The refractory diborides have very high Young’s modulus

due to the strong M-B and B-B bonds.
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Figure 2.5 The thermal conductivities of HfB2, HfN, HfCo.67 and HfCo.0s [21]

(d) Thermal conductivity: Group IV metal diborides (TiB2, ZrB2 and HfB2) are
high thermal conductivity ceramics due to the contributions from both
electronic and photonic thermal carriers to the total thermal conductivity [63].

They possess higher thermal conductivity than Group V metal diborides (VB2,
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NbB2 and TaB:2) and HfB2 tops the list with the highest thermal conductivity,
compared to HfC or HfN, over a wide temperature range, as shown in Figure

2.5 [47].

The physical properties of pure transition metal boride can be modified by
adding various materials. The effect of additives on the physical properties of

HfB2 and ZrB2 will be discussed in Chapter 2.6.4.
2.4.1.2 Oxidation mechanism

The oxidation resistance of the monolithic refractory diborides is studied by
plotting the oxidation rate as a function of temperature. Significant research
efforts were focused on understanding the oxidation mechanism of ZrB2 and
HfB2 and it was found that the oxide scale, rather than the borides themselves
is the key role in controlling oxygen permeation, thus it decides the oxidation

rate [95]-{99].

As shown in Equation 2.1 and 2.2, the diborides undergo stoichiometric

oxidation when exposed to air at elevated temperature [100].

ZrBy(c) + 2 Oy = Z105(c) + B;05), T > 873K (2-1)

5
HfBZ(C) + EOZ(g) - HfOZ(C) + 8203(1),T > 873K (2-2)

Fahrenholtz’'s work [101], [102] focused on thermodynamic study and
investigated the forming mechanism of the condensed and gaseous oxidation
products in the oxidation of diborides. Three oxidation regimes were reported:
‘low’ temperature, ‘intermediate’ temperature and ‘high’ temperature, based on
different oxidized structures.
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In the low temperature regime, i.e. 600°C-1000°C, a porous zirconia is filled with
liquid boron oxide according to Equation 2.1. The reaction products, boron oxide
and zirconia, show limited mutual solubility and hence exist as distinct phases
as shown in Figure 2.6(a) [66]. In this regime, the vapour pressure of boron
oxide being low, a protective layer of boron oxide is formed on the outer surface
which acts as an effective diffusion barrier thickness limiting the permeation of
oxygen through these oxide layers to reach the substrate. Hence, both ZrB2 and
HfB2 show mass gain kinetics consistent with diffusion limited processes in this

regime [103].

(b)
Figure 2.6 Monolithic ZrB2 oxidized at (a) 900°C for 8 h and (b) 1500°C for 2
h, the thicknesses of oxide layers are 10 um and 400 um respectively [66].

B203(1) - B203(g), T>1273 K (2-3)

The lower limit of ‘intermediate’ regime is usually believed to be ~1000°C.
According to Equation 2.3, at temperature above 1000°C, volatilization as
B203(g) occurs, resulting in a loss of the outer boron oxide layer and from the
pores of zirconia layer. The depth of the boron oxide filling in the pores of

zirconia layer is decided by both the formation and evaporation rate of the boron
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oxide. When the temperature reaches 1500°C, only a porous zirconia layer is
left as shown in Figure 2.6(b). In this regime, oxygen first diffuses through the
outer zirconia channels, and then permeates the boron oxide to the base of the

pore channels. The oxygen permeation through zirconia is however negligible.
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Figure 2.7 Schematic sketch of the different oxidation products of ZrB2 at
different oxidation regimes [99].

In the intermediate temperature regime, the phase transformation of metal oxide
affects the oxidation rate of the corresponding diborides. It is well known that
ZrO2 and HfO2 undergo phase transformation from monoclinic to tetragonal at
higher temperatures. The phase transformation temperature range is 1000°C —
1200°C for ZrO2 and is 1500°C — 1600°C for HfO2 [104]. The phase
transformation results in volumetric shrinkage, increasing the porosity of the

zirconia layer as illustrated in Figure 2.7 [99]. Even small changes in the porosity
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of the zirconia can change the oxidation rate significantly. Therefore, in the
intermediate temperature regime, at temperatures above the transformation
temperature, the shrinkage of zirconia opens up the pathway for oxygen to
diffuse through, together with the loss of boron oxide protective layer, enhancing

oxidation [99]

The high temperature regime starts from the temperature of 1800°C, above
which, based on Equation 2.4, boron oxide evaporates as fast as it forms.
Simultaneously, the evaporation of ZrO2reduces the thickness of the oxide layer,

enhancing oxidation.
ZI‘BZ(C) + ZOz(g) - ZI‘OZ(C) + B203(g),T > 2073K (2-4)

A parabolic trend of the oxidation rate of ZrB2 against temperature from 800°C
to 1500°C was reported by Tripp et.al [57] and Berkowitz-Mattuck et.al [103] by
TGA analysis and measuring oxygen consumed, respectively. McClaine et.al
[105] compared the oxidation behaviour of HfB2 and ZrB2 as shown in Figure
2.8 and concluded that at temperature below 1700°C, the parabolic rate
constants for oxidation of HfB2 were almost an order of magnitude less than the
corresponding constants for ZrB2. He also reported that the oxidation rate of
HfB2 increased sharply around 1700°C whilst for ZrBy, it increased at 1100°C,

which could be due to the phase transformation of their oxides.

Several thermodynamic models employing volatility diagrams or kinetic models
have been created with the evaporation of B2O3 being considered as the cause
of the transition of the different oxidation regimes [106], [107]. Parthasarathy et.
al established a model to predict the oxide scale thickness, boride recession
and weight gain of ZrB2 and HfB2 as a function of temperature, time and partial

pressure of oxygen [108]. As shown in Figure 2.9, the model was proved to
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match very well with experimental data of the laboratory oxidation of ZrBo,
showing a parabolic change of oxidation rate, when the porosity fraction and
pore radius were assumed to be 0.05 and 0.5 ym [21], [108], [109]. The model
can be extended to HfB2 and other refractory metal diborides by simply changing

the parameters such as molecular mass and density.
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Figure 2.8 Comparison of parabolic rate constants for oxidation of HfB2 and
ZrB2 as a function of temperature [105]
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Figure 2.9 (a) Model predictions of the boride recession in air as a function of

temperature is compared with Fenter’s data [109]. (b) The model predictions
for mass change are shown compared to experimental data obtained in Ar/O2
gas in 2 h [21]. (c) The scale thickness obtained after 5 h in air by Opeka et. al
[21] is shown compared to the predictions [108].

Parthasarathy et. al also modified the model for the high temperature regime
(>1800°C), taking the phase transformation of the metal oxides (ZrO2 and HfOz2)
into consideration and, again, the model compared very well with experimental
data [57], [103], [110]-[112]. Based on this analysis, it was also concluded that
the significant advantage of HfB2 over ZrB: was credited to the higher
transformation temperature and lower oxygen permeability of HfO2 compared

with ZrO2. The latter may be because that at temperatures > 1600°C, the oxide
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layer of HfB2 that remains after B203s evaporation has a more equiaxed
microstructure than that of ZrBz, resulting in greater resistance to oxygen

transport [56].

All the analysis described above are based on furnace oxidation tests, which
are appropriate to understand the oxidation mechanisms of the borides and
select candidate materials for hypersonic applications, but cannot reproduce the
harsh conditions of extreme environments during hypersonic flight. The arc-jet
testing of ZrB2 at 2500°C for 30 min resulted in an oxide scale that was 250 um
thick, which is only 1/10 of the same materials after oven oxidation at 2000°C
for 30 min [46]. The big difference in the two tests is attributed to the existence
of a large temperature gradient and the ablation of the sample surface during
arc-jet testing. Further, it could be concluded that the more severe conditions
encountered during arc-jet testing may promote the formation of an oxide scale
(ZrO2 or HfO2) having a higher density that is more protective than the scale
formed in static laboratory furnace tests [66]. However, the very limited number
of comparative experimental studies do not allow for strong conclusions to be

drawn about the oxidation behaviour differences of these materials.

2.4.2 Refractory carbides

The refractory carbides are also considered as UHTCs due to their extremely
high melting points, which are even higher than these of the refractory borides.
The common monocarbides (HfC, ZrC and TaC) exist with the NaCl-type face-
centred cubic crystal structure. The strong interatomic bonds in the structure,
especially the strongest covalent bonds, leading to the monocarbides
possessing high melting points (HfC: 3928°C, ZrC: 3445°C and TaC: 3980°C),
as well as excellent hardness and elastic modulus [113], [114]. Generally, the

chemical formula of HfC and TaC are more appropriately written as HfCx and
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TaCx, where x ranges from 0.50 to 0.98 and is temperature dependent, as shown
in Figure 2.10. This wide phase stability field allows a large number of vacancies
to exist in the crystal lattice, which reduces thermal conductivity and mechanical
properties, as shown in Table 2.4 [21], [115]. The vacancies can be occupied by
large quantities of oxygen as well, thus influencing the oxidation behaviour of

the carbides.

Table 2.4 Properties of HfCx at room temperature [21]

Young’s Flexural CTE at Thermal
modulus strength 2000°C conductivity
IGPa IMPa [°C-1 /W m“K-1
HfCo.98 450 340 13 22
HfCo.67 320 260 13 7
4300 T | T T T | T | T
= 3950°+40° -
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Figure 2.10 The phase equilibrium diagram for HfCx [116].
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The oxidation behaviour of HfC has been studied over a wide temperature range
[112], [117]-[119]. At low temperatures, the HfO2 forms a porous scale due to
the evolution of CO2 during the oxidation, as shown in Equation 2.5, the
oxidation kinetics are linear and the oxidation rates depend on the permeation

of oxygen through the oxide scale [112].

HfC(s) + 0,(g) — Hf0,(s) + CO,(g) (2-5)

HIO,

HiC

Substrate

Figure 2.11 Multi-layer structures in hafnium carbide, oxidized at 1865°C for

600s in an atmosphere of 93% argon and 7% oxygen [97]

At higher temperatures, the oxidized scale of HfC consists of three distinct
layers, illustrated in Figure 2.11: an outer porous HfO2 layer, the residual
hafnium carbide layer with a measurable oxygen gradient and an interlayer
described as HfO2xCy. Bargeron et.al [97], [120] reported that the dense

oxycarbide layer acted as an oxygen diffusion barrier limiting the oxidation rate
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and the oxidation kinetics followed a parabolic trend, similar to the oxidation

behaviours of refractory borides.

However, the carbides are vulnerable to form a porous and non-adherent oxide
scale. During the oxidation of HfC, the formation of gaseous CO2 and the phase
transformation of HfO2 are the main reasons leading to the porous oxide layer.
The presence of free carbon at the interlayer was also reported after oven
oxidation at lower temperatures (800-1500°C) [119]. The carbon oxidizes at high
oxygen pressures, leading to a loss of both oxidation resistance and adhesion
at the interface. Compared with HfC, TaC shows worse adhesion, as the oxides

formed can easily slough off the parent carbides [121].

2.4.3 Refractory oxides

Although refractory oxides such as ZrO2 and HfO2 are intrinsically oxidation
resistant, they are classified as high temperature ceramics rather than ultra-high
temperature ceramics. It is mainly because their melting points, as shown in
Figure 2.3, are below 3000°C. It has been reported that hafnium oxide is used
as a refractory material in the insulation of such devices as thermocouples,
where it can be operated at temperatures up to 2500°C. However, its low
thermal shock resistance, fracture toughness and thermal conductivity limit its
development for aerospace applications. When UHTCs are used as protective
coating for leading edges, low thermal shock resistance can cause the coating
to crack, leading to component failure. Another issue associated with the
refractory oxides is the phase transformations. ZrO2 and HfO2 experience solid
phase transformations, from monoclinic to tetragonal at 1150°C and 1650°C
respectively, and from tetragonal to cubic at 2370°C and 2700°C respectively

[47], [122]. These phase transformations result in volume changes and cracking.
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2.4.4 Refractory nitrides

With a melting temperature of 3300°C, HfN certainly qualifies as a UHTC
material. This material offers a wide range of thermal and mechanical properties,
so it is widely used as an interlayer/diffusion barrier in magnetic recording
devices, as well as in the world of structural ceramics [123]. But the UHTC

nitrides (ZrN and HfN) are less well known than the diborides or monocarbides.

Figure 2.12 Post-test photographs showing evidence of porous, adherent scale
on HfN and dense oxide that formed on HfNo.75 [48]

Like the monocarbides, HfN can exist over a range of stoichiometry [124]. The
melting temperature increases with increase in the nitrogen percentage in HfNx,
and reaches a maximum of 3387°C at HfN1. Thus, for long exposure at high
temperatures, the loss of N from the lattice is thought to be a considerable
problem to overcome. For the HfN phase, the thermal expansion, strength and
modulus are all very close to that measured for HfC, while the thermal
conductivity is slightly higher. However, oxidation tests indicate that the HfN
materials are not as good as HfC when used as thermal proactive coatings [21].
In arc-jet testing, HfN showed evidence of porosity and cracking [48]. Another
significant issue is observed for HfNo.75, i.e. a ‘blowout’ after oxidation, as shown
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in Figure 2.12. It is mainly due to that HfNo7s has a different oxidation
mechanism to HfN1. The gas pressures at the interface must be significantly
lower, leading to the formation of an extremely dense and adherent oxide scale,
which trapped the gaseous products below it until the pressure reached a critical

value [48].

2.4.5 The most promising materials for hypersonic applications — ZrB:

and HfB2-based ceramics

Table 2.5 Brief summary of the oxidation products and behaviours of some
UHTCs

Thermal

Melting
temperature
[°C

Density
/g cm?3

Oxidation
products
in air

conductivity
at RT

Oxidation
behaviors

/W m1K1

Protective
glassy phase
inhibit
oxidation
Protective
glassy phase
inhibit
oxidation
Porous oxide
layer with
poor
adherency
Porous oxide
layer with
poor
adherency
Porous oxide
layer with
cracking and
poor
adherency

HfB2 3250 10.50 | HfO2+B20s3 80

ZrB2 3200 6.08 | ZrO2+B20s3 99

HfC 3890 12.22 | HfO2+CO2 22

ZrC 3530 6.73 ZrO2+CO2 34

HfN 3305 13.80 | HfO2+NO2 11

Refractory borides and carbides, rather than oxides and nitrides, are considered

as the UHTC materials of the most interest as they possess not only high melting
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temperatures, but also good thermal conductivity and thermal shock resistance.
Within these carbides and borides, the oxidation behaviour of Hf and Zr
compounds are reported to be superior to Ta, Ti and Nb compounds [57], [99],
[105]. Furthermore, by comparing the oxidation behaviours and rate of the
carbides and the borides of Hf and Zr, Table 2.5, it can be seen that the carbides
are faced with the issue of the formation of a porous oxide layer with poor
adherency, which reduces the oxidation resistance of the carbides. Hence, ZrB2
and HfB2 are regarded as the most promising materials for hypersonic
applications and attract most research effort in the UHTC field [42], [47], [66].
Although ZrB2 and HfB2 exhibit low oxidation rates, UHTC-carbon composites
and addition of dopants are investigated to overcome the issues associated with

poor fracture toughness and phase transformation that lead to high porosity.

2.5 Synthesis of refractory metal boride powders

HfB2 and ZrB2 can be synthesized by a variety of routes, which can be classified
into reactive routes, chemical routes and reduction processes, based on the
reaction involved. Each route has its own advantages and disadvantages. The
reduction processes are widely studied and are the basis of the current
commercial method to synthesize HfB2 and ZrB2 powders due to their relative
lower cost and simplicity of the process involved compared to reactive and
chemical routes [125]. However, as coarser particles of the borides result in
poorer sinterability, some lab-based routes are aiming to yield high-purity nano-

sized HfB2 and ZrB2 powders.

2.5.1 Reactive routes

Reactive routes are based on the simple reactions between elemental precursor

powders, Equation 2.6 and 2.7:
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Zr + 2B - ZrB,, AHZ,,, = —323 kJ,at 25°C (2-6)
Hf + 2B > HfB,, AHS,, = —328 k], at 25°C (2-7)

(b)

Figure 2.13 SEM micrographs of ZrB2 formed via (a) SHS, after NaCl removal,
10 wt% NaCl was added; (b) reactive hot pressing, at 600°C for 360 min [126],
[127].

These two reactions are both strongly exothermic and result in extremely high
adiabatic temperatures that can ignite a self-propagating reaction. Thus these
reactions are used to synthesize ZrB2 and HfB2 with the presence of external
ignition sources, i.e. by self-propagation high-temperature synthesis (SHS)
[128], [129]. Camurlu et.al [126] showed that the grain size of the resultant ZrB2
powders increased with increasing the adiabatic temperature, and he obtained
nano-size ZrB2 by using NaCl as a diluent to reduce the adiabatic temperature.
The consequent particle size ranged from 200 nm to a few microns as shown in
Figure 2.13(a). The advantage of SHS is that the high heating and cooling rates
involved result in high defect concentration in the powders obtained and thus
improve their sinterability by providing a driving force for rearrangement of
atoms [130]. HfB2 has also been prepared by using a hafnium and boron powder

mixture in a non-self-propagating high-temperature synthesis process at
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1500°C [131], but large Hf particles were detected, in another words, the extent

of reaction was low because the diffusivity of boron in HfB2 was small.

In contrast to SHS, Chamberlain et. al [127] synthesized nano-size ZrB2 using
fine powders of Zr and B via reactive hot pressing at temperature of 600°C
without an ignition, as shown in Figure 2.13(b). The synthesized powders were
the same size as the Zr precursor particles, i.e. ~10 nm, after attrition milling for
240 min. Hence, the particle size of ZrB2 can be controlled by reducing the

particle size of the Zr precursor powders.

2.5.2 Chemical routes

Chemical routes involve the reaction between Zr- or Hf-containing and boron-
containing precursors. Nano-crystalline ZrB2 and HfB2 have been synthesized
following Equation 2.8 and 2.9 at temperatures of 500°C and 600°C, respectively,
using a hydrothermal reaction method [132], [133]. These are the lowest
temperatures reported for the synthesis of HfB2 and ZrB:2 in the literature. The

particle sizes of the resulting powder were reported to be as small as 10-25 nm.

HfCl,(g) + NaBH,(g) — HfB,(c) + 2NaCl(c) + 2HCI(g) + 3H,(g) (2-8)
ZrCl,(g) + NaBH,(g) — ZrB,(c) + 2NaCl(c) + 2HCI(g) + 3H,(g) (2-9)
2Ti(BH,)s(c) = 2TiB,(c) + B,H¢(g) + 9H,(g) (2-10)

Titanium diboride has also been prepared by thermal decomposition of titanium
borohydride via reaction 2.10. Powders prepared by this method were also
nano-sized with diameters of 100-200 nm [134]. Whilst a variety of chemical
routes have been investigated, the processing of these powders into coatings

or ceramics has not been fully explored [134].
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2.5.3 Reduction processes

Several reduction processes are used to synthesize the diborides of Hf and Zr,
including carbothermal, borothermal and carbo/borothermal reduction reactions,
as listed in Table 2.6. According to the thermodynamic calculations, these
reactions are all extremely endothermic, thus a high temperature, which is
usually above 1500°C, is required to complete the reduction reactions [135],
[136]. Besides the common reducing agents, boron, carbon and boron carbide,
aluminium and magnesium can also be used as well as the combinations of

reducing agents [78], [137], [138].

Table 2.6 Various reduction reactions to synthesize HfB2. The reactions are

also applicable to ZrB2 [135]

Equation Category Example /A&?ﬁgﬁ
(2-11) Carbothermal Hfo_z)(;) ﬂ;_z (B(:Z)Oj(é)c-(; (Sg(): &) 14
(2-12) Borothermal . éiff%z ((‘;)) 1 12(]’3]3(()? " -9
(2-13) | Carbo/borothermal ZHf_?ZZ(;zB: (]i‘)*i(cj CJE) ?gc)(g) 25

2.5.3.1 Carbothermal reduction

Carbothermal reduction is used to produce HfB2 and ZrB2 commercially due to
the low cost of the starting materials and simplicity of the process [139]. As
mentioned earlier, this reaction is strongly endothermic and becomes
thermodynamic favourable above ~1500°C. In order to yield high-purity powders
and shorten the reaction time, a higher temperature was usually employed to
synthesize HfB2 or ZrB2 powders [78]. The reaction also produces significant

volumes of various gases, which must be removed for the reactions to proceed
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to completion. Hence, the reaction is usually carried out in vacuum or with

flowing inert gas.

(a) (b)
Figure 2.14 SEM images of the ZrB2 powders synthesized by (a) carbothermal
reduction at 1600°C for 1h, and (b) borothermal reduction at 1650°C for 1h [78],

[138].

Figure 2.15 TEM image of the nano HfB2 synthesized via a sol-gel approach
[141].

In terms of the drawbacks of the carbothermal reduction, B4C, HfC/ZrC and
HfO2/ZrO2 are found as common impurities, so that excess B20s3 is often added
to improve purity by promoting the formation of diborides over carbides [136],

[142]. Much research effort is also focused on the sol-gel route synthesis of HfB2

39



Literature review

and ZrBz, which is based on carbothermal reduction. This is because the sol-
gel approach improves the mixing of the reactants to a molecular, or even atomic,
level, which is beneficial for the completion of the carbothermal reduction
reaction. Yan et. al [143], [144] prepared high-purity ZrB2 and TiB2 powders with
particle sizes from 100-200 nm, as shown in Figure 14(a), via a sol-gel approach

at a temperature of 1500°C.

Venugopal et. al [141] succeeded in synthesizing high-purity HfB2 via a sol-gel
approach and showed that the carbothermal reduction can be completed at
1300°C for 25 h. The average crystallite size of HfB2 was only 25 nm, shown in
Figure 2.15. Compared to the other HfB2 and ZrB2 powder syntheses reported
in literature, the Loughborough prepared HfB2 powders had homogeneous and
finer particles. According to the oxidation testing of the HfBz/carbon preform
composites prepared by these HfB2 powders, the oxidation resistance of the
nano HfB2 powders was not as good as that of the commercial submicron-size
powders as nano powders were more reactive with oxygen due to larger surface

area.

2.5.3.2 Borothermal reduction

Although borothermal reduction reaction involves monolithic boron, which is
more expensive than carbon, the main advantage of the lab-based borothermal
reduction reaction is the purity of the powders obtained, as boron is the only
possible impurity [140], [145]. A recent report showed that the correct amount of
B can remove the oxygen impurities and improve the densification process of
ZrB2 ceramics [146]. Moreover, as B20s is the intermediate product of Equation
2.12, the contamination of the graphite from heating elements and insulations

can be reduced via the reaction of Equation 2.11 [138].
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High-purity nano-scale zirconium diboride powder was synthesized by
borothermal reduction of nano-sized ZrO2 powder in vacuum at temperature of
~1650°C [145]. It was reported that ZrO: started to convert to ZrB2 at
temperature as low as 1000°C, but in order to improve the purity of the final
powder and to remove all boron-related species a temperature above 1600°C
was required. The high-purity ZrB2 powder had a particle size of 0.4-1.5 ym as
shown in Figure 2.14(b).

2.5.3.3 Carbo/borothermal reduction

Figure 2.16 SEM image of HfB2 synthesized at 1600°C for 1h, via
carbo/borothermal reduction, using HfCls4, B4C and C powders [147].

Carbo/borothermal reduction is actually a modified carbothermal reduction,
using the combination of B4C and C instead of only C as a reducing agent, as
shown in Equation 2.13. The reaction is also endothermic and becomes
favourable at a temperature around 1200°C. The starting temperatures of
carbo/borothermal reduction for forming HfB2 [148] and ZrB2 [149] were
reported as 1300°C and 1200°C respectively, but to yield high-purity powders,
a higher heat treatment temperature of 1600°C was preferred. Zhang et. al [147]
investigated the effect of stoichiometry on the purity of the formed HfB2. The
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high-purity powders he synthesized had an average crystallite size of ~1 ym as
shown in Figure 2.16. The carbo/borothermal reduction reaction has also been
exploited to promote densification of ZrB2 due to the ability of excess B4C to
react with oxides and thereby reduce the amount of oxide impurities in the non-

oxide ceramics [150]-[152].

B,0,/C
B,0,/Mg
B,C/C

Figure 2.17 Chemical reactivity of hafnium and its derived boride, carbide and
nitride compounds. Reactions with reagents marked in bold letters proceed (at
least partially) at 1500°C or blow. The rest require higher temperatures, e.g.
borothermal, carbothermal, and carbo/borothermal reduction reactions.
Additional reaction products within each of the reactions (if present) are omitted.
[135]

Figure 2.17 summarizes the broad range of reactions that were found to occur
at 1500°C and below. Various reactions other than borothermal and
carbothermal reduction reactions, using elemental Hf or its carbide and nitride

derives, lead to the formation of HfB2. These reactions provide much more
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flexibility in using combinations of polymeric precursors and reactive powders to
synthesize the group IV metal borides. All of them should be considered during
the design and development of any practical precursor processing as the
intermediate reactions and their products may play a key role obtaining the

desired phases and microstructures.

2.6 UHTC composites

The borides of Hf and Zr are recognized as the most promising candidates for
hypersonic applications, hence significant research effort has been focused on
developing UHTC composites to improve the former’s high temperature
performance, as in extreme environments, these monolithic materials are faced
with not only ultra-high temperatures, but also very high heat fluxes, rapid
heating/cooling and activated oxygen. The high temperature performance of the
monolithic materials can be significantly reduced due to the evaporation of the
protective B203 scale (boiling point of 1860°C, but evaporates quickly above
1600°C) and the increased porosity caused by the phase transformation of the
hafnia or zirconia scale. Various additives, such as SiC, MoSiz2, LaBs, TaC, TaB2
and their combination have been used to form ternary diboride compositions to

improve the high-temperature performance of the borides [19], [27], [66], [153].

2.6.1 Various refractory metal boride based composites

2.6.1.1 Various dopants for ZrB2 and HfB2 based composite

The most widely studied UHTC composites are ZrB2-SiC and HfB2-SiC based
ceramics. The dopant SiC is selected because it reduces the oxidation rate of
both HfB2 and ZrB2 by forming a stable borosilicate glass layer on the surface

of the oxidized ceramics [66], [154]. The silica layer is stable at temperatures
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below 1600°C, but the protective layer forms volatile SiO(g) above 1600°C,
which leads to a porous ZrO2 scale being formed [154]. Thus at temperatures
above 1600°C, because of active oxidation and evaporation of SiO2, SiC
additives actually reduce the oxidation resistance of borides rather than
improving it. Although other dopants, e.g. WC and TaSiz, have been added into
HfB2- or ZrB2-SiC ceramics to improve the stability of the protective glassy
phase, no significant improvement has been reported [155]-[157]. Some
researchers also reported using SisN4 instead of SiC to prepare ZrB2-based
composites. Although the sinterability, mechanical properties and low
temperature (<1500°C) oxidation resistance of ZrB2 can be significantly
improved by adding SisN4, the system is faced with the same issue as SiC due
to the evaporation of silica at temperature above 1600°C [158]. The details of
the oxidation behaviours of the UHTC-SIC based ceramics will be discussed

later.

Solution-1

Solution-3

O:z0, Q:80, O:si0, Q:¢ O:zB, Q:sic
Figure 2.18 Schematic of the combined sol-gel and microwave
boro/carbothermal reduction process used to prepare ultrafine ZrB2-SiC
composite powders [159]

The preparation of the UHTC-SIiC green body is usually based on solid state
mixing, e.g. via ball milling or attrition milling, using commercially available
micron-scale ZrB2, HfB2 and SiC powders [37], [160]-[163]. It should be noted

that homogeneously mixed SiC and UHTC powders were needed to improve
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their sinterability. The ball milling of UHTC-SIiC composites commonly involves
high-purity SiC or WC balls to avoid contamination and ethanol as the milling
media to avoid oxidation [22], [26]. It was reported the milling time should be no
less than 10 h in normal ball milling, however the time could be shortened to 2
h if using planetary mono-milling [22]. Recently, submicron ZrB2-SiC powders
were synthesized via sol-gel methods, which involved using tetraethoxysilane
(TEOS)/ethanol (Solution 1) mixed with ZrOCl2 (Solution 2) and boric

acid/phenolic resin (Solution 3) solutions as shown in Figure 2-18 [159], [164].

In order to improve the oxidation resistance and mechanical properties of ZrB>
and HfB2 at temperatures above 1600°C, other group IV and V metal borides
dopants such as TiBz2, NbB2, TaB2, W2Bs, LaBs etc., have been added to modify
the morphology of the crystalline phase in the oxide scale without forming glassy
oxides to reduce the oxygen permeation rate [153], [165]-[167]. Among these
dopants, some Group IV and Group V transition metal diborides can form
continuous solid solutions due to similar crystal structures and atomic radii. For
example, HfB2 and ZrB2 form continuous solid solution with TiB2, NbB2 and TaB:
because their radii differ by only <10%, but a larger radius difference leads to

limited solubility between these diborides and CrB2 [168], [169].

Solid solution formation appears to depend on diffusion of the metal atoms, not
the strongly bonded B atoms as the solid solution of these diborides still show
hexagonal structure. The activation energy for metal atom diffusion can be used
to compare the difficulties of forming solid solution among different Group IV
and V atoms. The values for ZrB2-TiB2, TiB2-NbB2 and NbB2-CrB2 systems are
112, 175 and 400 kJ/mol, respectively, which correspond to the atomic radii
differences between Ti and Nb (1%), Zr and Ti (9%) and Nb and Cr (13%) [169].
Since the metal atom diffusion in these systems is time and temperature

dependent, good mixing between the metal boride dopants and matrix is desired.
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Figure 2.19 X-ray diffraction patterns for heat treated ZrB2-TaB2 powders. The
samples placed in a graphite tube furnace in flowing argon [153]

Solid state mixing techniques, e.g. ball mill, attrition mill and planetary mill, have
been reported to be succeeded in mixing commercially available ZrB2 and TaB2
powders, but the subsequent solid solution forming temperature was ~2000°C
with hot pressing [157]. In contrast, when a solution based route involving
tantalum ethoxide solution and zirconium n-propoxide/acacH was used to
prepare ZrB2-TaB2 composite powders, it was reported that a solid solution
formed at around 1600°C due to the homogeneous distribution of the dopants,
as shown in Figure 2.19 [153]. The sol-gel method, which was developed to

synthesize submicron HfB2 powders using HfCls, boric acid and phenolic resin
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[170], could also be extended to prepare HfB2 based composite by adding
ethanol-soluble Ti or Ta sources. Another approach to promote the distribution
of dopants is via the co-precipitation method, which needs precise control of the
pH values to force the dopant and matrix to precipitate at the same time. Jiang
used a co-precipitation method to synthesize ZrO2-WO3 precursors which were
subsequently reacted with amorphous boron at 1550°C to produce W-doped

ZrB2 powders with a particle size of around 400 nm [171].

Besides the borides, other derivatives of the Group IV and V refractory metals,
such as TaSiz, TaC, WC were also used to dope HfB2 and ZrB2 [158], [172]-
[175]. These carbide and silicide dopants, when they absorb sufficient thermal
energy, can be partially reduced by boron and become mutually soluble with
HfB2 and ZrB2, hence modifying the crystalline phase in the oxide scale, which

is similar to how the Group IV and V boride dopants work.

2.6.1.2 UHTC/carbon fibre composite

Although the Hf and Zr diborides have excellent oxidation resistance at elevated
temperature, their poor thermal shock resistance and fracture toughness limit
their high temperature performance. Even with the addition of a second or third
phase such as SiC or other Group IV and V borides, the thermal shock
resistance or fracture toughness were not improved at temperatures over
1600°C due to the volatilization of the oxides formed [176]. In recent years,
UHTC/carbon fibre composites have attracted much research interest as these
composites are able to overcome the shortages of monolithic UHTCs owing to
the ready availability of the carbon fibres and the ability to form them into
complex shapes [177]. Moreover, carbon fibre has reasonable strength retention
at temperatures up to 2000°C [178], as show in Figure 2.20. However, these

excellent properties are limited to non-oxidizing environments. Carbon fibre can
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oxidize at 500°C in air and lose their function. Therefore, UHTCs are chosen to

protect the carbon material from oxidation to help retain the desired mechanical

performance, as shown in Figure 2.21 [75].
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Figure 2.20 Failure stress of FC2 fibre and PANEX 33 fibre as a function of

temperature [178]

Carbon fibres

UHTC/carbon preform
composite

UHTCs

Figure 2.21 An illustration of typical UHTC/carbon preform composite [75]
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Figure 2.22 Stress/displacement curves from bending tests of: (A) uncoated

composites and (B) HfB2/SiC-coated composites [109]

Several reports have described the fabrication and the high temperature
performance of UHTC/carbon composites to date. Levine et.al [179] prepared
SiC fibre reinforced ZrB2-20 vol% SiC via slurry infiltration and hot pressing, but
all the samples were severely damaged at 1927°C. Tang et.al [180] used
pressure assisted suspension infiltration to fabricate Cf/ZrB2 and Cf/ZrB2-SiC
composites. The results of subsequent oxyacetylene torch tests revealed that
the composites containing SiC demonstrated a lower erosion depth at 1600°C,
whilst the composite based on Cf/ZrB2 showed the least damage at 2700°C.
This result is consistence with the previous discussion on the effect of SiC
additions on the oxidation resistance of ZrB2. Pavese et.al [181] produced
Cf/HfB2-SiC composites using polymeric Hf-containing precursors to infiltrate
carbon preforms, followed by pyrolysis to obtain HfB2 with a subsequent hot
pressing for densification. The mechanical properties of the composites after
oven oxidation testing at 1600°C were measured and it was found that the
carbon fibre survived owing to the protection provided by HfB2 and the strength

was largely retained as shown in Figure 2.22.

Recently, Venugopal et.al [141] prepared carbon fibre/HfB2 composites via dip

coating from a HfB2 precursor gel and the HfB2 coatings showed good adhesion
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without any cracking. However, these coatings are too thin to protect the carbon
fibres. Paul et.al [75] fabricated several composites including Cf-HfC, Cf-ZrB2,
Cf-HfB2, Cf-ZrB2-SiC and Cf-ZrB2-SiC-LaBs, via pressure assisted slurry
infiltration, as shown in Figure 2.23. As the porosity was as high as 35% after
impregnation, chemical vapour infiltration (CVI) was used to fill the porosity
inside the composites with carbon. It should be noted that the ZrB2 and HfB2
were not sintered in these composites. Their oxidation behaviour will be

discussed in Section 2.6.3.

UHTC - phenolic slurry

|

Cf preform Squeeze or vacuum
33mmx17 mm impregnation

l 10 mm @, 5 mm
Drying deep for CVI dep.
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Preform 2.5D Impregnation Curing
& curing |

Pyrolysis
| CVI

Pyrolysis CVI

Figure 2.23 A flowchart of impregnation-infiltration process for Cf/JUHTC

composites and its products [75]

2.6.2 Densification of UHTCs

In typical ceramics processing, sintering involves the densification of a
particulate ceramic compact by utilizing thermal energy to remove the pores
between the starting particles, as well as minimizing the surface free energy by

achieving particle bonding [182]. Figure 2.24 shows these three ceramic
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sintering stages, i.e. initial particle rearrangement due to the driving force and
followed by inter-particle necking, neck growth and grain growth which results
in high shrinkage and continuous pore phase. In the final stage, discontinuous

pore phase and grain boundary pores are eliminated with grain growth.

Initial Orientation Development of Grain
situation of particles contact e
boundary
o Grain
Y Porosity
Contact Grain boundary Contact
growth development growth

Pore healing
and grain growth

Figure 2.24 Schematic of the sintering processes of ceramics [182]

The need for dense UHTCs is driven by hypersonic applications which require
continuous use of the UHTCs in the extreme environment. The full densification
of ZrB2 and HfB2 usually requires high temperatures and high pressures due to
the strong bonding and low self-diffusion of the borides [183]. Fully density for
the ZrB2 and HfB2 was first achieved by reactive hot pressing (RHP) back in
1953 [54]. However, hot pressing is limited by the size and geometry of the
samples to be sintered. In order to sinter UHTCs with larger size and more

complex shape, recent research has been focused on developing novel
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sintering methods, e.g. spark plasma sintering (SPS), microwave sintering (MS),
flashing sintering (FS), and using various sintering additives such as Ni, Si3N4,

MoSi2, SiC, TaSiz, to improve the sinterability of the refractory diborides.

2.6.2.1 Hot pressing

In historic studies, monolithic ZrB2 and HfB2, without any additives, have only
been densified by hot pressing (HP) at 2000°C or higher with pressures of 20-
30 MPa, or at reduced temperatures (~1800°C) with extremely high pressures
(>800 MPa) [184], [185]. Recent studies revealed that the particle size and
defects can significantly affect the sinterability of the ZrB2 and HfB2 powders
[21], [127]. HP of the HfB2 powders with a nominal starting particle size of 10
pum at 2160°C and 27.3 MPa for 180 min resulted in a relative density of <95%
[21], while the ZrB2 powders with a starting particle size of ~20 ym was only
~73% dense after HP at 2000°C and 20 MPa [186]. Chamberlain et.al reported
that commercial ZrB2 powders with a starting particle size of 2 ym could be
further comminuted by attrition milling to submicron sized (d<0.5 ym) and the
resulting powders were densified to >95% by HP at 1900°C and 32 MPa for 45
min [127]. It was found that the reduced particle size and the defects introduced
by attrition milling can improve the sinterability of ZrB2 [127]. However, WC
impurities were incorporated during attrition milling due to the wear of the WC-
based milling media. It is important to avoid using oxides milling media, such as

Al20O3 and ZrO2, which will inhibit the densification of the borides.

Research on various ceramic additions (e.g. WC, SiC, Si3sN4, TaSi2) to ZrB2 and
HfB2 showed improved densification and, more importantly, enhanced oxidation
resistance within certain temperature ranges [158], [172], [174], [187]. Among
these additives, SiC and SisN4 are non-reactive additives. Their primary effect

is the depletion of the diboride particles from oxygen, which severely limits the
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maximum attainable density [160], [188]. The formation of a silicon-based melt
is believed to be another reason to improve the densification of the diborides via
liquid phase forming, despite the fact that the exact composition of the

amorphous melt is not yet fully understood [161].

Table 2.7 Hot pressing conditions and densities of hot-pressed commercial
ZrB2 and HfB2 with various additives

Hot pressing condition
Materials Particle | Temperature | Pressure | Time Final
size/ym /°C IMPa /Imin | density
ZrB2[79] 6 1900 30 30 87%
HfB2[21] 10 2160 27 180 | 90-95%
ZrB2+2.5wt% 0
SisNa [189] 2 1700 15 30 >98%
ZrB2+4wt% Ni o
[190] - 1850 30 30 98%
HfB2+15wt% 0
MoSiz [30] 2 1900 30 10 98.7%
YR
HfB2+20vol% SiC 4 2200 o5 60 ~100%
[176]
5 .
ZrB2+8vol% TasSis3 i 1900 30 30 97%
[191]
ZrB2+20vol%SiC+ o
4v0l% TaB2 [191] 2 1800 200 30 100%

Other additives, such as Ni, WC, MoSiz, TaSi2 and TaB2, can produce a liquid
phase or result in solid solution formation to improve densification of ZrB2 and
HfB2 [148], [192], [193]. Hence the high HP temperature and pressures of
historic studies are not necessary with the finer starting powders and additives.
The conditions required in the literature to hot press ZrB2 and HfB2 to near full
density by adding Ni, SizsN4, MoSi2, SiC, TaSi2 or combination of additives, are

summarized in Table 2.7.
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2.6.2.2 Reactive hot pressing

Reactive hot pressing (RHP) has been used to sinter ZrB>—SiC and HfB2-SiC
based ceramics at lower temperature and pressure than that required for HP
[127], [187],

[194], [195]. In RHP processes, the in-situ reaction and densification are
combined into a single step. These processes used the precursors Zr, Si and
B4C to synthesize ZrB2-SiC. It was reported that a relative density of ~95% was
achieved by RHP at 1650°C and 50 MPa and the density was increased to ~98%
with RHP at 1900°C, which is lower than the 2100°C required by conventional
HP for ZrB2-SiC [187], [195]. The significant improvement of densification by
RHP was attributed to the formation of nano-sized ZrB2 and HfB2 particles
during the reactive process resulting in large surface areas and surface
reactivity which provide more driving force for sintering. The presence of SiC
also had a dramatic effect on reducing the RHP densification temperature and
controlled the grain size of the ZrB2 to about 0.5 pym since SiC can reduce the

surface area of ZrB2 and deplete the oxide impurities such as B203 and ZrOs-.

2.6.2.3 Spark plasma sintering

Since the sintering temperature for UHTCs is high and this creates complex
requirements on furnace design, several new approaches, e.g. spark plasma
sintering (SPS) have been considered for sintering ZrB2- and HfB2-based
ceramics with a significant reduction in furnace temperature. SPS has been
used to densify UHTCs recently [30], [148], [196], [197] and in this process, a
uniaxial load and a direct or pulsed electric current are simultaneously applied
to a powder compact. As shown in Figure 2.25, the applied electric field is
applied through an electrically conducting graphite die and can heat both the

die and the powder compact if the powders are also electrically conductive. Thus
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the SPS process is suitable for the densification of ZrB2 and HfB2, which show

excellent electrical conductivity [87]. Hubert et. al investigated different

experimental methods such as in-situ atomic emission spectroscopy, AES, to

monitor the sintering process during SPS. They found it was interesting that

neither a spark nor a plasma were generated throughout the sintering process

[198]. Compared to HP, SPS involves a rapid heating rate up to hundreds of

°C/min, leading to rapid densification, which

in turn, minimizes grain growth

[199]. However, the down side of SPS is carbon contamination from the graphite

foils that are used as a sacrificial layer to avoid direct interaction of the graphite

punches with the sample.

Pulsed DC
Power Suppl
Graphite
Punch
Electrode

Pressure

Electrode

Graphite Die

Powder

Pressure

Figure 2.25 Schematic of SPS setup [200]

Pyrometer
Thermocouple

Vacuum Chamber

SPS facilities can be equipped with a liquid nitrogen cooling system, which allow

the entire SPS cycle to be finished even within 1 h. Monteverde et. al [32]
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synthesized HfB2-SiC with near full density by using SPS at 30 MPa and 2100°C,
with a heating rate of 100°C/min, which resulted in a mean grain size of around
2 uym. Medri et. al [29] also achieved full density for ZrB2+30 vol% ZrC+10 vol%
SiC using SPS at 2100°C for 60 min. The densification rate was 2x10* s over
a broad temperature range (1750-2050°C), whilst the densification rate of the
same materials prepared by HP was only 1.3x10° s at 1870°C. The SPS
conditions required to densify ZrB2- and HfB2-based ceramics to near full density
are summarized in Table 2.8 for comparison and it can be seen that the
temperature and pressure required are similar to that of HP. The idea of high
pressure and low temperature SPS could also be used for the densification of
ZrB2 and HfBz2 to limit grain growth. Grasso et. al reported low temperature SPS
of WC powders that 99% relative density was achieved by using 500 MPa
pressure at 1400°C [201].

Table 2.8 SPS conditions and densities of SPS-ed commercial ZrB2 and HfB:2
with various additives

SPS conditions
. . Final
Materials Particle | Temperature | Pressure | Time densit
size (um) (°C) (MPa) | (min) | %0~ y
(1]
HfB2-+30 vol%
SiC [32][70] 1.7 2100 30 10 >99
HfB2+30 vol%
HfC+10 vol% SiC 2.5-7 1800 20 10 98.5
[202]
ZrB2+30 vol%
ZrC+10 vol% SiC - 2100 30 60 100
[29]
ZrB2+15 vol%
MoSiz [196] 1.7 1750 30 24 97.7
HfB2+15 vol%
MoSi2 [30] 2.08 1750 30 10 95
ZrB2+5wt% ZrC
203] - 1900 40 15 97.5
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2.6.2.4 Field assisted sintering/flash sintering

Flash sintering, introduced and defined by Cologna et. al, is a new and novel
sintering method to densify ceramic materials [204]. Both electric field and
thermal energy are involved to achieve the rapid densification. Cologna et. al
[204] described that flash sintering could densify ceramics under lower furnace
temperature in few seconds. The flash sintering phenomenon are believed to
be attributed predominantly to the local Joule heating at grain boundary [205],
[206]. In flash sintering process, the specimen first needs to be heated up to a
specific temperature, which leads to a reduction in resistance and the promotion
of diffusion at grain boundaries [207]. Then, controlled current is passing
through the specimen to induce Joule heating. Due to the assistance of joule
heating, the actual specimen temperature is found to be significantly higher than

the furnace temperature.

Very limited work has been done to investigate the possibility of flash sintering
UHTCs, currently being persuaded at Lougborough University, UK. Matthaw et.
al prepared HfB2-based ceramics by HP and field-assisted sintering (FAS) with
10-20 vol% SiC, 5 vol% TaSi2 and 5 vol% iridium [208]. Typical HP conditions
required for densification (above 95% density) were 1900-2200°C for 1 h at 25
MPa, whist similar density was achieved by FAS at 1800-1900°C for only 5-10
min. The grain size of the samples prepared by FAS was half of that from HP.
Recently, Grasso et. al [209] reported that pure ZrB2 powder was Flash sintered
in an SPS furnace (FSPS) using a very rapid heating rate (4000°C/min) and a
constant uniaxial force of 5 kN. The samples were pre-sintered to 63% density
at 1600°C and then discharged under a peak power of 25 kW for 35 s to achieve
95% density without cracking.
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2.6.2.5 Pressureless sintering

Pressureless sintering (PS) of refractory metal borides would enable the
fabrication of near net shape components using standard powder processing
methods. Compared to HP, PS reduces costs and can potentially open the door
for other applications. As mentioned before, however, ZrB2 and HfB2 require
very high temperatures and pressures to densify, hence, there aren’t any
researchers currently reporting achieving near full density for undoped ZrB2 and
HfB2 prepared by PS. This is because the hexagonal crystal structure of the
borides allows anisotropic grain growth and entraps porosity (i.e. coarsening is

more favourable than densification).

105

| | || I I |
100 - ® 4
95 _‘ = As-recemved Powder - _-
4 ®  As-received Powder + 4 wis ByC 4
90 = o Milled mn Ar -1
£ 1 @ Milledin Ar+ 4 wi% B,C |
= B3 — |
= J
S 80+ |
2 ]
L
= 75
L -
g . u _
€
e 70 - u -
65 — —
i O J
||
60 = ] = ! = g O .
E D -
55 O O O .
T T | ' T ' T ' T ' |

1000 12000 14040 1600 1800 2000 2200
Sintering Temperature (°C)

Figure 2.26 Relative density as a function of sintering temperature for phase

pure ZrB2 and ZrB2+4 vol% B4C [152]
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The approaches to improve the densification are to use finer starting powders
and sintering aids, which are similar to the methods used in HP and SPS.
Intensive mechanical milling, such as attrition milling and vibratory milling have
also been reported to enhance the sinterability of ZrB2 as the milling was
believed to not only increase the surface area, but also to increase the number
of defects near the surface of the particles, enhancing the driving force for
densification by grain boundary diffusion [210]. Mishra et.al studied metal Cr
and Fe additions to ZrB2 and the density of the ZrB2+10 vol% Fe prepared by
PS at 1800°C reached ~93% [211]. The relative density of ~99% for ZrB2 was
achieved by PS at 1850°C with significant amounts of MoSi2 (20 vol%), which
led to liquid phase formation [212], [213]. However, the addition of metals or the
additives leading to liquid phase densification not only reduces the densification
temperature, but also reduce the melt temperature, hardness and high-
temperature-strength of ZrBz2 [190], [211]. In order to avoid liquid phase
formation, small amounts of WC (~2 vol%) and B4C (4 vol%), which could
remove oxide impurities (B203 and ZrO2) from the ZrB2 system, have also been
added to promote densification and minimize particle coarsening [152], [214]-
[218]. ZrB2+2 vol% WC was sintered to >98% density at 2150°C for 540 min
and ZrB2+4 vol% B4C was sintered to ~95% density at 2050°C for 60 min, which
was a significant improvement compared to the densification of pure-phase ZrB2

by PS (~62%) under the same conditions, as shown in Figure 2.26 [152], [214].

2.6.3 Oxidation behaviours of UHTCs and UHTC based ceramics

2.6.3.1 Static furnace oxidation and thermogravimetric analysis

Although the hypersonic applications for ZrB2 and HfB2 involve not only
oxidation conditions and elevated temperatures, but also reactive environments,

rapid heating and erosive conditions, static furnace oxidation is still the most
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common method to investigate the oxidation behaviour of ZrB2-and HfB2- based
ceramics due to the techniques’ low cost and availability. The oxidation
behaviour discussed in this chapter is focused on ZrB2- and HfB2- based

composites.

Table 2.9 Summary of oxidation behaviour of SiC containing ZrB2 and HfB2
over a wide temperature range [154], [219]-[223]

T t L .
emperature Scale Oxidation behavior
range
Mass gain due to the
<600°C 210z or HiO: oxidation of the diborides

7103 of HfO2 + B2Os Parabolic kinetics due to
600-1100°C . . presence of a dense glassy
SiC not oxidized )

oxide layer (B203)
B203 evaporation and SiC
oxidation Paralinear kinetics

Borosilicate glass outer

layer .
- (o)
1100-1300°C 7103 of HiOs + SiO2 due to gvaporatlon of.IT%zOs
Protection from borosilicate
layer
glass
Borosilicate glass outer B203 evaporation, ZrO2
layer (lower B content) transport, and SiC oxidation
- o)
1300-1600°C ZrO2 or HfO2 + SiO2 Parabolic kinetics due to
layer dense borosilicate glass layer
1600-1900 °C ZrO2 or HfO2 + SiO2 Evaporation of silica from
layer scale
>1900°C 710 or HiOs Less protection from more

ZrO2 or HfO2 porous scale

As indicated before, ZrB2-SiC and HfB2-SiC are the most widely studied systems.
The addition of SiC as a second phase can reduce the thickness of the oxide
scale of ZrB2 and HfB2 across a wide temperature range (1100-1600°C) when
compared to phase-pure diboride [220]-{222]. As shown in Table 2.9, at
temperatures <600°C, the oxidation of ZrB2 and HfB2 are negligible as the
borides showed limited mass gain when exposed to air [98]. In the temperature

range 600-1100°C, the addition of SiC shows no influence on the oxidation of
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ZrB2 and HfB2 because in this stage ZrB2 and HfB2 rather than SiC are
preferably oxidized [220]. As temperature is increased to 1100°C and above, the
SiC is oxidized and B20s3 starts to evaporate. The improved oxidation resistance
in this regime was attributed to the formation of a stable borosilicate glass layer,
which can significantly reduce oxygen permeation and remain on the surface of
the oxidised ceramics at temperature up to 1600°C, as shown in Table 2.9 [221]-

[223].

Table 2.10 Gas-condensed phase equilibria during the oxidation of ZrB2-SiC.
The gaseous Si containing products forms under the oxide scale where the
oxygen partial pressure is low and then condenses at the surface to form an
outer silica layer and leave a silicon depleted zone in the oxide scale near the
boride [220], [224]

Species Species in equilibrium with ZrB>=5iC Species in equilibrium with the stable oxides

B20s(g) ZrB2 +2.502(2)=7r02 + B203(g) B20:(1)=8203(g)

B20:(g) Z1B2 +202(g)=Zr0; + B20n2(g) B203(1)=B202(g) +0.50:2(g)
BO»(g) ZrB3 +30,(g) =Zr0; + 2BO1(g) B105(1)+0.50,(2)=BO,(g)
BO(g) ZrB> +20:(2)=Zr0; + BO(g) B20:(1)=2B0(g) +0.502(g)
B,0(g) ZrB; +1.50,(g) =710, +B,0(g) B,0;()=B,0(g)+0:(g)
Ba(g) ZrB2 + 0a(p) =Zr0; + Ba(p) B20s(l)=Ba(g)+ 1.502(g)
B(g) ZrB2+03(2)=7Zr02+2B(g) B20s(1)=2B(g)+ 1.502(g)
SiO2(g) SiC+ 1.502(g)=8i02(g) + CO(g) Si02()=Si02(g)

SiO(g) SiC+07(p)=5i0(g) + CO(g) SiO2(1)=0.502(g) + S5iO(g)
Si(g) SiC+0.50,(g)=Si(g) +CO(g) Si0,(1)=05(g) + Si(g)

After furnace oxidation at temperatures between 1100 and 1600°C, the
formation of a SiC depleted region has been observed by some researchers
[220]-[222]. The depletion of SiC from the partially oxidised layer has been
attributed to active oxidation of SiC due to the oxygen activity gradient through
the outer layer of the dense glassy oxide [225], as shown in Table 2.10 and
Figure 2-27. Very few researchers have examined the SiC-containing borides
at temperature above 1600°C [226]-[228]. Since the evaporation of SiO2 results

in bubbles/voids in the oxide scale [107], which was confirmed by in-situ
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observations of oxidizing ZrB2-SiC composite [229]. In this temperature regime,
the oxidation resistance of the entire system is dependent on the microstructure

and density of the oxides [37].

) atmosphere
5102\ Si0 ]
X ==——1 Si0,(s) «SiO (g) +1/20,(g)

Zr-Si-0 layer <€<— SiO, (s) +Zr0, (s)—ZrSiO, (s)
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Figure 2.27 (a) Schematic oxide structure of ZrB2-SiC ceramics and (b) cross-

section of the ZrB2-SiC after oxidation at 1500°C [98], [220]
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Figure 2.28 Studies of oxidation resistance of pure and additive containing
ZrB2-SiC ceramics — comparison of mass gain versus time at 1500°C [84]

Other additives have been used in combination with SiC to further improve the
oxidation resistance of ZrB2 and HfB2. Levine et. al [157] added 20 vol% TaSi2
to ZrB2-SiC and HfB2-SiC and reported an improved oxidation resistance of the
ceramics at 1627°C, but poor performance at temperatures above 1927°C,
which is due to the evaporation of the glassy layer and the melting of Taz20s.
Talmy et. al [21], [158] investigated additions of 10 vol% Cr-, Ti-, Nb-, V- and Ta-
borides to ZrB2-25 vol% SiC and found that all the additives improved oxidation
resistance over the base composition, with TaB2 additions being the most
effective, as shown in Figure 2.28. It is because Ta compounds have the highest
cation field strength (defined as Z/r?, where Z is the valence of the cation and r
is the ionic radius), which retains borosilicate glass, and hence results in
reduced oxygen diffusion rates. Peng et. al also added TaB2 and TaSi2 to modify
the microstructure of ZrO2 [19], [230]. They found that with the additions of a few
mole percent, e.g. 3.3 mol%, the grains of the oxide scale displayed a more
equiaxed morphology which increased retention of the borosilicate glass and
hence improved oxidation resistance [230]. However, with higher contents of Ta
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based compounds, the additions appeared to promote coarsening of the
crystalline phases in the oxide scale and the formation of ZrO2 dendrites that

penetrated the outer glassy layer, both of which degraded oxidation resistance.

Diboride based ceramics with SiC additions have been researched extensively,
but silicides and other Si containing additives also produce a glassy silica rich
surface layer during oxidation. For example, MoSi2 was originally reported as a
sintering aid for the pressureless sintering of ZrB2 and HfB2 [17], [30], [212],
[231]. Subsequent oven oxidation tests of the ZrB2-20 vol% MoSi2 revealed that,
as for SiC, the addition of MoSi2 lead to the formation of a SiO2-rich outer oxide
layer at 1200°C [231]. Moreover, the advantage of using MoSiz is that the
formation of gaseous CO during oxidation from SiC was avoided, leading to a
denser ZrOz2 layer. The addition of other silicides, such as ZrSi2, TaSi2 and TasSis,
showed similar effects on the oxidation behaviour of ZrB2 at temperatures below
1900°C [172], [223], [230]. However, these silicide-containing composites faced

the same issues related to the evaporation of silica at higher temperatures.

As the oxidation resistance of ZrB2 and HfB2 is controlled by the oxygen
transport through the oxide scale rather than through other glassy layers at
elevated temperature, other ceramic additives, such as WC, WB2, TaB2 and
LaBes have been investigated to understand their effect on the structure of the
crystalline oxide scale, without forming an outer silica layer. Zhang et. al [173],
[174] added up to 8 mol% WC to ZrB2 and showed that W dissolved into the
ZrB2 matrix and reduced both mass gain and oxide scale thickness compared
to nominally pure ZrB2 at 1500 and 1600°C. The improved oxidation resistance
was attributed to the formation of a ZrO2 scale with a crystalline, equiaxed
microstructure and retention of a combination of WO3 and B20s in the scale, as
shown in Figure 2.29 [173]. Further, mass gain kinetics appeared to be parabolic

at 1500 and 1600°C [173], [174] Thus, the work suggested that oxidation
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behaviour can be improved solely by manipulating the morphology of the
crystalline phase in the oxide scale, whereas most studies have focused on the

effect of the outer glassy layer.

»

d at 1600°C for 3 h
along with EDS element maps for O (b), Zr (c), and W (d). The SEM image
showed a two-layer oxide scale. The EDS maps showed that the outer scale

had lower W (d) and O (b) contents than the inner layer, indicating depletion of
WO3 and probably B203 from the outer layer [173]

Although ZrB2 and HfB2, both have significantly better oxidation protection than
other diborides such as TiB2, TaB2 and NbB2 [40], small amounts of the latter
were added to ZrB2 and HfB2 to modify the structure of the crystalline oxide
scale. Opila et. al [232] added TaB: into HfB2 and reported an increase in oxide

scale density at 1500°C compared with phase-pure HfB2. This was attributed to
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the tantalum-stabilized zirconia circumventing the tetragonal/monoclinic phase
transformation and reducing cracking and spalling of the oxide scale [233].
However, a potential issue with the use of tantalum compounds is caused by
the formation of the intermediate Ta20s < 6ZrO2 phase, which has a lower

melting point than either oxide.

Based on the static furnace oxidation test results discussed in this chapter, even
though the oxidation mechanisms of ZrB2 and HfB2 with various dopants have
been investigated, it is still difficult to conclude which additives show the most
improvement. Some additives, such as SiC, only work over limited temperature

ranges, e.g. 1100-1600°C.

Table 2.11 Comparison of the oxidation behaviours of some refractory borides

based ceramics

Materials Mass ga_in Temperature Reference
/mg cm2 /°C
ZrB2 11 1500 [19]
TaB2 20 1500 [234]
TaB2+20 vol% SiC 4 1450 [235]
ZrB2+20 vol% SiC 2.7 1400 [154], [222]
ZrB2+20 vol% MoSiz2 6.5 1400 [231]
ZrB2+4 mol% WC 8 1600 [19]
ZrB2+20 vol% SiC+ 10 vol% TaB:2 1.5 1400 [236]

The mass gain of ZrB2- and TaB2-based ceramics at different temperatures are
summarized in Table 2.11 for comparison. The results again proved that the
additives can significantly improve the oxidation resistance of ZrBa. It should be
noted that the higher mass gain for ZrB>—MoSi2 and ZrB2-WC was attributed to
retention of Mo and W in the oxide scale as compared to SiC, which releases
carbon as CO during oxidation [231]. Therefore, added mass gain may not be
an indication of more severe oxidation. The maximum testing temperature of

these static testing methods is reported as 2100°C due to the limitation of the
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working temperature of heating elements [107], [226]. Since the specimen can
be maintained at a high temperature for as long as the furnace will allow, the
static methods are suitable for understanding the oxidation mechanism and the

oxidized products of the UHTC materials.

2.6.3.2 Arc-jet testing
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Figure 2.30 Simulation of hypersonic flow conditions in arc-jet testing [236]

The arc-heater facilities reported are capable of generating heat fluxes in the
range of 2 - 14 MW m2 and reaching a maximum temperature of 2400°C with a
maximum duration of 10 min [10], [20], [34], [35]. The oxidation behaviour of

various ZrB2 and HfB2 based composites measured by arc-jet testing exhibited
67



Literature review

similar oxidation mechanisms as by static furnace oxidation, but the former
exhibited lower oxidation rates [33], [35], [177], [237], [238]. For example, as
shown in Figure 2.30, ZrB2-SiC exhibits better oxidation resistant (with a thinner
oxidized layer) under arc-jet testing than after oven oxidation testing [236], [237].
Parthasarathy et. al [10] claimed the reason was due to the presence of sharp
thermal gradients in the specimen and the blow-off of the surface oxides during

arc-jet testing reduced the measured thickness of oxide scale.
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Figure 2.31 Oxidized layer thicknesses versus temperature of ZrB2-SiC after

arc-jet and oven oxidation testing [239]

In order to investigate the oxidation resistance of UHTCs under more realistic
conditions for hypersonic flights, testing has been performed under simulated
hypersonic flow in arc-jet facilities. These represent the best ground based
simulation of a re-entry environment because of their high heat fluxes, low
pressure dissociated atmosphere (i.e. O instead of O2), and high gas velocities,
despite of the cost of arc-jet testing is no less than £25K per run [20], [33]-[35],
[176], [240]. The setup of an arc-jet facility is shown in Figure 2.31. In the arc-
heater, current passes directly through the gas flow, which then impinges onto
the surface of the specimen to be tested, achieving supersonic flow conditions,
with the testing temperature reaching over 2200°C. Due to the relative fluid

dynamic and chemical relaxation time scales, the gas interacting directly with
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the specimen is not in chemical equilibrium, resulting in a large temperature

difference between the specimen and the boundary layer.

2.6.3.3 Oxyacetylene torch testing

Compared to arc-jet testing, oxyacetylene torch testing is a quick and
inexpensive method to study the oxidation behaviour of UHTCs at high
temperature. This technique uses a steady flow of hot gas provided by an
oxyacetylene torch which generates significant heat fluxes (up to 170 W cm)
with gas velocities estimated at around Mach 1. Marra et. al [241] modelled the
temperature distribution during oxyacetylene torch testing, as shown in Figure

2.32, showing that the sample temperature can be controlled by the distance

from the sample to the flame.
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Figure 2.32 Heat flux evaluation: (a) real test and (b) simulated temperature
field [241]

No ZrB2- and HfB2-based composites using additives other than SiC have yet
been tested by this technique [36], [38], [242]. Zhang et. al [156] investigated
the oxidation behaviours of ZrB2-20 vol% SiC and ZrB2-20 vol% SiC-10 vol%
LaBe using oxyacetylene torch testing, which reached a peak temperature of
2400°C. Substantial enhancement of oxidation resistance was reported, as a

result of the stabilization of the tetragonal ZrO2 oxidation product and the
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formation of an outer, oxygen penetration resistant LaZr207 layer [156]. Han et.
al [37] used a similar technique to test ZrB2-SiC composite at ~2200°C. The

materials again showed similar oxidation behaviours as static furnace oxidation.

Figure 2.33 Various UHTC/carbon fibre composites after 60 s oxyacetylene
testing. Diameter of the composites was 30 millimetres [14]

Paul et. al [14] reported an oxyacetylene-torch-testing, that heated specimens
up to 2500°C at a rate of 500°C/s by employing an oxygen rich oxyacetylene
flame (the ratio of acetylene: oxygen is 1:1.35) to ablate the specimen surface.
ZrB2, HfB2, HfC, ZrB2-20 vol% SiC and ZrB2-20 vol% SiC-10 vol% LaBe carbon
preform composites were tested at the maximum temperature for 60 s, as
shown in Figure 2.33. The thermal shock resistance of all the composites except
Cf-HfC was found to be excellent and Cf-HfB2 exhibited the best oxidation
resistance. However, the LaBs or SiC addition did not show any improvement in
the resulting oxidation resistance compared to the pure ZrB2 impregnation. This
could be due to the ablation of the liquid La-containing oxide phase during the

oxyacetylene torch test. Recently, the maximum testing temperature for the
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oxyacetylene torch test apparatus at UoB was found reaching ~2800°C for HfB2-
based sample and the emphasis of UoB’s research has moved to preparing

HfB2/carbon preform composite with complex shape for the test.

2.6.3.4 Other oxidation testing facilities

Dense oxide = F**“Rorous layer. /M SPorous layer
layer o~ et ’

Figure 2.34 SEM images of cross section of three samples laser tested at 44

MW m- for 1 second using a defocused ytterbium laser [243].

Laser testing has also been used to evaluate the high-temperature performance
of UHTCs [178], [243], [244]. The Institute for Trans Uranium Element (ITU) in
Karlsruhe, Germany, developed a technique with a 4.5 kW Nd:YAG laser for
melting and a second low power Ar laser to detect oscillations from the surface
liquid to reveal the onset of melting for studying the oxidation behaviour of
materials [245]. Rapid heating rates and extremely high testing temperatures,
e.g. 4000°C, can be achieved with the method [243]. Jayaseelan et. al [243]
reported laser testing of HfB2 and HfB2-20vol% SiC with and without 2 wt% LaBs
additions. The laser testing was carried out using an extremely high heat flux of

44 MW m=2 and temperatures >3000°C but no gas flow. All the specimens,
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except HfB2-LaBs, were severely damaged, losing their shape and uniformity
after 1s laser testing. The cross section analysis of the specimen revealed the
formation of a dense oxide layer in HfB2-LaBs that effectively reduced oxygen
penetration, Figure 2.34. Note that solar energy has also been used as an

alternative heating method, heating a ZrB2-SiC-SisN4 sample to ~2000°C [246].

Table 2.12 Comparison of the ground based testing facilities for UHTCs

Maximum Maximum High
Testing Heating Atomic | speed
method mode temperature | heat flux oxygen gas
/°C IMW m- fl
ow
High- Radiative
temperature & 2100 n/a Poor n/a
furnace [226] | convective
Ot)é Xiﬁegé%?e Convective >2500 >8 Poor Fair
Solar [246] Radiative >2600 3-8 Poor n/a
Radiative
Laser [243] & >3000 >40 Poor n/a
convective
Arc-jet plasma Convective
/some 2200 >3 Good Good
tunnel [33] -
radiative

According to the comparison of various oxidation methods, Table 2.12, the main
advantage of laser and solar energy testing compared to static furnace oxidation
is the higher maximum temperature they can provide. It can be concluded the
arc-jet plasma tunnel shows the best simulation of the re-entry environment and
the oxyacetylene torch testing, to some extent, is capable of providing high

speed gas flow along with high heat flux.

2.6.4 Physical properties of UHTC composites

The thermal conductivity is a key physical property of UHTCs required for

hypersonic applications, as good thermal conductivity can minimize the thermal

72



Literature review

gradient of the UHTC component and reduces its surface temperature. Most
previous studies [65], [247]-[249] have measured room temperature (RT)
thermal conductivity using the radial heat flow method, showing that the thermal
conductivity of ZrB2 and HfB2 based ceramics is ~100 W ms-!, which is higher
than that of other refractory carbides and oxides. The high temperature
conductivities of UHTCs can be measured by laser flash techniques, which
measures the thermal expansion coefficient, specific heat capacity and thermal
diffusivity of the samples to calculate their thermal conductivity values, at
temperatures lower than 2000°C [250]-[254]. Zimmermann et. al [254] observed
that the addition of SiC reduced the thermal conductivity of ZrB2 at temperatures
close to 1550°C, as shown in Figure 2.35. Researchers from Imperial College
London [250] reported a similar thermal conductivity change for ZrB2 and ZrBo-
20 vol% SiC from 1500°C to 1900°C. The reduced conductivity may be due to
the CTE mismatch of ZrB2 and SiC, causing loss of contact between ZrB2 and

SiC grains during the thermal conductivity measurement.

100 rr+ r r* 1t 1 r r T °+v T ° 1
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Figure 2.35 Thermal conductivity as a function of temperature for ZrB2 and
ZrB2-30 vol% SiC [254]
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Like most ceramics, higher strengths are reported for diborides with finer grain
sizes [255], [256]. Hence, additives such as SiC, MoSiz, which reduce the
densification temperature and grain size of ZrB2 and HfB2, can significantly
improve the mechanical properties of the borides [76], [77]. Chamberlain el al.
showed that hot-pressed pure-phase ZrB2 had a strength of 565 MPa and the
addition of 10, 20 or 30 vol% SiC or MoSi2 reduced the average grain size to 2-
3 Mm, which increased strength to 700-1000 MPa, all based on room
temperature testing. In fact, in a fine-grained ZrB2-SiC composite, the grain size
of SiC rather than ZrB2 is more important in controlling the strength of the
composite [76], [77]. The reason is that the smaller SiC particles reduce the

tendency for microcracking and the nucleation of larger, critical flaws.
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Figure 2.36 Flexure strength as a function of test temperature for hafnium
diboride (HfB2) containing 20-30 vol% SiC. The HfB2-based samples were
densified by various sintering techniques [219]
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The room temperature elastic modulus, ~480 GPa, and Vickers hardness, ~28
GPa, toughness values for HfB2 were discussed before in Table 2.3. The effect
of adding SiC and MoSiz on the elastic modulus and hardness of ZrB2 and HfB2
is dependent on the mechanical properties of the additives themselves, e.g. Esic
~ 475 GPa, Emosiz ~ 440 GPa, Hvsic ~ 28 GPa, Hvmoesiz ~ 9 GPa [257], [258],
hence it scales with the volume fraction of the additive [259]. The fracture
toughness of ZrB2 was reported to increase from 3.5 MPa m'2 to 5.3 MPa m'?2
by adding 30 vol% SiC, because the ZrB2 grains was found typically failed in a

transgranular manner and cracks deflected at or near ZrB2-SiC interface [85].

However, the high temperature strength is the main concern for UHTC
applications as any additives will also get oxidized at elevated temperature.
According to Figure 2.36, the HP-ed HfB2-based composites show a significant
loss of strength above 1500°C, while the SPS-ed composites maintain their
room temperature strength up to 1500°C. Monteverde et. al [32]. [160] claimed
that the reduced strength is caused by the oxide impurities forming at grain
boundary phases. The electrical discharge used in SPS could promote

breakdown of the non-conductive oxides on the surface of the particles [260].

As a conclusion, the development of UHTCs is faced with a lot of challenges
including material synthesis and ultra-high temperature testing methods. In fact,
there isn’t any UHTC protection system being used for hypersonic application
yet, so any improvement is good for the research of UHTCs. Therefore, a
chemically modified HfB2 system was investigated in this work, involving UHTC
powder synthesis, various sintering methods and ultra-high temperature

characterization techniques.
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Experimental

This chapter deals with the details of the synthesis of HfB2-based powders, the

densification of the powders yielded and the characterisation of the sintered

ceramics.

3.1 Raw materials

The chemicals used in this research and their suppliers are listed in Table 3.1.

Table 3.1 The chemicals used in this project and their suppliers

Chemicals

Details

Suppliers

Hafnium
tetrachloride

Powder, chemical formula HfCls,
purity: 98%

Sigma-Aldrich, UK

Powder, chemical formula

Boric acid H3BOs, purity: >99.5% Fisher Scientific, UK
Powder, amorphous B,

Boron Fisher Scientific, UK
purity: 95-97%

Ethanol Absolute ethanol, C2HsOH, Fisher Scientific, UK

purity: >99.9%

Powder phenolic
resin (PPR)

Novolak phenolic resin,
[(HOCeH4)2CHz]n, carbon
content: 51 wt%

Crios resins, Sl
group, Inc, Brazil

Graphite

Powder, C, <20 uym, synthetic

Fisher Scientific, UK

Yttrium nitrate
hexahydrate

Linear formula Y(NO3)3-6H20,
purity: 99.8%

Sigma-Aldrich, UK

Tantalum
pentachloride

Linear formula TaCls,
purity: >99.8%

Sigma-Aldrich, UK

Pureshield argon,

Argon BOC, UK
purity: >99.99%
Ammonia
hydroxide >25% in H20 Sigma-Aldrich, UK
solution
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3.2 Characterisation of raw materials

The carbon content of PPR was 51%, which was obtained from the char weight
percentage of this material, measured by TGA in argon at temperature of

1000°C.
HfCl, + H,0 — HfClO, - nH,0 + HCl (2-1)

Hafnium chloride was easily hydrated when reacting with moisture to form
HfOCl2-nH20 (0<n<8) according to Equation 2.1, i.e. HfCls was partially
hydrated as soon as it was in contact with air [261]. Since the structure of
partially hydrated HfClsa was difficult to predict, all the HfCls was fully hydrated
to a hydration rate of n=8 by exposing the HfCls powder to air for 24 hours to
form HfOCI2-8H20 (the presence of HfOCI2-8H20 was confirmed by XRD
analysis), to improve the consistency in stoichiometric calculation of HfB2-based

ceramic preparation.

3.3 Preparations of HfB2-based ceramic powders

3.3.1 Borothermal reduction reaction-precursors

According to Equation 2.2, phase-pure HfB2 powder is synthesized by a
borothermal reduction reaction using HfOCI2-8H20 and amorphous boron

powder as the respective hafnium and boron sources.

/\ +4B(s)
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The stoichiometry of starting powders, which significantly affected the purity of

final products, was calculated as follows:

To obtain 1 g monolithic HfB2:

1g X molecular weight (Mw) of HfOCI, - 8H,0
Mw of HfB, X purity of HfOCI, - 8H,0

weight of HfOCl, - 8H,0 =

_ 1gx4095 209
T 2001x98% <8
) 1g X Mw of B _
weight of B = X B: Hf ratio

Mw of HfB, X purity of B

_ 1gx108
©200.1 X 96%

X 4 =022g

The effect of the non-stoichiometric amount of boron on the purity and
morphology of the HfB2 powders yielded was also investigated. Hence, the
amount of boron powders required for B:Hf ratios of 3:1 and 5:1 were 0.17 g

and 0.28 g, respectively.

Phase-pure TaB2 powder was synthesized according to Equation 2.3.

+9B(s)
2TaCl5(s) = Tay05(s)— 2TaB,(s) + 5BO(g) (2-3)

The stoichiometric calculation for obtaining 1 g of the TaB2 powders was as

follows:

1g X Mw of 2TaCls
Mw of 2TaB, X purity of TaCls

weight of TaCl; =

_ 1gx 7164
"~ 405.0 X 99.8%

=1.77g
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ight of B = 1g x Mw of B X B: Ta rati
WEIBTL OB = Mw of TaB, X purity of B~ a ratio

_ 1gx 108
"~ 202.5 X 96%

X 4.5 = 0.25¢g

To obtain 1 g TaB2-doped HfB2 powders, the stoichiometric calculation is shown
below; 10 wt% TaB:2 doped HfB:zis used as an example. The amount of the
starting materials required to synthesize 5 and 15 wt% TaB:2 doped HfB2 was

calculated using the same equations.

weight of HfOCI, - 8H,0 = 90% X weight of HfOCI, - 8H,0 to obtain 1 g HfB,
=90% x 2.09g = 1.88g

weight of TaCls; = 10% x weight of TaCl; to obtain 1 g TaB,
=10% x 1.77g = 0.18g

weight of B = 90% X weight ofB to obtain 1 g HfB, +
10% X weight of B to obtain 1 g TaB,
=90% x 0.22g + 10% x 0.24g = 0.22g

All the precursors prepared for borothermal reduction reaction and their
corresponding sample names are listed in Table 3-2. The process to prepare
HfB2 precursor powders is shown in Figure 3.1. HfOCI2:-8H20 was used as the
Hf source and dissolved in ethanol to achieve a given ratio, viz. 1 g per 30 ml
ethanol. The resulting transparent Hf(OR)4T solution and ammonia hydrate
solution (NH3OH, 35%) were simultaneously added drop-wise into a beaker with
deionized water, while continuous stirring was applied to maintain the pH at ~8.5

(£0.3) to promote the formation of white Hf(OH)4 precipitates. The effect of the

T R=C2Hs
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pH values on the precipitate formation was investigated and will be discussed

in Chapter 4. The resultant precipitates were filtered and rinsed at least 3 times

with deionized water (pH~5.6) to remove NH4R residues and then the rinsed

precipitates were dispersed in 50 ml ethanol (EtOH). Boron powders were also

added to the Hf(OH)4/EtOH suspension, followed by ultrasonication for 10 min

via a KS150 ultrasonicator # (Kerry Ultrosonics Ltd., Skipton, UK). The

B+Hf(OH)4/EtOH suspension was dried at 100°C for 24 h in an oil bath with a

magnetic stirrer running all the time. The resultant dried mass was gently ground

using a pestle and mortar and then sieved to remove agglomerates with a

particle size larger than 100 pm.

Table 3.2 Composition of the precursors used for borothermal reduction

Elemental
Samples Stoichiometry Remarks
Hf B Ta
5 — -
3HfB 1 3 ) Boron 25% less thgn stoichiometric, as
Equation 2-2
4HfB 1 4 - Exact stoichiometry, as Equation 2-2
S5HfB 1 5 - Boron 25% excess B, as Equation 2-2
4.5 o .
TaB - (B:-Ta) 1 Exact stoichiometry, as Equation 2-3
Exact stoichiometry,
5TaHfB | 0.95 4 0.05
5 wt% Ta-dopants
Exact stoichiometry,
10TaHfB | 0.9 4 0.1
10 wt% Ta-dopants
Exact stoichiometry,
15TaHfB | 0.85 4 0.15
15 wt% Ta-dopants

+ This is a probe ultrasonicator working at the power of 75 W and the amplitude of 14 mm. The

output power and amplitude were kept the same for all the ultrasonic dispersions involved in

this study.
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|
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Figure 3.1 Flowchart of preparing HfB2 precursor powders

The process to prepare TaB:2 precursor powders was exactly the same as that
for preparing the HfB2 precursor powders, but using TaCls instead of
HfOCI2-8H20 as the Ta source. As TaCls can react with moisture to form
Ta(OH)s before processing, the TaCls powder was kept in a desiccator and
anhydrous EtOH was used as the solvent. The process to prepare Ta-doped
HfB2 precursor powders is also quite similar. The stoichiometric amount of
HfOCI2:8H20 and TaCls, as shown in Table 3.2, were dissolve in EtOH to obtain
a transparent Hf-Ta mixture solution. The subsequent procedures were the

same as that for preparing HfB2 precursor powders.
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3.3.2 Carbothermal reduction reaction precursors

According to Equation 2.4, another method to synthesize phase-pure HfB2
powder is the carbothermal reduction reaction, which involved HfOCI2-8H20,
boric acid (HsBOs3) and phenolic resin as the respective hafnium, boron and

carbon sources.

+B,05(s) + 5C(s)

HfOCl, - 8H,0(s) — Hf0,(s) HfB, (s) + 5CO(g) (2-4)

The stoichiometric elemental ratio of Hf:B:C for carbothermal reduction reaction
is 1:2:5, thus the stoichiometric calculation for obtaining 1 g of HfB2 powder was

as follows:

1g X molecular weight (Mw) of HfOCI, - 8H,0
Mw of HfB, X purity of HfOCl, - 8H,0

1g X 409.5

= _B52% 909
200.1 x 98% &

ight of H;BO 18 X Mw of H,B0s B: Hf rati
_ X b:
welght ot HsBYs = Viw of HfB, X purity of H3BO3 rme

_ 1gx62
"~ 200.1 X 99.5%

X2 =0.62g

ight of PPR 1g X Mw of ¢ C: Hf rati
= X C:
Welght Mw of HfB, X carbon content in LPR rato

_ 1gx12
"~ 200.1 X 52%

x5 =0.59g
In order to investigate the effect of boron loss (due to the evaporation of B203
at temperature above 1200°C) on the purity and microstructure of the HfB:2

powders yielded, excess B203 was needed, hence different molar ratios of
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Hf:B:C was used, i.e.1:3:5 and 1:4:5. The stoichiometric ratio of 1:2:5 of Hf:B:C
did not result in single phase HfB2 powders, see section 4.2.1. In this case, the

corresponding amount of boric acid required was 0.93 g and 1.24 g, respectively.

To obtain 1 g Y-doped HfB2, 8 wt% yttrium nitrate hexahydrate was added into

the system, its stoichiometric mass was calculated as follows:

. 1g x Mw of Y(NO3)3 - 6H,0
weight of Y(NO3); - 6H,0 = Mw of HfB, X wt%h Y

_ 1gx 383

0 =
S0 X 8% = 0.15g

Table 3.3 Composition of the precursors used for carbothermal reduction

Elemental ratio
Samples Remarks
Hf | B:Hf | C:Hf | Y:Hf | Ta:Hf

Exact stoichiometry, according

HfBC 1 2 | 3 - ) to Equation 2-3

50% excess B, according to

Hf3BC 1 3 |5 - ) Equation 2-3

0, .
Hf4BC 1 4 5 ) i 100% excess B, according to

Equation 2-3
8YHFBC (092 | 3 5 10.08| - 8 wt% Y-dopants
5TaHfBC | 0.95| 3 5 - 0.05 5 wt% Ta-dopants
10TaHfBC | 0.9 3 5 - 0.1 10 wt% Ta-dopants
15TaHfBC | 0.85| 3 5 - 0.15 15 wt% Ta-dopants

In the next series of experiments, 5, 10 and 15 wt% TaCls were added into the
system to obtain Ta-doped HfB2. The stoichiometric mass of TaCls to obtain 1
g Ta-doped HfB2 was calculated as follows, again using 10 wt% Ta-dopants as

an example;
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ight of TaClg = % T

weight of TaClg Mw of HfE, X wt% Ta
_ 183582 10w =018

=7 2001 0= "5.108
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Similarly, the mass of TaCls required for the synthesis of 5 and 15 wt% Ta-

doped HfB2 was 0.09 and 0.27 g, respectively. The corresponding mass of

HfOCI2-8H20 required for the synthesis of 5, 10 and 15 wt% Ta-doped HfB2 was

1.99, 1.88 and 1.78 g. All the precursors prepared for carbothermal reduction

reaction are listed in Table 3.3.

3.3.2.1 Sol-gel approach to prepare pre-ceramic powders

H3803 HfOC|28H20

J/ Dissolved in ethanol

Transparent solution

PPR dissolvedin ethanol

Stirring and refluxing
at 100°C for 24 hours

y

White translucent gel

|

Drying at 120°C

l

Grinding

|

Sieving, <100 um

|

Calcination

|

Brown precursor powders

Figure 3.2 Flow chart of mixing different starting powders in sol-gel approach
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The sol-gel approach which was developed by Venugopal et. al [141] for the
synthesis of HfB2 pre-ceramic powders, was used in the early stage of this

project to prepare HfB2 and Y-doped HfB2 pre-ceramic powders.

In order to prepare the HfB2 pre-ceramic powders by the sol-gel approach, as
shown in Figure 3.2, boric acid was placed in a 500 ml flask and 50 ml of ethanol
per gram of boric acid was added to achieve a solution. A heated oil bath held
at 100°C was used to increase the solubility of boric acid. Subsequently,
HfOCI2-8H20 was dissolved in ethanol (1 g per 30 ml ethanol) and added into
the boric acid solution. Mechanical stirring was applied for half an hour to
improve the homogeneity of the solution. Then, PPR/ethanol solution (1 g per
30 ml ethanol) was added into the binary transparent solution. The latter turned
yellow with a white translucent gel after stirring and refluxing at 100°C for 24 h.
For the preparation of 8 wt% Y-doped HfB2 pre-ceramic powders, yttrium nitrate
hexahydrate (soluble in ethanol), was directly dissolved into the ternary solution

(Hf, B and C) to achieve good mixing.

I

Distillation head

Condenser

constant stirring \

Flask

-

Container to collect
ethanol and boric
acid

oil bath

Figure 3.3 Schematic of the experimental system used for the sol-gel approach
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The gel yielded by the sol-gel approach was dried at 120°C on a hot stage for 6
h, using the set up shown in Figure 3.3. The volatiles were collected to stop
B203 going to the ventilation system, since B203 could be carried by ethanol
vapour. The resulting solid precursors were gently ground using a pestle and
mortar and sieved to remove the large particles. In order to remove residual
chlorine ions from the precursor, the latter was calcined in a chamber furnace
(RHF 1450, Carbolite, UK) in air at various temperatures and times, as listed

Table 3.4, to understand the efficiency of removing CI- from the system.

Table 3.4 Various calcination temperatures and time for Cl- removal in HfB2

Calcination temperatures/°C Calcination time/h
350 1
350 3
400 1
400 3

3.3.2.2 Precipitation approach to prepare pre-ceramic powders

The precipitation approach involved HfOCI2-:8H20, TaCls, boric acid and
phenolic resin as Hf, Ta, B and C sources. To obtain phase-pure HfB2, as shown
in Figure 3.4, HfOCI2-8H20 was dissolved in EtOH (1 g per 30 ml ethanol) and
then reacted with 35% ammonia hydrate to form white Hf(OH)4 precipitates at a
pH of ~8.5. The resultant precipitates were filtered, rinsed by DI water and
dispersed again in EtOH. The white suspension yielded was mixed with boric
acid/EtOH (1 g per 50 ml ethanol) and phenolic/EtOH solution (1 g per 30 ml
ethanol), followed by ultrasonication, drying, grinding and sieving, which were
similar as the procedures for the borothermal reduction reaction route. The
entire process for the precipitation process was carried out in an extraction fume

hood, as ammonia and HCI were produced during mixing.
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For the preparation of Ta-doped HfB2 preceramic powders, calculated amounts
of HfOClI2-8H20 and TaCls were dissolved in EtOH and mixed using a magnetic
stirrer. The resultant transparent Ta- and Hf- binary solution was added drop-
wise into 10% ammonia hydrate solution. According to the findings of this study,
the key factor to improve the homogeneity of the precipitates was to make sure
that the Hf(OH)4 and Ta(OH)s co-precipitated at the same time. Hence, the pH

value had to be controlled within a narrow range, i.e. 8.5+0.3.

i Tasource ' | Hfsource

Dissolved in EtOH

W
Transparent solution Ammonia hydrate solution
| |
white precipitates
Rinsing with DI water
Dispersed in EtOH
B source White suspension C source
| I
Dissolved in EtOH Dissolved in EtOH

Ultrasonication for 10 min

Stirring and drying at 100°C

Grinding

|

Sieving, <100 pm

Yellow precursor powders

Figure 3.4 Flow chart of mixing different starting powders for precipitation

approach.
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3.4 Heat treatments of the precursors

The precursors from the sol-gel and the precipitation approach were converted
into HfB2 and TaB:2-based ceramic powders via borothermal reduction or
carbothermal reduction reactions, which were carried out by heat treatment in a
high temperature horizontal tube furnace (TSH17/75/450, Elite Thermal System
Ltd, UK) fitted with an alumina tube (99.9% pure, OD x ID x L=60mm x 50mm X
120mm, Elite Thermal System Ltd, UK), as shown in Figure 3.5. Stainless steel
end caps with double silicon rings were used to seal the tube. An air tight silicone
oil container was connected to the outlet of the tube to prevent air ingress and
to trap the bi-products of the borothermal and carbothermal reduction reactions,
e.g. B20s, if any from the outlet gas. Before heat treatment, the tube was
evacuated to 10 Torr using a rotary pump to remove all oxygen and then
Pureshield argon (>99.99%) was continuously passed through the tube at the

rate of 100 cm3min.

Horizontal furnace End cap with pressure gauge
Argon cylinder A s |

Alumina tube -
Silicone oil

Figure 3.5 High temperature tube furnace and alumina tube used for the

synthesis of HfB2-based powders
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Graphite powders on alumina boats
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Alumina block

Alumina block Precursors

on graphite crucible

Figure 3.6 Schematic of the experimental arrangement used for the synthesis

of HfB2-based powders

Table 3.5 Various heat treatment profiles for HfB2 powder synthesis

Heat treatment temperatures/°C Dwell time/h
1300 25
1600 5
1600 2
1600 1

The precursor powders were placed in a graphite crucible, which was laid in the
centre of the alumina tube. Alumina boats containing graphite powders placed
on both sides of the precursors were used to absorb residual oxygen and to
improve the purity of HfB2 products, as shown in Figure 3.6. Alumina blocks
were placed near the inlet and outlet ends to protect the tube from thermal shock
and limit the heat dissipation to the end caps. It should be noted that the alumina
tubes are vulnerable from thermal shock and thus the heating and cooling rates
were maintained at 5°C/min at temperature below 1000°C and 2°C/min at
temperatures above 1000°C in all cases. Another issue with the alumina tubes
was the creep strain, which was caused by the weight of the samples and lack
of support for the tube inside the heating zone of the furnace, especially at

temperatures above 1500°C. Hence the tube was rotated 90° each time after
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use to avoid bending. To obtain HfB2 and TaB2-based ceramic powders, various
heat treatment temperatures and dwell times, as listed in Table 3.5, were used

to study their effects on the purity and particle size of the final products.

3.5 Densification of HfB2-based ceramics

3.5.1 Pressureless sintering of HfB2-based ceramics

Before the microwave sintering was conducted for the HfB2-based powders,
their dielectric properties were measured at Nottingham University, with the help
of Dr. Dimitrakis. The dielectric measurements involved an open-end coaxial
line terminating to a probe with an annular aperture, while the other end of the
coaxial line was connected to an Agilent 8753ES Vector Network Analyzer (VNA)
with a frequency range 30 kHz—6 GHz. During the measurement, the powder
samples were dispersed in ethanol. A swept frequency signal was transmitted
from the VNA into the ethanol media via the coaxial line and the reflection
coefficient I was recorded. The dielectric constant, €', and loss factor, €”, were
calculated from the amplitude and the phase of I via a computer programme

[262], for the HfB2-based powders measured at 910 and 2470 MHz.

The microwave sintering furnace, Figure 3.7, with a maximum power output of
6 kW was designed and built by Microwave Heating Ltd. at Loughborough
University. HfB2 and 10 wt% Ta-doped HfB2 powders were initially die pressed
using a 10 mm diameter die at 100 MPa and then placed on an alumina holder
with microwave absorbing ceramic paste (US patent, 60/262.206, D.Agrawal,
R.Roy and B.Vaidhyanathan, 2002) surrounding the sample to promote the
absorption of microwave. Only one sample could be loaded into the microwave
furnace at a time. Samples were loaded and placed in the centre of the furnace.
The power output of the furnace started at 15% with a 1% increase every 3

minutes until a 50% power output was reached. The microwave sintering was
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conducted in argon by passing Pureshield argon through the furnace at a flow
rate of 200 cm? mint. The argon flow started 30 minutes before the start of the
microwave sintering, and was continued during the entire process. The
temperature analysis of the sample was achieved using a thermal imagine
camera (FLIR Thermovision A40, FLIR Systems, West Malling, UK). It is
important to note that the emissivity of HfBz is 0.78 and that of quartz (the
material used as a furnace window) is 0.93, making a corrected emissivity value

of 0.73.

1 Furnace cramber

-
="

Alumina tube

Microwave
generator

Figure 3.7 Schematic of the microwave furnace for the densification of HfB2-
based ceramics

The flash sintering apparatus used was also designed and built at
Loughborough University, utilising an alumina tube furnace (LTF/16, Lenton
Thermal Designs, UK). HfB2 and 10 wt% Ta-doped HfB2 green samples from

die pressing (10 mm @ x 3 mm high pellet) were coated with silver paste, which
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was cured at 450°C for 1 h. The samples were then placed between the
electrodes, with graphite sheet and platinum mesh on both the top and the
bottom surfaces of the sample, as shown in Figure 3.8, to improve its contact

with the electrodes.

Platinum mesh

springs I Specimen

Graphite sheets

Connection Platinum wires __— Alumina tube

wires

Figure 3.8 Schematic of the sample holder for flash sintering of HfB2-based
specimen

The DC field power of ~20 V cm, generated by a rectifier (150V Multi-Mode
Dual Bench Power Supply, TTi, UK), was applied on the sample and the sample
was initially heated up to 900°C with a heating rate of 10° mint. A voltage
sufficient to supply a current of 4A was subsequently applied to the sample. The
voltage and current were recorded, and the sample temperature was monitored
by a two-colour pyrometer (Marathon MR1SCSF, Raytek GmbH, Berlin,
Germany). Similar to the microwave sintering, the flash sintering was also

conducted in argon atmosphere with a flow rate of 120 cm? min-L.
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3.5.2 Pressure assisted densification: spark plasma sintering

Since long duration hot pressing generally leads to large grains in the sintered
UHTCs (see section 2.6.2), the HfB2 and Ta-doped HfB2 were densified using
SPS. This is a fast sintering technique that can limit the grain growth of the
sintered ceramics. The SPS trials for phase-pure HfB2 and 5, 10 and 15 wt%
Ta-doped HfB2 were performed at Queen Mary University, London using an
FCT HP D20 model flash spark plasma sintering facility, FCT Systeme GmbH,
Germany, which was also computerised for data processing. As shown in Figure
3.9, 10 g of the HfB2 based ceramic powders were cold pressed at the pressure
of 50 MPa and placed in a 20 mm diameter graphite die. Graphite sheets were
applied on both the top and the bottom surfaces of the powders to avoid
interaction with the graphite punches. Then the die was placed in the SPS cavity,

which was maintained in vacuum through the entire SPS cycle.

Graphite punch

Graphite die —> Graphite sheet

Graphite punch

Figure 3.9 The graphite die used for SPS, Queen Mary University, London

A load of 19 kN, which resulted in ~60 MPa pressure on the 20 mm diameter
samples, was applied during sintering. The heating and the cooling rates were

kept as 100°C min* and 50°C mint, respectively. The samples were initially
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heated to 1800°C and soaked for 30 min to allow any potential volatiles to
escape. The samples were subsequently heated to the sintering temperature
and soaked for another 30 min. 4 different sintering temperatures, 1900, 2000,
2100 and 2150°C were employed to investigate the effect of temperature on the
densification of the HfB2-based ceramics. Other than temperature and pressure,
the linear change in shrinkage for the samples during sintering was recorded,
by monitoring the displacement of the sample along the pressing direction. It
should be noted that the optical pyrometer monitored the temperature on the
surface of the graphite die rather than directly on the sample, which in turn gave
rise to a difference between the temperature of the die and that of the sample,

especially at the faster heating rates.

3.6 Oxidation testing of HfB2-based ceramics

3.6.1 Static furnace oxidation

Table 3.6 HfB2-based samples for furnace oxidation testing at various
temperatures with 10 min dwelling time

Samples Composition Temperature/°C
HfB-,
Powders 8 wt% Y203 doped HfB2 1600 (LU)

5, 10 and 15 wt% Ta-doped HfB:2

1000 (LU)
1300 (LU)
HfB2, 1600 (LU)
Sintered ceramic
5, 10 and 15 wt% Ta-doped HfB:2 1700 (AFRL)

1800 (AFRL)

1900 (AFRL)
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The oxidation studies of both powder and sintered phase-pure HfB2, Y-doped
and Ta-doped HfBz2, details shown in Table 3.6, were carried out in a box furnace
(Elite 1600 Laboratory Chamber Furnace, with alumina insulation) at 1000, 1300
and 1600°C. The oven oxidation testing at 1700, 1800 and 1900°C for only
sintered HfB2 and Ta-doped HfB2 were carried out in a zirconia element furnace
(ZrF-25: Shinagawa Refractories Co., Tokyo, Japan) at Air Force Research
Laboratory (AFRL), US, with the help of Dr. Carney. The heating and cooling
rates for all the furnace oxidation testing was 5°C min -1, which was limited by
the furnace, and all the samples were soaked at the testing temperature for 10

min.

Rectangle specimen

5mmXxX2 mmxX2 mm

Zirconia crucible

Zirconia insulation

Figure 3.10 Schematic of HfB2-based specimens tested in the zirconia element
furnace

The dimension of the sintered samples was 5 mm x 2 mm X 2 mm rectangles
and all the sides of the samples were polished to a 1 pm finish using diamond
slurry before being put into the furnace. As shown in Figure 3.10, the HfB2-based
ceramic samples were placed on a concave ZrO2z crucible to limit contact
between the sample and the crucible. The masses of the samples pre- and post-
testing were recorded to study the oxidation rate and then the oxidized samples

were cut and polished for further microstructural analysis.
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3.6.2 Oxyacetylene torch testing

Back face thermocouple
Water cooling

Sample holder

Sample

Guide rail

Protective insulation
Oxyacetylene torch
Neutral density filter
Thermal imaging camera
0. Two colour pyrometer
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Figure 3.11 Oxyacetylene torch test set up [14], [263]

Compared to the static oven oxidation test, the dynamic oxidation test, e.g.
oxyacetylene torch test can provide more information of the oxidation
behaviours of the sample with the present of high gas flow speed. The
oxyacetylene torch testing for pure and 10 wt% Ta-doped HfB2 was performed
at the University of Birmingham using the facility shown in Figure 3.11. 20 mm
diameter disc specimens were placed in a graphite insert (outer diameter 35
mm), which was then fixed inside the water-cooled graphite sample holder.
During the test, an oxygen rich flame (1:1.35 acetylene to oxygen ratio) was
focused on the specimen resulting in a heating rate of >100°C s*. The peak
temperature and the temperature distribution on the front surface of the
specimen were recorded by using a two colour pyrometer (METIS M311,
Sensortherm GmbH, Hauptstrabe, Germany) and a modified infrared thermal
imaging camera (Thermovision A40, FLIR System AB, Danderyd, Sweden). The
two colour pyrometer was capable of recording a temperature from 1100 to
3300°C and the thermal imaging camera could record a temperature up to
2800°C when combined with a neutral density filter. For each specimen,

distances of 10 and 20 mm between the specimen and nozzle were used to
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alter the peak temperatures and heating profiles. Since the aim of the test was
to understand the effect of Ta dopants on the oxidation mechanism of HfB2, the
test was carried out for 240 seconds to allow a relatively thick, >10 um oxide
scale to form. The mass change of each sample after testing was recorded. The

oxide products were further characterized using XRD, SEM and TEM.
3.7 Sample preparation and characterization techniques used
3.7.1 Fourier transform infra-red (FTIR) spectroscopy

The functional groups present in the HfB2-based precursor powders containing
PPR, boric acid and HfOCI. were analysed using FTIR (FTIR 8400S, Shimadzu,
Maryland, USA). The amount of the precursor powders (~1 mg) were mixed with
1 g of potassium bromide (KBr) using a pestle and mortar. 100 MPa was applied
to the powder mixture to make thin pellets of 12 mm diameter for FTIR analysis.
A pure KBr pellet pressed under the same conditions was used as a reference
to obtain the background curve, which was then subtracted from the scans of

the HfB2 samples.

3.7.2 BET surface area measurements

An automated gas adsorption analyser (TristarTM 3000, Micromeritics
Instrument Corporation, Norcross, USA) was used to measure the BET surface
area of the synthesized HfB2 and Ta-doped HfB2 powders. The value of the

surface area obtained was also used to calculate the specific particle size, via

Equation 2-5 and estimate the extent of agglomeration.

Particle size = —— x 1000 (2-5)
pPXS
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Where S is the specific surface area and p is the theoretical density of the

material.

Approximately 1 g of HfB2-based ceramic powders were initially degassed in a
nitrogen atmosphere at 150°C for 60 min before testing, followed by evacuating
to less than 20 um Hg vacuum and cooling down to -196°C using liquid nitrogen.
After that the samples were exposed to high purity (>99.99%) nitrogen. The
amount of nitrogen adsorbed on the particle surface at -196°C was recorded
using the ratio of the relative pressure to the saturation vapour pressure, to

estimate the surface area of the particles.

3.7.3 Mastersizer

A Mastersizer 2000 (Malvern, UK) was used to study the particle size
distribution of the HfB2-based powders. This instrument used the laser
diffraction technique, i.e. calculation on the diffraction angle when the particles
were passed through the laser beam, to measure the particle size and had a
measurement range from 20 nm to 2000 ym. The powders to be measured were
dispersed in ethanol (>99.7%, Fisher Scientific, UK) and subjected to
ultrasonication for 20 min to break the soft agglomerates before the
measurements. The dilute suspension was then circulated into the cell. Both the

volume and number particle size distribution were recorded for each sample.

3.7.4 X-ray diffraction (XRD)

The crystalline structure of materials can be determined by the elastic scattering
of X-rays from the individual atoms. A D2 Desktop Diffractometer (Bruker
Instruments, UK) equipped with an integrated PC and a flat screen monitor,
supplemented with an easy-to-use workflow software DIFFRAC-SUITE, was

used to identify the crystalline structures of the synthesized HfB2-based ceramic
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powders. The accuracy of the instrument was +0.02° throughout the entire
measuring range and the achievable peak width was <0.05°. However, the
instrument was not sufficiently sensitive to detect a phase at <3 atom%. The
voltage and current used to generate the X-rays were 40 kV and 35 mA
respectively. Nickel filted CuKa radiation with a wavelength of 0.154 nm was
irradiated onto the powder samples. For general scanning, the samples were
analysed at a scan speed of 1° min't and with a step size of 0.02° from 20° to
80° 26 range, whilst for high resolution scanning, the scan speed and step size
were reduced to 0.5°min't and 0.005°, respectively. The information, such as
diffraction peak position, intensity and shape, was related to the International
Centre for Diffraction Data (ICDD) cards to identify the phase of the as-

synthesized powders.

3.7.5 X-ray photoelectron spectroscopy (XPS)

XPS was used for the element identification of the HfB2-based powders,
especially for the light atom and amorphous phase, e.g. B203s, which was difficult
to detect either by XRD or SEM-EDX. The XPS analysis was carried out by a
K-alpha surface analyser (Thermo scientific, UK) with an Al Ka X-ray source
(1486.6 eV) in vacuum. Only several milligrams of powders were required for
analysis. In XPS, the surface of the powder samples is irradiated with X-rays.
The resulting photoelectrons emerging from the surface are collected and then
energy analysed. Each element gives rise to a set of peaks at characteristic
energies. Hence the photoelectron spectrum allows identification of the
elements present on the surface of the sample. The concentrations of these
elements can be calculated from the relative intensities of the photoelectron
peaks, with a sensitivity of 0.1-1 atom%. In addition, the emitted electrons are
of such an energy that only those from the top few atomic layers have a
significant chance of escaping from the surface without losing energy, hence

the technique is highly surface sensitive (5~10 nm depth). One general scan
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was performed for each HfB2-based sample to identify all the elements on the
sample surface and a few high resolution scans were performed for elements

such as Hf, Ta, B and O to identify the corresponding compounds.

3.7.6 Thermal gravimetric analysis (TGA)

The onset temperature of the carbothermal and borothermal reduction reactions
were analysed by TGA which was carried out using a Netzsch Simultaneous
Thermal Analyser (STA 449C, Netzsch Group, Selb, Germany). The sensitivity
of the equipment used was 0.1 pg and the maximum loading was 0.2 g. The
heating rate of the chamber could be selected from 0.1 — 500°C/min up to
1600°C in air or controlled atmosphere. Approximately 10 mg of HfB2 precursors
was heated at the rate of 5°C/min from room temperature to 1000°C and
3°C/min from 1000°C to 1600°C in an argon atmosphere. The weight and the
difference in heat flow as a function of temperature were recorded to show the
exothermic and endothermic reactions associated with the weight loss of the
precursors. A STA 449 F5 Jupiter Netzsch Thermal Analyser was used to
investigate the oxidation rate of the large sintered HfB2-based specimen. The
mass gain of the samples, which were due to the oxidation of HfB2, was
recorded between 25 and 1600°C. For the large specimen, there was always a
lag between the samples’ temperature and the programme temperature due to
the lack of dwell time, hence the maximum temperature the sample reached

was in the range of 1500-1550°C.

3.7.7 Sample mounting and polishing

The sintered HfB2-based ceramics needed to be mounted and polished for
further oxidation testing and microstructural analysis. The samples were

mounted using epoxy resin and its corresponding hardener mixture (Epofix,
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Struers Ltd., Solihull, UK) with a weight ratio of 25:3. The epoxy resin was left
at room temperature for 12 hours to cure. The samples were then polished using
a semi-automated polishing machine equipped with an automatic diamond
slurry feeding system (Tegramin-25, Struers Ltd., Solihull, UK). The polishing
cycle for the HfB2-based ceramics is shown in Table 3.7. The first step was
grinding, removing the epoxy that covered the specimens. It should be noted
that the specimen edges were rounded off to avoid damaging the polishing discs.
After each step, the specimens were rinsed with deionized water and, in addition,

the specimen surface was wiped with acetone after the final step.

Table 3.7 Grinding and polishing cycle for sintered HfB2-based ceramics

Step | Polishing disc Polishing Media Force | Duration
IN /min
1 MD-Piano 220 water 30 15
2 MD-Piano 600 water 20 5
3 MD-Piano 1200 water 20 5
4 MD-Plan DP-suspension (9 um finish) 15 5
5 MD-Dac DP-suspension (3 pm finish) 15 5
6 MD-Floc DP-suspension (1 ym finish) 10 10

3.7.8 Cutting of the sintered ceramics

Since sintered ceramics can be difficult to be cut, a Struers Accutom-5 cutting
machine equipped with a diamond wafer blade (Buehler, Disseldorf, Germany)
was used to cut the HfB2-based ceramics. The blade rotary speed was 2500
rom and the sample feeding rate was less than 0.005 mm s*. The cutting
machine was capable of making rectangle samples for oxidation testing,
however, in order to obtain a complex shape, the samples were cut with a wire
electro-discharge machine (EDM) into cylinders in the School of Metallurgy and

Materials, University of Birmingham.
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3.7.9 Density measurements

The green density of the HfB2-based pressed pellets was measured using the

geometrical method according to Equation 2.6.

mass —  m

Green density (GD) = (2-6)

volume ~ mr2h
where, the r is the sample radius and h is the samples thickness, measured by
a Vernier calliper and screw gauge respectively. The density of the sintered
HfB2-based ceramics was measured using the Archimedes water displacement

method. Equation 2.7 gives the bulk density of the samples.

Mpr

Bulk density (BD) = W
d—Mw

(2-7)

where, Mq is the dry weight of the sample, Mw is the weight of the sample in
deionized water and p is the density of water at room temperature. The relative

density of the sintered samples was calculated using Equation 2.8.

Relative density = GD or BD %X 100 (2-8)

Theoretical density of the samples

where, 10.50 and 11.15 g cm were taken as the theoretical density of HfB2 and

TaBz, respectively.

3.7.10 X-ray fluorescence analysis (XRF)

The content of Hf and Ta in the sintered Ta-doped HfB2 ceramics was analysed
using Micro-XRF (Edax Orbis X-ray fluorescence spectrometer). The X-ray

source was set at 40 keV and 1000 mA and focused to a 3mm spot size using
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X-ray optics with capillary. The XRF spot analysis was performed on the fracture

surface of the sintered ceramics in vacuum.

3.7.11 Thermal and electrical conductivity measurements

The thermal diffusivity and specific heat capacity of the pure and 15 wt% Ta-
doped HfB2 was measured by Laser Flash analysis using a LFA 427 device
(Netzsch). The surface of sintered ceramic samples (12.5 mm in diameter and
2 mm in thickness) was polished to 1 um finish and then coated with graphite to
prevent the direct transition of the laser beam and to help the energy transfer to
the sample. The measures were conducted from ambient temperature to
1500°C in argon. The thermal conductivity values for the pure and Ta-doped

HfB2 were calculated via Equation 4.13,

K=apCp (4-13)

where K is thermal conductivity, p is density and Cp is specific heat capacity.

The electric conductivity of the pure and 15 wt% Ta-doped HfB2 was measured
by a 2-point DC method. The top and bottom surface of the sintered ceramic
samples, which was used for thermal conductivity measurements, was coated
with silver paste and connected to electrodes. The voltage and current change
of the samples (measured by Impedance Analyser, SI 1260, Solartron, UK)
against temperature were recorded to calculate the electric resistance R of the

sample and then transferred into electrical conductivity o, via Equation 2.10,

o=— (2-10)

where, L and A are the thickness and top/bottom surface area of the cylinder

sample.
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3.7.12 Field emission gun scanning electron microscopy

The morphology of the synthesized powders, the fracture surface of the sintered
ceramics and the microstructure of the oxidized samples were observed by field
emission gun scanning electron microscopy (FEG-SEM, Leo 1530VP, Carl
Zeiss NTS Ltd., Cambridge, UK). The FEG-SEM had a higher resolution and
better contrast compared to a conventional SEM and was capable of analysing
nano grain-sized samples. The samples were mounted onto aluminium stubs
with conductive carbon disc tapes (Agar Scientific, UK) and coated with Au/Pd
using a Polaron Emitech SC7640 sputter coater (Quorum Technologies Ltd, UK).
The secondary electron (SE2) detector was operated with a 5kV accelerating

voltage and 30 um aperture to obtain SEM images for all the samples.

The Leo FEGSEM was also equipped with an energy dispersive x-ray analysis
(EDX, EDAX Inc., NJ, USA) allowing compositional analysis of the samples. In
EDX analysis, besides the employment of high current, the accelerating voltage
remained 5 kV and the aperture size was increased to 120 ym to enhance the
signal from the low molecular weight atoms, e.g. boron. The orientation of the
grains in the sintered samples were observed by JEOL 7800F FEG-SEM (JOEL
Ltd., Tokyo, Japan) with electron backscattered diffraction (EBSD) imaging

system (Hikari hi-speed camera).

3.7.13 Focused ion beam (FIB)

To prepare a TEM specimen from the sintered Ta-doped HfB2, a Dual Beam
FIB (Nanolab 600, FEI), which combined a focused ion beam microscope and
FEGSEM, was used to carry out the lift-out. Similar to the SEM sample
preparation, the Ta-doped HfB2 sample was coated with Au/Pd and fixed onto

an aluminium stub using silver paste. During lift-out, the sample was tilted at 52°
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and the gun voltage maintained at 30 kV. A thin layer of Pt was initially deposited
on the surface of the selected area. Then a gallium ion beam, operating at 20
nA, was used to remove material from both sides of the selected area to form a
~500 nm thick rectangular specimen. This was attached to a TEM grid using Pt
as an adhesive and was further thinned using the ion beam with gradually
reduced current (from 7 to 5 nA and finally to 3 nA) until a final thickness of ~100

nm was achieved.

3.7.14 Transmission electron microscopy (TEM)

The morphology of the HfB2 based powders and the composition of the grains
in the sintered Ta-doped HfB2 were analysed using transmission electron
microscopy (TEM, JEOL JEM 2000FX, JEOL Ltd., Japan). Sample preparation
is critical in TEM analysis as the sample has to be electron transparent, i.e. thin
enough for the beam to pass through. Powder samples were dispersed in
ethanol, followed by ultrasonication for 20 min to break soft agglomerates. A
drop of the resultant suspension was placed on a copper grid covered with
carbon film, which was loaded into a single tilt TEM holder. For the sintered
ceramic samples, FIB lift-out was required to cut the sample and thin it down to
100-150 nm, and then the resulting sample was loaded into a double tilt holder
to obtain TEM images at an operating voltage of 200 kV and with various
magnifications and diffraction patterns. In addition, the elemental distribution
within two adjacent grains of the sintered Ta-doped HfB2 was analysed using

EDX with a field emission gun-TEM (Tecnai F20, FEI).
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4. Results and discussion

This chapter discusses the results of the synthesis of pure and doped HfB:2
powders, the subsequent densification process and the characterisation of the
sintered ceramics. Before making doped HfBz2, it is important to understand the
optimized conditions to synthesize phase-pure HfB2. At the early stage of this
work, a sol-gel approach, which was developed at Loughborough University,
was first selected to synthesize pure HfB2 as it was reported to be capable of
yielding sub-micron sized powder which was beneficial for impregnating
HfB2/carbon preform composites. However, based on extensive investigation,
the drawback of the sol-gel approach was found to be the presence of impurities
such as HfC and free carbon that were difficult to remove from the resultant HfB2.
Since the ultimate aim of this work was to investigate the effect of dopants on
the oxidation behaviour of HfB2-based ceramics, the purity of the powders was
more critical than the particle size. Hence, a precipitation approach was
subsequently developed to synthesize both pure and doped HfB2 powders. The
sinterability of the HfB2-based powders prepared by the different approaches
was compared. Static furnace oxidation and dynamic oxyacetylene torch tests
were also performed on the sintered ceramics to study their oxidation behaviour

and mechanisms.

4.1 Synthesis of pure and doped HfB2 powders by carbothermal reduction

reaction method

4.1.1 Characterization of the starting materials

As the stoichiometric ratio of the starting materials is a critical factor to control
the purity of the HfB2 powders yielded from either carbothermal or borothermal

reduction reactions, it is important to understand the stability and reactivity of
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the starting materials.

——exposed to air for 24 h
——powders in the container

- HfOC|2'8H20
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Figure 4.1 XRD patterns of HfCls powder after exposing to air for 24 hours
indicating mainly HfOCI2:8H20

HfCl, + (n + 2)H,0 — Hf(OH),Cl, - nH,0 + 2HCl - HfOCl, - nH,0 + 2HCl + H,0
(4-1)

The HfCls powder for HfB2 synthesis was kept in a storage bottle closed under
air since the powders could undergo hydration before use. According to Figure
4.1, the XRD pattern of the powders after several months’ storage indicates the
presence of a low-crystallinity phase, which may be due to the combined
presence of HfCls and HfOCI2-nH20 (0<n<8) in these powders. HfCls has a
monoclinic ABs-type structure and consists of a zig-zag chain of HfCls
octahedrons, as shown in Figure 4.2. Every Hf atom shares two chlorine ions
with each of its two Hf neighbours. The other two chlorine ions, which are linked
to Hf atoms by single bonds, are highly reactive with OH-, thus hafnium chloride
is easily hydrated when exposed in moist air and becomes HfOCl2-nH20 (0<n<8)
following Equation 4.1, where n depends on the hydration rate. HfCls4 particles
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started to hydrate as soon as in contact with moisture, leading to the cracking
of the hydrated outer shell of particles, which allowed further inward diffusion of
water molecules to take place. As shown in Figure 4.2, the resultant partially
hydrated HfCls particles were heterogeneous with a positive hydration gradient

from an anhydrous HfCls4 core to an outer hydrated HfOCI2 surface layer [261].

HCl vapour

H,0 vapour
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Figure 4.2 Octahedral chain structure of HfCls and the composition of a partially
hydrated HfCl4 particle [261]

Since the number of water molecules in partially hydrated HfCl4 powders was
difficult to estimate, in order to improve the consistency of the stoichiometric
calculation for the synthesis of HfB2 powder, the partially hydrated HfCls powder
was further hydrated to a maximum hydration rate of n=8, by deliberately
exposing to air for an extended time. Based on Figure 4.1, it was found that
HfOCI2-8H20 (JCPDS cards: 00-015-0348) was the dominant phase for the
powders after 24 h exposure to air. Hence, HfOCI2:8H20 instead of HfCls was
used as the starting Hf source. The thermal decomposition analysis, Figure 4.3,
also showed that fully hydrated HfOCl2:8H20 was obtained after exposing HfCl4
to air for 24 h; the mass change for the HfCls powder heated to 1400°C in air
was ~33.2%, which corresponded to the loss of all H20 molecules in
HfOCI2:8H20, whilst the mass change from 140-550°C was mainly due to the
reaction of HfOCI2 with oxygen via Equation 4.2. HfO2 was the final product of

HfOCIl2 decomposition. For the HfCls powder heated under argon, the greatest
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mass change happened at temperatures <140°C as HfOCI2 was found to be the
final product. The residual Cl present in HfOCIl2 could lead to serious errors

during HfB2 synthesis and the removal of Cl from the system was required.

2HfOCl, + 0, — 2Hf0O, + 2Cl, (4-2)
100 -+
=N argon
90 - =—in air
X 80
£
[»14]
‘o 70 -
= !
60 166.8% 64.8%,
50 - | : .
: 151.4% i
I 1 1
40 - : ' : : "
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Temperature/°C

Figure 4.3 Thermal decomposition of HfOCI2:8H20 from ambient temperature
to 1000°C
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Figure 4.4 Molecular structure of novolac phenolic resin

Novolac phenolic resin?, the structure of which displayed in Figure 4.4, was used

as the carbon source for HfB2 synthesis since a carbon residue was obtained

4 Novolacs are phenol-formaldehyde resins with a formaldehyde to phenol molar ratio of less
than one. Thus the polymerization can be completed by using acid-catalysis, e.g. hydrochloric

acid.
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after the thermal degradation of phenolic resin in argon. The carbon content of
the novolac phenolic resin was measured by TGA. As indicated in Figure 4.5,
the mass change of the resins below 200°C corresponded to the loss of water,
after which the curve tended to be stable due to the heat-imposed curing of the
resins until 400°C, when the cured resins started to degrade, releasing volatile
compounds such as 2,4-xylenol, phenol and CO. The residual content, which
was ~41%, was recorded as the carbon content for the synthesis of HfB2, as all

the residue disappeared when the TGA for the same powder was conducted in

air.
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Figure 4.5 TGA of novolac phenolic resin from ambient temperature to 1000°C
in different atmosphere

Boric acid was used as the boron source for HfB2 synthesis due to its good
solubility in water and alcohols, which is beneficial for subsequent solution-
based processing approaches. It was seen from Figure 4.6 that boric acid was
stable at temperatures <100°C and then gradually lost 3 water molecules, which

was 55.8 wt% of the original boric acid, to form B20s.
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Figure 4.6 TGA of boric acid from ambient temperature to 1000°C in argon

4.1.2 Synthesis of HfB2 powders by carbothermal reduction reaction from

sol-gel derived precursors

The synthesis of HfB2 by carbothermal reduction was based on Equation 4.3,
using carbon as a reducing agent to remove oxygen from HfO2 and B20s. In
order to achieve high purity of the resultant HfB2 powder, a sol-gel approach
was used to improve the mixing of the reactants. HfOCl2, H3BO3s and novolac
phenolic resin, which were all soluble in ethanol, were used as hafnium, boron

and carbon sources, respectively.

HfO, + B,0; + 5C — HfB, + 5CO (4-3)
4.1.2.1 Characterization of the sol-gel derived precursors

Ethanol solutions of HfOCI2, HsBO3 and phenolic resin were mixed by using a

magnetic stirrer, but in the sol-gel approach, the more critical factor designed to

retain the molecule-level mixing during drying relied on gelation, which was
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attributed to the cross-linking of the novolac phenolic resin. The mixture solution
of HfOCI2, HsBO3 and novolac phenolic resin was stirred at 100°C for 24 h to
form a milky gel and the resultant gel was dried at 120°C to obtain the precursor

powders.

solution

precursor powders

C benzene ring

C aromatic
C

C
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Figure 4.7 FTIR spectra of HfCls, HsBO3 and novolac phenolic resin solution

and dried precursor powders

The FTIR transmission spectrum from 4000-400 cm™' for HfCls, H3BO3 and
novolac phenolic resin solution and the precursor powders is plotted in Figure
4.7. According to the NIST standards database [264], the broad peak around
3400 cm™ corresponds to O-H stretching vibrations, which occurs due to the
hydroxyl groups in the phenolic resin, boric acid and the Hf(OH)2Cl2. The small
peaks at 2845 and 2920 cm™' are due to C-H stretching vibrations from the
phenolic resin. For the mixture solution, the strong peaks at 2330 and 2360 cm-
' are associated with C=0 stretching vibrations from ethanol. The peaks at 1630

and 1450 cm™' represent the aromatic C-H deformation and C=C vibrations from
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the benzene ring, respectively. The peaks at 470 and 626 cm™' are due to Hf-
(OH)2 and Hf-O stretching vibrations. The peak at 520 cm-' is associated with
O-B-O stretching from HsBOs. For the precursor powders, the peaks
corresponding to ethanol disappear while several small peaks associated with
the asymmetric stretch of phenolic C-C-OH, C-O stretch, asymmetric stretching
vibration of C-O-C, aliphatic hydroxyl and 1,2,4-substituted benzene are seen
at 1237, 1100, 1000 and 976 cm-"' [265], respectively, indicating the cross-linking

of the novolac phenolic resin.

SEMGnTages
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Figure 4.8 SEM-EDX images of the precursor powders obtained from HfOCIz,
H3BOs and novolac phenolic resin solution
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The homogeneity of the precursor powders was checked by SEM-EDX mapping.
It can be seen from Figure 4.8 that the HfOCl2, HsBOs and phenolic resin were

well-mixed in the precursor without any rich areas of singe elements.

Table 4.1 Thermal degradation temperature and products of HfOCI2-8H20,
HsBO3 and novolac phenolic resin, summarized from Figure 4.3, 4.4 and 4.5

Degradation
Temperature Products
[°C

20-140 H20
HOCIz8H20 140-550 HfO2, Clz
HsBOs3 100-300 H20, B203

phenolic 20-150 H20

resin 400-650 2,4-xylenol, p:s;ol and carbon

Table 4.2 XPS composition analysis of the HfB2 precursor powders before and

after calcined at 400°C for 3 h in air

Element Before calcination After calcination
latomic % latomic %
B1s 8.78 11.94
C1s 37.63 3977
Cl 2p 11.56 1.24
Hf 4f 5.94 7 11
O 1s 36.09 39.94

The chlorine from HfOCI2 in the precursor had to be removed because it can
react with B20O3 to cause extra boron loss during the subsequent carbothermal
reduction reaction and is also harmful to the furnace end caps, which were made
of aluminium. As discussed earlier, chlorine in HfOCl2 was not able to be
removed at temperatures <1000°C in argon, therefore, the precursor powders
were calcined in air at 400°C for 3 h to remove chlorine. As shown in Table 4.1,
the calcination temperature used was beyond the degradation temperature of

HfOCI2, but below that of phenolic resin to avoid the oxidation of carbon. Table
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4.2 suggests that precursor powders without calcination contained 11.56%
chlorine, whilst after calcination, it was significantly reduced to 1.24% without
any weight loss associated with boron or carbon. Based on the TGA results of
the calcination of HfOCI2-8H20, Figure 4.9, 45.2% weight loss was found after
the calcination, meaning that more than 80% of the chlorine was removed from
the system. The effect of the small amount of residual chlorine on the purity of
the HfB2 yielded from carbothermal reduction reaction will be discussed in

section 4.1.2.4.
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Figure 4.9 Thermal degradation of HfOCI2:8H20 in air, at 400°C for 3 h

4.1.2.2 Study of carbothermal reduction reaction

According to the thermal dynamic calculation for Equation 4-3 using Factsage
6.1, the carbothermal reduction reaction becomes thermal-dynamically
favourable at temperatures >1523°C. However, it was found that HfB2 powders
formed at temperature far below the calculated value. Figure 4.10 shows the
TGA-DTA curves of the sol-gel derived precursor (elemental ratio of
Hf:B:C=1:3:5). As confirmed by the TGA analysis of the raw materials in Section

4.1.1, the weight loss occurring below 700°C was due to the degradation of

115



Results and discussion

HfOCI2:8H20, boric acid and phenolic resin. Therefore, at temperatures < 700°C,
the precursor powders consisted of un-reacted but intimately mixed B203, HfO2
and C. At temperature above 1300°C, the weight loss accelerates and tends to
stabilize after 1600°C, which was believed to be related to the process of the
carbothermal reduction reaction. The residual mass was approximately 50%.
With regard to the DTA results, the endothermic peak at 1226°C suggests the
beginning of the carbothermal reduction reaction. The reason why its practical
onset temperature was lower than the calculated reaction threshold temperature
of 1523°C might be due to the formation of the intermediate products, such as
highly reactive boron or boron sub-oxide, which could react with HfO2 to form
HfB2 at lower temperature, as shown in Equation 4.4, since this reaction is

favourable at 1350°C according to thermodynamic calculations.

HfO, + 2B or B,0, + 2C — HfB, + 2CO or 4CO, AG < 0 at 1350°C (4-4)
100 -~ weight = DTA - 030
90 -
- 0.25
80 -
70 - - 0.20
o o
L 60 - - 015 E
fa 50 - ->?.
o - 010 &
40 -
= 5
30 - - 0.05
20 -
1226°C - 0.00
10 -
0 : : . 0.05
0 500 1000 1500 2000

Temperature / °C
Figure 4.10 TGA-DTA curve of the sol-gel derived precursor, the elemental ratio
of Hf:B:C=1:3:5
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Figure 4.11 XRD patterns of the HfB2 precursor powders, elemental ratio of
Hf:B:C=1:3:5, heated from 600°C to 1500°C with 0.1 h dwell in argon (analysis
done by Dr. Venugopal)

Figure 4.11 shows the high-temperature XRD patterns for the precursor
powders with the elemental ratio of Hf:B:C=1:4:5, heated from 600°C to 1500°C
with a 0.1 h dwell. Diffraction peaks of HfO2 were detected at 650°C, which was
in agreement with the previous TGA analysis of the precursors. The peaks
associated with HfB2 appeared at 1300°C. As the XRD apparatus (D2 Phaser)
was only capable of identifying phases of >5 mol%, there was a lag between
the true HfB2 formation temperature and the temperature when the diffraction
peaks due to HfB2 were detected. Therefore, the high temperature XRD study
again showed that the onset temperature of the carbothermal reduction reaction

was below 1300°C. However, HfO2 instead of HfB2 was the major phase in the
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precursors heat treated at 1500°C for 0.1 h.
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Figure 4.12 X-ray diffraction patterns of the precursors (elemental ratio of

Hf:B:C=1:4:5) heat treated at 1600°C with various dwell time

The carbothermal reduction required higher temperatures or longer dwell times
to achieve pure HfB2 powders. Venugopal et. al [265] reported high-purity HfB2
powders were formed after heat treatment at 1300°C for 25 h, which was
probably too long for economic industrial use. Therefore, the precursors with the
elemental ratio of Hf:B:C=1:4:5 were heat treated at 1600°C for 1 h, 2 h and 5
h, and the resulting powders were analysed by XRD. Figure 4.12 shows that
dwell time of a 1 hour at 1600°C was still insufficient for the carbothermal
reduction reaction to complete as small peaks arising from monoclinic HfO2
were found, whilst dwell time of 2 hours resulted in nominal single-phase HfB2
powders based on XRD analysis. It was believed that the carbothermal
reduction reaction rate was improved by using the well-mixed HfOClI2, boric acid

and phenolic resin precursors prepared by the sol-gel approach.
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For the carbothermal reduction reaction, use of excess boron oxide to
compensate for the boron loss during HfB2 synthesis was vital if pure HfB2
powder was to be achieved. According to the original carbothermal reduction
reaction, Equation 4.3, the elemental ratio of Hf:B:C=1:2:5 was the exact
stoichiometric ratio, which in fact resulted in the formation of HfC rather than
HfB2. HFC was obtained by the side reaction between HfO2 and carbon via
Equation 4.5, which has been reported to occur at temperatures >1573°C [141].
Generally, the carbothermal reduction reaction of HfO2, Equation 4.3, is
thermodynamically favourable compared to Equation 4.5. However, the boron
loss during HfB2 synthesis led to unreacted HfO2 and C being able to react to

form HfC after the heat treatment at 1600°C.

HfO, + 2C — HfC + CO (4-5)
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Figure 4.13 XRD patterns of the powders synthesized with various Hf:B:C ratio,
1:2:5, 1:3:5 and 1:4:5, at 1600°C for 2 h

As seen from Figure 4.13, the content of HfC in the resultant powders from the
precursors with different Hf:B:C ratio was significantly reduced by adding 50%
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and 100% excess boron to compensate for the boron loss, i.e. changing the
elemental ratio of Hf:B:C of the precursors from 1:2:5 to 1:3:5 and 1:4:5. The

mass fraction of HfBz in these powders was calculated via Equation 4.6,

1

1+ IyecKurc/lurs2Kursz

wt% HfB, = (4-6)

where, lnic and Ium2 are the relative intensities of HfC’'s and HfB2’s strongest
diffraction peaks, and Knfc and Khs2 are the reference spectral intensities of HfC
and HfB2. According to the JCPDS cards number 00-039-1491 and 00-038-1398,
the reference spectral intensities for cubic HfC and monoclinic HfB2 were 16.98
and 17.70, respectively. Thus, the calculated HfB2 mass fraction increased from
15 to 48 wt% when the ratio of Hf:B:C changed from 1:2:5 to 1:3:5 and single-

phase HfB2 was obtained from the precursors with a Hf:B:C ratio of 1:4:5.
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Figure 4.14 HfB2 mass fractions vs. the intensity ratio of the strongest peaks of

HfC/HfB2

Commercial HfC (H.C. Starck, Germany) and HfB2 (H.C. Starck, Germany)
powders were used to check the validity of the curve by mixing with different

mass fractions of HfB2, viz. 10, 30, 50, 70 and 90 wt%. The measured HfC/HfB2
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intensity ratio of the strongest peaks from the XRD patterns of these commercial
powder mixtures was compared with the calculated values. The commercial
powder mixtures containing 30, 50 and 70 wt% HfB2 showed good consistency
with the calculated values while the ones containing 10 and 90 wt% showed
significant deviation due to the limitation of XRD for identifying low mass fraction
phases. Hence, it should be noted that the error for calculating the mass fraction
of a phase <10 wt% can be more than 50%. This equation for calculating the
mass fraction of different phases were also used for the analysis of the

monoclinic/tetragonal HfO:2 fractions later.
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Figure 4.15 XRD patterns of the precursor powders (Hf:B:C=1:3:5) heat treated
at 1600°C for 2 h, with argon flow rates of 60 and 100 cm3min-!

The main cause for the boron loss was due to the evaporation of B20s3; the
melting point and boiling point of B2O3 under 1 atm vapour pressure are 450 °C
and 1860°C, respectively. Hence, the B203 could readily evaporate when
maintained at 1600°C for up to 2 hours and the B203 vapour was continuously
removed from the reaction zone by argon flow. Figure 4.15 shows that faster

argon flow rate led to a higher content of HfC impurity in the reaction products
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because B20s3 in the precursors evaporated faster with lower B203 vapour
pressure. However, if the argon flow rate was reduced too much, it became
difficult to protect the reactants from oxidation. Thus, an argon flow rate of 100
cm® min-' was chosen for all heat treatment performed in this work. The exact
evaporation rate of B2Os was still unknown because B20s was simultaneously
consumed by the carbothermal reduction reaction. Generally, pure HfB2
powders were reported to be successfully synthesised from HfO2, B2O3 and
carbon with a Hf:B:C ratio of 1:3:5 only when B203 sublimation was the

predominant reason for boron loss [78].

B,0; + 6C1 + 3C - 2BCl; + 3CO (4-7)

The reaction between B203 and the chlorine ion from the degradation of the
precursors, Equation 4.7, was another possible reason causing boron loss. This
reaction was reported to become thermodynamically favourable at 500°C [266].
Since B203 and C were the thermal decomposition products of boric acid and
phenolic resin at temperatures >600°C, the boron loss due to the B203 and Cl2
reaction could be roughly estimated: 1 mol of HfOCI2 precursor released 1 mol
of Clz, which consumed /3 mol B20s. The reaction also consumed carbon, as a
result, the stoichiometry of the carbothermal reduction of HfO2 became too

complicated to be controlled.

4.1.2.3 Characterization of the powders from the sol-gel approach

Since the composition and purity of the powders from the sol-gel derived
precursors had been identified by XRD, the morphology and particle size of
these powders were analysed by SEM, BET and Mastersizer. As seen from
Figure 4.16(a), the majority of the coarser particles in the sample with a Hf:B:C
ratio of 1:2:5 were HfC, with a small amount of finer HfB2 particles also present

in this powder as confirmed by the supplemental EDX mapping. It can also be
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seen from Figure 4.16(a)-(c) that the purity of HfB2 was improved by adding
excess boron to compensate for the boron loss during the carbothermal
reduction reaction, in agreement with the previous XRD analysis. Although the
Hf:B:C ratio was changed from 1:2:5 to 1:3:5 and 1:4:5, the sizes of the spherical
HfB2 particles obtained from the sol-gel derived precursors did not change
significantly and were finer than the commercial Treibacher HfB2 powders, as

shown in Figure 4.16(d).

(a) Hf:B:C=1:2:5 (b) Hf:B:C=1:3:5

Figure 4.16 Comparison of the particle size and morphology of the (a)-(c) HfB2
powders synthesized by carbothermal reduction reaction from sol-gel derived
precursors with different Hf:B:C ratios and (d) commercial HfB2 powders

Table 4.3 Comparison of the mean particle size and surface area between the
HfB2 powder prepared by sol-gel derived precursors and commercial HfB2

Sample Mean particle size/ um | Surface area/m? g
HfB:2 from sol-gel 0.19 298
approach
Tribacher HfB: 1.90 1.92
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Figure 4.17 Schematic of the synthesis of HfB2 powder via carbothermal
reduction reaction, from sol-gel derived precursor to sub-micro sized HfB:2

powder

Table 4.3 gives the mean particle size and surface area of the HfB2 powders
prepared by carbothermal reduction reaction from the sol-gel derived precursors;
the values were 0.19 ym and 2.98 m2g, respectively, whilst for Tribacher HfBz,
the mean particle size and surface area of the powder were 1.90 ym and 1.92
m2g-'. The formation of extremely fine HfB2 particles from the sol-gel derived
precursors was related to the size of HfO2 nucleus in the precursors. As
illustrated in Figure 4.17, when the sol-gel derived precursors were heated
to >600°C, it is believed that HfO2 nucleus was formed inside the precursor
particles and the nuclei growth was restricted by the surrounding carbon, which
was from the degradation of the cross-linked phenolic resin. Then, when the
furnace temperature reached >1300°C, B203 will have been present as a liquid

phase and reduced by carbon to release a highly reactive boron species [170],
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which subsequently substituted for the oxygen in HfO2 to form HfB2. It should be
noted that the HfB2 particle growth involved solid-liquid equilibrium and excess
B203 could lead to particle coarsening. Therefore, the main advantage of the
sol-gel approach was the formation of sub-micron sized HfB2 powders; the
atomic-level mixing of the starting materials reduced the carbothermal reduction
reaction temperature/time and the carbon from the degradation of cross-linked

phenolic resin inhibited initial HfO2 nuclei growth.
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Figure 4.18 Particle size distributions of (a) the HfB2 powder prepared by the
sol-gel derived precursor with Hf:B:C ratio of 1:4:5 and (b) commercial HfB2
powder

Although sub-micron sized HfB2 powder was successfully synthesized by the
sol-gel approach, Figure 4.18 shows the presence of large hard agglomerates,
with a size of up to 100 uym. As a result, the surface area of the sub-micron
powders was only 1.5 times larger than that of the commercial micron sized

HfB2 powders. The agglomeration resulted from the hard precursors formed
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from drying and grinding of the cross-linked phenolic resin. As seen in Figure
4.19, the precursor powders consisting of HfOCI2, boric acid and phenolic resin
showed similar morphology and particle size as the agglomerates in the
resultant HfB2 powders, indicating that the nucleation and particle growth of HfB2

took place inside the original precursor particles.

(a) (b)

Figure 4.19 FEGSEM images of (a) the bulk HfOClIz, boric acid and phenolic
resin precursors with Hf:B:C ratio of 1:4:5 and (b) the hard agglomerates in the
resultant HfB2 powder

4.1.2.4 Drawbacks of using sol-gel derived precursors for carbothermal

reduction reaction

The sub-micron HfB2 powder obtained from the sol-gel derived precursors was
beneficial for densification as finer particles could increase the surface energy,
thus improving its sinterability, although the large agglomerates could lead to
the formation of large grains. The sinterability of this powder will be discussed
in Section 4.3 and compared with the HfB2 powder synthesized by a borothermal

reduction method.

The main drawback of the sol-gel approach was associated with the residual
chlorine from the HfOCI2, despite the fact that the precursors were calcined to
remove ~80% of the chlorine. The residual chlorine not only caused extra boron

and carbon loss, but could also damage the furnace in some cases. Since
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chlorine, or the chlorine ion was highly reactive with metal oxide, the alumina

crucible and insulation used for the synthesis was corroded after the heat

treatment of the sol-gel derived precursors. As seen from Table 4.4, aluminium,

oxygen and chlorine were detected on the end caps of the tube furnace,

suggesting that the alumina in the crucible and tube was reacting with the

chlorine and being transported through evaporation and condensation.

Table 4.4 Composition analysis of the contamination deposited on the end caps

of the tube furnace after HfB2 synthesis

Element wit%
Al 52
O 41
Cl 5
B 2

m=m HfB, powder

@ Al,O; crucible

f : HfC+HfB,

Residual carbon

Figure 4.20 The methods of arranging the precursor powders (Hf:B:C ratio of
1:4:5) in alumina crucibles and their effect on the homogeneity of the HfB2

powders yielded from the carbothermal reduction reaction
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Figure 4.21 XPS elemental survey for the HfB2 powders obtained from
carbothermal reduction. The precursors were placed in alumina crucible using
the method shown in Figure 4.20(a) and the HfB2 powder at the top analysed
by XPS

Another issue of the carbothermal reduction synthesis involved the presence of
liquid B20s. A glassy B20s layer was found on the surface of the alumina crucible
after use. It suggested that the distribution of liquid B203 in the precursors might
be affected by gravity during heat treatment at 1600°C. Hence, if the precursor
powders (Hf:B:C=1:4:5) was simply stacked up on the crucible, as shown in
Figure 4.20(a), there would be a gradient of B203 distribution along the height
of the stack, resulting in the lower part of the powder bed B20s-rich and leading
to unreacted carbon and formation of HfC at the top. It should be noted that the
amorphous carbon impurities in the HfB2 powder could not be detected by XRD
due to the crystallinity difference between carbon and HfB2. This was why XPS
was used to identify the amorphous or small fraction impurities, e.g. carbon, HfC
and B20s, Figure 4.21. These impurities were difficult to remove without causing
HfB2 to oxidize as the surface of sub-micron HfB2 powder was found to be
readily oxidized due to the high temperature or hot water employed for removing

carbon or B20s. In terms of improving the purity of the resultant HfB2 powder,
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the precursors had to be placed evenly in the crucible, with the height of the
powder bed as small as possible, as shown in Figure 4.20(b), to avoid the liquid

B20s3 settling. This could be a major issue for when scaling up the process.

4.1.2.5 Precipitation approach used for the synthesis of HfB2 powder

Since any chlorine left in the precursor can reduce the purity of the resultant
HfB2 powder and damage the alumina tube furnace, NH3OH was used to
remove chlorine from HfOCI2:8H20 before the latter was with B2O3 and phenolic
resin. The solubility constant of Hf(OH)4, logksp, is only =51.8 + 0.5, which is so
low that Hf(OH)4 would precipitate as soon as it is formed when NH3OH reacts
with HfOCI2-8H20 aqueous solution. The resulting white precipitates were
filtered and rinsed by deionized water for 5 times to remove the water-soluble
NHsCl and then calcined at 400°C for 3 h. Table 4.5 shows that chlorine was
completely removed after the calcination of the precipitates, which were
obtained at different pH values. In addition, Hf(OH)4 precipitates were converted
to HfO2 with the loss of 2 water molecules, which was confirmed by measuring
the mass change from the original HfFOCI2:8H20 to the calcined precipitates, i.e.
the molecular weight of HfO2 was exactly 52% of that of HfOCIl2:8H20. Hence,
it can be concluded that Hf(OH)4 precipitates were stable over a wide pH range

of 4-10 at ambient temperature.

Table 4.5 Elemental analysis of the calcined Hf(OH)4 by XPS

pH Hflwt% O/wt% Cliwt%
5 84.6 15.4 0
6 84.5 15.5 0
7 84.9 15.1 0
8 84.5 15.5 0
9 84.5 15.5 0
10 84.8 15.2 0

129



Results and discussion

100 - —#=—surface area =——particle size - 0.9
90 - - 0.8
- 80 - 0.7
% 70 £
™
£ - 0.6 &
~ 60 - [0
@ - 05 .N
% 50 - v
- 04 2
Q 40 | ) 2
@ t
‘E 30 i r 03 g
w
20 - - 0.2
10 - - 0.1
0 T T T T T T U
4 5 6 7 8 9 10 11
pH

Figure 4.22 Surface area and particle size of the calcined Hf(OH)4 vs. pH value

The surface area and size of the Hf(OH)4 precipitates were controlled by the pH
value. Figure 4.22 shows that the surface area of the calcined Hf(OH)4
increased with increasing pH. The corresponding particle size was calculated
using the model developed by Andre et.al. [267]. The model was reliable for
predicting the particle size-surface area relationship of spherical particles.
However, as the surface measurements were performed on the calcined
Hf(OH)4 precipitates, which had random shapes, the particle sizes plotted in
Figure 4.22 just gave a rough idea that higher pH could lead to finer precipitates.
Large agglomerates were found in the Hf(OH)4 precipitates formed at pH >9,
thus a pH of 8.5+0.3 was used to prepare Hf(OH)4 precipitates with moderate
size and no significant agglomerates. Figure 4.23 shows that the observed
particle size of the Hf(OH)4 precipitates formed at 8.5 is ~0.5 ym, which is in
agreement with the calculated values based on surface area measurements. It
should be noted that during HfB2 synthesis, the precipitates in the precursors
could be finer due to the presence of phenolic resin, which hindered the

formation of Hf(OH)4 agglomerates.
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1 pm

Figure 4.23 TEM image of the Hf(OH)4 precipitates formed at pH of 8.5, followed
by drying at 400°C and grinding using a pestle and mortar

100 nm

(a) (b)

Figure 4.24 TEM images of HfO2 nuclei formed by calcination of (a) HfOClI>,
H3sBOs and phenolic resin precursor and (b) Hf(OH)4, HsBO3 and phenolic resin
precursor at 1100°C for 1 h in air

As discussed before, the size of the initial HfO2 nuclei played an important role
in controlling the particle size of the HfB2 powder obtained from the carbothermal
reduction reaction. The HfO2 particles resulted from the precursors involving
HfOCI2 and Hf(OH)4 are compared in Figure 4.24. Both the precursors were
calcined at 1100°C for 1 h in air to allow O-Hf-O to rearrange to form HfO:2
crystallites. In these precursors, phenolic resin and its degradation product
carbon could inhibit the HfO2 nuclei growth and were removed later by forming

CO. B203 was removed as well by rinsing the precursors with hot water. It can
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be seen that the size of the HfO2 nuclei obtained from the original sol-gel
approach was ~10 nm, while the nuclei size increased to ~50 nm for the HfO:2

prepared by the precipitation approach.
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Figure 4.25 XRD of the HfB2 powder synthesized by precipitation approach, the
precursors with an Hf:B:C ratio of 1:3:5 was held at 1600°C for 2 h

Although coarser HfO2 nuclei formed with the precipitation approach, the
carbothermal reduction reaction of the precipitation-derived precursors was also
completed at 1600°C for 2 h, the same as for the sol-gel derived precursors.
Furthermore, the chlorine-free precipitation derived precursor reduced the
boron loss due to the reaction involving chlorine, B2O3 and carbon. Figure 4.25
shows that HfB2 was the only phase of the powder prepared using the
precipitation-derived precursor with a Hf:B:C ratio of 1:3:5, whilst sol-gel-derived
precursor required a ratio of 1:4:5 to form the same purity of HfB2, as discussed
previously. According to the morphology analysis of these powders in Figure
4.26(b), the HfB2 powder obtained by the precipitation approach showed
spherical particles with a mean particle size of ~600 nm, larger than that of the

HfB2 powder obtained by the sol-gel approach, Figure 4.26(a). The difference in
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particle sizes was attributed to the difference in HfO2 nuclei size yielded from
HfOCI2 and Hf(OH)4, as the other processing conditions remained the same for
these two approaches. For the precipitation approach, a Hf:B:C ratio of 1:3:5

was sufficient to achieve high purity HfBo.

(a) HfOCl,, B,O5 and C precursors,
Hf:B:C=1:4:5

o C
@ Hfo,
Liquid B,0,
(b) Hf(OH),, B,O5 and C precursors,
Hf:B:C=1:3:5

(c) Hf(OH),, B,O5 and C precursors,
Hf:B:C=1:4:5, B,O, rich

Figure 4.26 Comparison of the morphology and particle size of the HfB2
powders yielded from (a) sol-gel derived precursors, (b) precipitation derived
precursor with stoichiometric Hf:B:C ratio and (c) precipitation derived precursor

with excess boron

It was interesting that the Hf:B:C ratio of 1:4:5 resulted in the formation of larger

rod-like HfB2 particles as shown in Figure 4.26(c). The anisotropic structure was
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the typical product of a vapour-liquid-solid particle growth mechanism, which
occurred under the condition of high concentration of liquid B203 [268]. The rod-
shaped HfB2 particles could be used to produce HfB2 ceramics with tailored
texture or preferred orientation, but may also be faced with the issue of poor
sinterability due to the hollow structure. By comparing the particle morphology
and size of the HfB2 powder synthesised by various approaches, it was
concluded that extremely fine HfO2 nuclei and the presence of carbon, which
inhibited HfB:2 particle growth, were critical for obtaining sub-micron HfB2 powder,

while high concentrations of B20s led to particle coarsening.

4.1.3 Synthesis of doped HfB2 powders by carbothermal reduction

reaction

4.1.3.1 Comparison of different dopants

As the primary aim of this work was to inhibit the volume change due to HfO2
phase transformation during HfB2-based ceramic oxidation, one way to achieve
it was through doping. HfO2 has three different metastable crystal structures.
The stable low temperature phase is monoclinic hafnia (m-HfOz2), whilst
tetragonal (t-HfO2) and cubic hafnia (c-HfO2) become stable at 1720°C and
2600°C, respectively. Certain phases of HfO2 can be more favourable for some
applications, for example, c-HfO2 is used as a thermal barrier for jet engines as
it has a high bulk modulus and lower thermal conductivity. Based on
computational studies [269], dopant atoms that have a smaller covalent radii
than that of Hf atom tend to stabilize HfO2 in the tetragonal structure. Since four
Hf-O bonds are already shorter than the others, the shorter stable dopant-oxide
bonds can form with relatively small lattice distortions. On the other hand,
dopant atoms with covalent radii larger than that of the Hf atom require the
elongation of the bonds with nearby oxygen atoms. Cubic HfO2, unlike

monoclinic and tetragonal HfO2, doesn’t have any shorter Hf-O bonds, hence
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the cubic structure is favoured by the dopants with metal atoms larger than Hf.
It should be noted that the stable phase is also affected by the content of the

dopant in HfBa.

Table 4.6 Properties of several group V and VI refractory metal borides

Compound Melting Crystal Covalent radius of the metal
point structure atom
/°C / pm
HfB2 3250 Hexagonal 175110
YB:2 2220 Hexagonal 19017
TaB2 2850 Hexagonal 17018
LaBe 2250 Cubic 20748
MgB2 830 Hexagonal 14117

In hypersonic applications, the oxygen permeation through the HfB2 thermal
protection system mainly depends on the diffusion rate of oxygen through the
porosity inside the oxide scale rather than through the oxide itself, so it is critical
to supress the HfO2 phase transformation to avoid the resultant volume change.
It was thus deemed necessary to find a compound that could form a solid
solution with HfB2. As can be seen from Table 4.6, TaB2 possesses a melting
point that is only 400°C lower than that of HfB2, showing that it can be used as
a dopant at temperatures >1600°C. Moreover, TaB2 has same crystal structure
as HfB2 and the covalent radii of the Ta atom is slightly smaller than that of Hf
atom, thus relatively less energy is required for the diffusion of Ta into the HfB2
lattice. It also can be predicted that tetragonal HfO2 should be the favourable

product of the oxidation of Ta-doped HfB2.

Although the melting point of YB4 is 1000°C lower than that of HfB2, Y-doping
was also investigated since zirconia and hafnia have a similar crystal structure
and yttria doping of zirconia has been widely studied. Regarding the other metal
diborides, the melting point of MgB2 was considered too low for hypersonic

applications. LaBs had a different crystal structure and a significantly larger
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covalent radii of the metal atoms than HfBz2, as a result, it may have required

extremely high energy for lanthanum to diffuse into HfB..
4.1.3.2 Synthesis and characterization of Y-doped HfB2 powder

The synthesis of Y-doped HfB2 powder involved the formation of yttria doped
hafnia and its carbothermal reduction in the presence of B20s. It was reported
that the addition of 10 mol% Y203 can partially stabilize HfO2 with a tetragonal
crystal structure whilst 20 mol% Y203 can fully stabilize HfO2 with cubic crystal
structure [270]. A sol-gel approach was used to obtain yttria doped hafnia by
mixing Y(NO3)3-:6H20 with HfFOCI2:8H20 as well as boric acid and phenolic resin
in their ethanol-based solution and citric acid was added as the chelation agent
with a (Y+Hf)/citric acid molar ratio of 1:2. As shown in Figure 4.27, the use of
citric acid improved the mixing of the Y- and Hf-compounds by bonding hafnium
ions with yttrium ions to avoid the two ions precipitating at different times during
the drying stage. The resultant precursors were calcined at 400°C. Figure 4.28
shows that both yttrium and hafnium were homogeneously distributed in the
precursors after drying, which was considered beneficial for the diffusion of

yttrium atoms into HfB2 during the later heat treatment.

Y(NO3);6H,0 oy Y3 /m Citric acid
+
. - (0] OH
HfOCI,8H,0 Hf¢ At

Drying and calcination
Y,0, doped HfO, A @1300°C for 2 h

Figure 4.27 Schematic of the chelation process in the synthesis of Y203 doped
HfO2

136



Results and discussion

Figure 4.28 EDX mapping for hafnium and yttrium in the mixed precursors

yielded from 8 wt% Y(NO3z)3-6H20 and HfOCl2-8H20

e HfB,
m Y,0,
° A LaBg

° pure HfB,

Y-Doped HfB,
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Figure 4.29 XRD patterns for pure and Y-doped HfB2 powders obtained from
carbothermal reduction synthesis. LaBs was used as a reference for the
investigation of diffraction peak shifting.

The precursors containing mixed Y and Hf were heat treated at 1600°C for 2 h,
which was under the same furnace conditions as the synthesis of pure HfB2. It

can be clearly seen from the XRD pattern of the resulting powders, Figure 4.29,
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that HfB2 was the majority phase with the presence of a small amount of Y20s.
In addition, no HfB2 peak shifting was observed from Y-doped HfB2 when
compared with the pure HfB2. The results were in agreement with the EDX
mapping of Y-doped HfB2 as shown in Figure 2.30. The Y-dopants formed a
minor Y203 phase, which was segregated from HfB2 during the carbothermal

reduction reaction of the precursors. It was because YB: is a metastable phase

and the reaction of Y203, B203 and carbon is not thermodynamically favourable

at 1600°C.

Figure 4.30 EDX mapping for hafnium and yttrium in the Y-doped HfB2 obtained

from carbothermal reduction

Static oven oxidation tests were performed for the 8 wt% Y-doped HfB2 powders
at 1600°C for 0.1 h. Figure 2.31 shows that both tetragonal and monoclinic HfO2
was found in the oxidation products. It leads to the conclusion that the use of 8
wt% Y-dopant could partially stabilize the oxidation products of HfB2 as
tetragonal HfO2. The diffraction pattern of monoclinic HfO2 and tetragonal HfO2
showed significant overlap, thus the diffraction peak at ~30° was used as the
characteristic peak for the calculation of the mass fraction of tetragonal HfOx2. It
can be seen that ~38 wt% tetragonal HfO2 was formed in the oxidation product
of 8 wt% Y-doped HfB2. However, for hypersonic applications, the presence of
monoclinic HfO2 may result in cracking due to its phase transformation upon

heat and cooling, so a dopant that can lead to the formation of a solid solution
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and fully stabilize the oxidation products of HfB2 as tetragonal or cubic HfO2 was

deemed to be required.

® monoclinic-HfO,
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Figure 4.31 XRD patterns of the pure and Y-doped HfB2 powders oxidized at
1600°C for 0.1 h in air

4.1.3.3 Synthesis and characterization of Ta-doped HfB2 powder

As discussed in Section 4.1.3.2, the main reason why Y-dopant and HfB2 cannot
form solid solution is because YB: is a metastable phase, hence it requires more
energy to transfer Y203 to YB2 than that for carbothermal reduction of HfO-.
Thus Ta-dopant was selected as the next dopant. One of the main advantages
of using Ta-dopants was that according to the thermodynamic calculation of
Equation 4.8, the formation of TaB2 was thermodynamically favourable at
1327°C, which was similar to the calculated reaction threshold temperature for

the carbothermal reduction of HfB2, 1350°C.

Ta,0s + 2B,0; + 11C - 2TaB, + 11CO, AG < 0 at > 1327°C (4-8)
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Figure 4.32 XRD patterns of the TaB2 and HfB2 powder synthesised by
carbothermal reduction using precipitation-derived precursors. The Ta:B:C and
Hf:B:C molar ratio of the corresponding precursors to yield pure TaB2 and HfB2
powder were 1:3:5.5 and 1:3:5, respectively

Table 4.7 Literature and measured values of the lattice parameter for pure HfB2

and TaB2
Lattice HfB:2 HfB: TaB:2 TaB:2
parameter (literature)* (this work) | (literature)? | (This work)
a/nm 0.314 0.314 0.306 0.309
c/nm 0.347 0.350 0.330 0.324

* JCPDS card number: 00-038-1398
# JCPDS card number: 00-038-1462

To confirm the reaction process of Equation 4.8, boric acid, phenolic resin and
TaCls was used to synthesise TaB2 powder, which was similar as the synthesis
route used for HfB2. Figure 4.32 shows that pure TaB2 powder was obtained
under the same heat treatment conditions as for the synthesis of HfB2 powder,
i.e. 1600°C for 2 h. The XRD diffraction patterns for TaB2 and HfB2 were also
very similar since both these materials had a hexagonal crystal structure. The
difference in the diffraction peak positions for the same planes in these two

diborides was due to the shorter M-B, B-B and M-M bonds in the TaB2 compared
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to HfB2, as a result of the smaller covalent radii of Ta atoms, so the lattice
parameters a (a=b in the hexagonal structure) and c of TaB2 were smaller than

that of HfB2, as seen from Table 4.7.

Figure 4.33 SEM image and EDX mapping of the co-precipitation derived

precursors which was for the synthesis of 10 wt% Ta-doped HfB2

Based on the similar formation temperature of TaB2 and HfB2, Ta-doped HfB2
powder was prepared by in-situ synthesis which involved initial co-precipitation
of Hf(OH)4 and Ta(OH)s to improve homogeneity, followed by carbothermal
reduction for the resultant HfO2 and Ta20s. As mentioned before, Hf(OH)4
precipitates were stable over a wide pH range from 4-10, with a solubility in
water of 45 mg I'". It was reported that the solubility of Ta(OH)s in water was 162
mg ' and Ta(OH)s precipitates were stable over the pH range from 6-10 [271].
Thus if Ta(OH)s and Hf(OH)4 were formed at a pH within the range 6-10, they
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would precipitate at the same time due to their low solubility in water. The co-

precipitation pH used for the synthesis of Ta-doped HfB2 was 8.5+0.3, which

was exactly the same as that used during the synthesis of pure HfB2, as it led

to the formation of fine precipitates without significant agglomeration. The

resulting Ta(OH)s and Hf(OH)s4 precipitates were dispersed in boric acid and

phenolic resin/ethanol solution, then dried and calcined at 400°C to obtain the

precursors for the synthesis of Ta-doped HfB2 powder. Figure 4.33 shows that

molecular-level mixing of Hf and Ta was achieved in the precursor prepared by

the co-precipitation approach.
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Figure 4.34 XRD patterns for the 10 wt% Ta-doped HfB2 precursor heat treated
at various temperatures. The heating rate was 5°C min-! and the sample was

soaked for 2 hrs at each targeted temperature.
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The precursors containing Ta(OH)s, Hf(OH)4, boric acid and phenolic resin were
heat treated at various temperatures in argon to investigate the formation
mechanism of Ta-doped HfB2. According to Figure 4.34, monoclinic HfO2 formed
at temperatures >800°C. It was difficult to observe diffraction peaks associated
with the formation of B203 and carbon as they were XRD-transparent
amorphous materials. The formation of Ta20s, which was polycrystalline and
with only 10% mass fraction, was hardly to be seen, but since only monoclinic
HfO2 was present in the system, it revealed that the diffusion of Ta or Hf had not
happened yet at this stage. Peaks due to HfB2 and TaB: first appeared at
1300°C and there was a significant increase in peak density for these phases at
temperatures from 1300-1500°C. Between 1500 and 1600°C, (Hf,Ta)B2 solid
solution was formed, as evidenced by the merging of their respective diffraction

peaks after heat treatment at 1600°C.

The formation of (Hf,Ta)B2 solid solution was dependent on the diffusion rate of
Ta into HfB2 or Hf into TaB2, which was influenced by the synthesis temperature.
The quantitive analysis of the diffusion rate of Ta and Hf in their corresponding
borides was performed by placing a HfB2 powder compact on a TaB2 powder
compact, followed by holding at 1600°C for 2 hours. Figure 4.35(a) shows the
fracture surface of the two powder compacts after heat treatment. It can be
clearly seen that the inter-diffusion of Ta and Hf occurred, leading to a blurred
boundary between TaB2 and HfB2. The diffusion distance of Ta into HfB2 could
be up to 7 ym after heat treatment at 1600°C for 2 h, as measured from Figure
4.35(b). Since the observation error due to SEM resolution limitation was ~+1
pum, the inter-diffusion rate of Ta and Hf was calculated to be 0.058+0.008 pm
min-! at 1600°C.
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Figure 4.35 (a) SEM image and EDX mapping of the fracture surface of the
powder compacts of TaB2 and HfB2 heat treated at 1600°C for 2 h; (b) EDX line
scan was performed along the solid line shown in Figure 4.35(a)
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Figure 4.36 XRD patterns for pure and 5, 10 and 15 wt% Ta-doped HfB2
powders heat treated at 1600°C for 2 hours

As pure HfB2 and TaB2 powder was successfully synthesized by using the
Hf:B:C and Ta:B:C ratios of 1:3:5 and 1:3:5.5, these ratios were combined and
employed for the synthesis of Ta-doped HfB2 powders containing 5, 10 and 15
wt% Ta-dopant. The XRD patterns of the powders after heat treatment, Figure
4.36, indicate the formation of (Hf,Ta)B2 solid solution in the Ta-doped HfB2
samples, as only diffraction peaks for HfB2 are visible and the greater the Ta
doping level, the more the peaks shifted to higher 26 values. This is because
the doped HfB: lattice structure shrank with increased Ta substitution. Based on
the peak shifts, the lattice parameters for the pure and Ta-doped HfB2 were

calculated and are listed in Table 4.8.
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Table 4.8 Measured values of the lattice parameter for HfB2 and Ta-doped HfB:2

Lattice HfB 5 wt% Ta- 10 wt% Ta- 15 wt% Ta-
parameter 2 doped HfB:2 doped HfB:2 doped HfB:2
a/nm 0.3142 0.3140 0.3139 0.3138
c/nm 0.3470 0.3468 0.3466 0.3464

Peak of (101) plane of HfB, shifts to right

by adding more TaB, dopants

— 0 wt% Ta- doped HfB,
5 — 5 wt% Ta- doped HfB,
8 10 wt% Ta- doped HfB,
>
E — 15 wt% Ta- doped HfB,
)]
£ (101) Plane of TaB,
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Figure 4.37 High-resolution XRD patterns for the diffraction peak associated

with (101) plane in pure and Ta-doped HfB..

Figure 4.37 shows the high resolution XRD evaluation of the (101) plane of the
pure and Ta-doped HfB2 samples, revealing clearly the displacement of the
diffraction peaks. In addition, the (101) peak associated with TaB2 can be seen
in the diffraction pattern for the 15 wt% Ta-doped HfB2, which may be due to
exceeding the solution limit of Ta dopant in HfB2 at 1600°C. The TaB2-HfB2 and
TaB2-ZrB2 phase diagrams hasn’t been reported yet, so more work needs to be
done to determine the solution limit for TaB2 in HfB2 at different temperatures. In
subsequent spark plasma sintering experiments, which involved a maximum
temperature of 2150°C, higher diffusion rates and solubility of Ta dopants in HfB2

was found. The details will be discussed in Section 4.3.2.2.

The key factor promoting the formation of (Hf,Ta)B2 solid solution at 1600°C was

the excellent mixing of Hf and Ta achieved by the co-precipitation approach. The
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FEG-SEM images and supplemental EDX mapping of the 10 wt% Ta-doped
HfB2 powders yielded after heat treatment at 1600°C for 2 h confirm that the
homogeneous distribution of Hf and Ta in the precursors, Figure 4.33, was

retained in the resultant Ta-doped HfB2 powders, Figure 4.38.

Figure 4.38 SEM image and EDX mapping of the 10 wt% Ta-doped HfB2
powder

The use of Ta-dopant did not significantly change the particle size and
morphology of the HfB2-based powders yielded by carbothermal reduction
reaction. Figure 4.39 shows that the particle size of the 5, 10 and 15 wt% Ta-
doped HfB2 powders are all in the range of 400-800 nm, which is similar to that
of the pure HfB2 powder synthesized under the same conditions. It was difficult
to separate TaB:2 particles from HfB2 particles using SEM-EDX due to the

resolution limitation of the equipment as these particles were smaller than 1 uym,
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but based on previous XRD analysis, the 5 and 10 wt% Ta-doped HfB2 powders
yielded by carbothermal reduction synthesis at 1600°C for 2 h can be regarded

as (Hfo.95Tao.05)B2 and (Hfo.9Tao.1)B2, respectively.

Figure 4.39 SEM images of the (a) 0, (b) 5, (c) 10 and (d) 15 wt% Ta-doped

HfB2 powders synthesized by carbothermal reduction reaction

4.2 Synthesis of pure and Ta-doped HfB2 powder by borothermal

reduction reaction

Pure and Ta-doped HfB2 powders were also synthesised from Hf(OH)4 and
boron via borothermal reduction to understand the effect of a different HfB2
formation mechanism on the purity and particle size of the resulting powders.
As for the carbothermal reduction synthesis, the Ta- and Hf- compounds were
mixed by the co-precipitation approach as well in the borothermal reduction

synthesis. Boron powder instead of boric acid was used as the boron source.
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4.2.1 Synthesis of HfB2 powder by borothermal reduction reaction

To assess the borothermal reduction process, the weight and heat flow changes
of the Hf(OH)s and boron precursors were measured as a function of the
synthesis temperature and are shown in Figure 4.40. The weight loss at
temperatures <500°C was in agreement with the calculated weight loss of 18%,
which was due to the loss of H20 molecules from thermal decomposition of
Hf(OH)s4. According to thermodynamic calculation, the Gibbs free energy of
Equation 4.9 is -13kJ/mol at 1300°C, which shows the borothermal reduction
reaction can happen at lower temperatures than the carbothermal reduction

reaction.

3Hf0, (c) + 10B(c) — 3HfB,(c) + 2B,0,(1) (4-9)

In the TGA analysis, the endothermic peak at 1230°C demonstrates the practical
onset temperature of the borothermal reaction. At 1600°C, the weight loss
reached a maximum of 34% and no additional weight loss was measured at
higher temperatures, suggesting that all volatile products had been removed
from the system. Since the previous TGA analysis for carbothermal reduction
synthesis of HfB2, Figure 4.10, showed that the carbothermal reduction reaction
precursors were still losing weight at 1600°C, it suggested that the borothermal
reduction reaction could be completed with a lower temperature and/or shorter
time, but for consistency, the Hf(OH)s and boron precursors were also heat
treated under the same conditions as for the carbothermal reduction, i.e. 1600°C
for 2 h. Phase-pure HfB2 powder was successfully obtained by the borothermal
reduction reaction as well. Another advantage of performing the heat treatment

at such a temperature was that it allowed the residual B203 to evaporate.
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Figure 4.40 The weight and heat flow changes for the mixture of Hf(OH)4 and

boron (molar ratio of Hf:B=1:4) as a function of temperature
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Figure 4.41 XRD patterns of the Hf(OH)4 and boron precursors with different
Hf:B ratios, 1:3.3, 1:4 and 1:5. The precursors were heat treated at 1600°C for

2 hin argon
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A stoichiometric study of the borothermal reduction was carried out by mixing
Hf(OH)4 and boron in various Hf:B molar ratios, viz. 1:3.3, 1:4 and 1:5. The
Hf(OH)4 and boron precursors were heat treated at 1600°C for 2 h. The XRD
patterns of the powders produced after heat treatment, Figure 4.41, shows that
although the stoichiometric Hf:B ratio was 1:3.3 according to Equation 4.9,
impurities such as unreacted HfO2 were found in the resultant HfB2 powder.
When the Hf:B ratio used was increased to 1:4, HfB2 was the only crystalline
phase in the resultant powder. Residual boron was detected by XRD when the
Hf:B ratio was further increased to 1:5. Single phase HfB2 obtained from the
precursor with Hf:B ratio of 1:4 showed that excess boron was required during
the borothermal reduction process, presumably because boron could react with
B203, which was the side product of Equation 4.9, to form boron suboxide gases

such as B202(g) and BO(g) via Equation 4.10 and 4.11 [140], [272].

2B,0; + 2B - 3B,0, (4-10)

B,0; + 2B — 3BO (4-11)

In order to identify the formation of these boron suboxides, B2O3 was mixed with
boron powder with the molar ratio of 1:5 and heated up to 1000°C. It can be
seen from Figure 4.42 that the atomic concentration of B203 was slightly
reduced and two weak peaks due to boron suboxides, e.g. B20O2 and BO, were
detected after the heat treatment. It was difficult to estimate the reaction rate
due to the volatile nature of the boron oxide species. Since the reaction between
B203 and boron was more thermodynamically favorable than the borothermal
reduction of HfO2, the B203 will have reacted with boron immediately after its
formation. Therefore, the borothermal reduction reaction to form HfB2 in fact

should follow Equation 4.12, which is the combinations of Equation 4.9 and 4.10.

Hf0,(c) + 4B(c) — HfB,(c) + 2B,0,(g) (4-12)
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Figure 4.42 High-resolution XPS scan of the boron species for B2O3 and B

powder mixture after heat treatment at 1000°C for 1 h

The morphology and particle size of the HfB2 powders obtained from different
Hf:B ratios were analysed by FEG-SEM. Figure 4.43(a) shows that the powders
obtained from Hf:B=1:3.3 exhibited a faceted morphology due to the presence
of unreacted HfO2 as well as HfB2. The powders obtained from Hf:B=1:4, Figure
4.43(b), had a nearly spherical morphology. Although boron was detected in the
powders from Hf:B=1:5, it was difficult to tell the boron and HfB: particles apart
due to their similar particle size and the limitation of EDX. The particle size of
the single phase HfB2 powder was in the range of 0.5-2 ym, based on size
measurement of the particles from the SEM images using ImageJ. It can be
seen from Figure 4.43(c) that the excess boron used in the borothermal
reduction reaction did not lead to the formation of anisotropic HfB2 particle

growth due to the absence of a liquid B20O3 phase which was effectively removed
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by reaction with boron at temperatures >1000°C.

Figure 4.43 The morphology and particle size of the HfB2 powders with different
Hf:B ratios (a) 1:3.3, (b) 1:4 and (c) 1:5, synthesized by borothermal reduction
reaction at 1600°C for 2 h.

4.2.2 Synthesis of Ta-doped HfB2 powders by borothermal reduction

reaction using co-precipitation-derived precursors

To synthesize Ta-doped HfB2 powders by borothermal reduction, the co-
precipitates Hf(OH)4 and Ta(OH)s were used instead of only Hf(OH)4. The
surface composition of the resultant Ta-doped HfB2 powder was checked by
XPS and compared with the powders synthesized by carbothermal reduction.
Figure 4.44 demonstrates that for 10 wt% Ta-doped HfB2 powders synthesized
by carbothermal reduction, a strong carbon peak was observed, showing the

carbon impurity issue which was faced by the carbothermal reduction synthesis
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of pure HfB2 as well. In addition, oxygen impurities, which were associated with
surface oxidation of HfB2, and residual B20s3, were detected in both powders.
Although the oxidation of HfB2 ceramics happens at temperatures >600°C
based on the subsequent oxidation testing results, the sub-micron HfB2-based
powders can be gradually oxidized when exposed to air at room temperature,

hence the powders have to be stored in vacuum or inert gas for long-term use.

0
10 wt% Ta-doped HfB, synthesised by
borothermal reduction reaction
H Hf
Hf
Hf
B
¢ /
Ta
10 wt% Ta-doped HfB, synthesised by
carbothermal reduction reaction
1200 1000 800 600 400 200 0
Binding Energy / eV

Figure 4.44 XPS analysis of the 10 wt% Ta-doped HfB2 powders synthesized
by borothermal and carbothermal reduction reaction, both at 1600°C for 2 h
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Figure 4.45 XRD patterns of the 10 wt% Ta-doped HfB2 powders synthesized
by borothermal reduction reaction at 1600°C for 2 h

2 um 2 {0 e 4

Figure 4.46 (a) SEM image of the 10 wt% Ta-doped HfB2 powders synthesized
by borothermal reduction reaction at 1600°C for 2 h and the distribution of (b)
Hf, (c) Ta and (d) B in the powders
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Figure 4.47 Area analysis of the composition of 10 wt% Ta-doped HfB2 powders

synthesized by borothermal reduction reaction at 1600°C for 2 h

Table 4.9 Hf/Ta atomic ratio measurement by XRF for the pure and Ta-doped
HfB>

Samples Hf/at% Tal/at%
HfB2 100 -
5 wt% Ta-doped HfB:2 94.6 54
10 wt% Ta-doped HfB:2 89.1 10.9
15 wt% Ta-doped HfB:2 83.9 16.1

The formation of (Hf,Ta)B2 solid solution was confirmed by Figure 4.45 for the
Ta-doped HfB2 powders synthesized by borothermal reduction reaction at
1600°C for 2 h. Furthermore, the homogeneous distribution of Ta in the
borothermal reduction synthesis precursors was maintained in the resultant Ta-
doped HfB2 powders, as displayed in Figure 4.46 and Figure 4.47. SEM-EDX
was not suitable for quantitive analysis of the exact composition of the samples,
hence XRF was employed to confirm that the Ta contents in the resultant Ta-

doped HfB2 powders were consistent with the initial ratio of the starting materials
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used for the synthesis of Ta-doped HfB2. The results are shown in Table 4.9.
This confirms that there was no tantalum or hafnium loss during the precipitation

process and subsequent heat treatment.

Figure 4.48 shows that the mean particle size of the 10 wt% Ta-doped HfB2
powders synthesized by borothermal reduction reaction is ~0.6 ym, which is
significantly larger than that of the carbothermal reduction-derived powders. The
coarser particles were believed to be due to the absence of carbon in the former;
the HfB2 particle growth was only controlled by heat treatment temperature and
time. This led to the conclusion that in general finer particles were yielded from
by carbothermal reduction reaction, despite the presence of some large
agglomerates and carbon impurities. The sinterability of the pure and Ta-doped
HfB2 powders synthesized by these two methods will be discussed in the next

section.
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Figure 4.48 Particle size distributions of the 10 wt% Ta-doped HfB2 powders

synthesized by borothermal reduction reaction at 1600°C for 2 h
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4.3 Densification of the HfB2-based ceramics

4.3.1 Pressureless sintering

Pressureless sintering is the first choice for densifying ceramics since it is
generally cheap and can be used to produce ceramics with complex shape
without requiring extensive machining. It was reported that the highest density
achieved by conventional pressureless sintering for HfB2 was ~98%, with 2 wt%
B4C used as a sintering and the sintering condition was 2200°C for 2 h [218]. In
this work, microwave and flash sintering technique were used instead of
conventional sintering since they have been reported to be capable of sintering

ceramics at significantly lower temperature than by conventional sintering [273].

4.3.1.1 Microwave sintering trials

Microwave sintering requires the materials to absorb microwave radiation and
transfer the energy into heat. The dielectric properties of HfB2-based powders
were measured to check the feasibility of using microwave sintering for these
powders. Figure 4.49(a) demonstrates that the change of dielectric constant ¢’
of HfB2-based powders is slight at temperatures <1000°C. As the dielectric
permittivity of water at room temperature is 80.4, it suggests HfB2-based
ceramic is not good at storing electric energy. More importantly, Figure 4.49(b)
shows that the HfB2-based materials have very high dielectric loss at the
frequency of 2470 MHz, which is in the microwave frequency range.
Furthermore, the dielectric loss is enhanced by the addition of Ta dopant. A high
dielectric loss can lead to a better ability of transfer microwave energy into heat,
thus the Ta-doped HfB2 was believed to be a good candidate for microwave
sintering, despite that very limited paper has reported microwave sintering for

UHTCs [274].
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Figure 4.49 (a) Dielectric constant vs. temperature and (b) dielectric loss vs.

temperature for pure and Ta-doped HfB2, measured at 2470MHz. Thanks Dr.

Dimitrakis from Nottingham University for conducting the measurements

During microwave sintering, the Ta-doped HfB2 powder compacts were placed
into an alumina tube furnace. As alumina absorbed very limited amounts of
microwaves, extremely high sample temperatures could be achieved without
over heating the tube and furnace during sintering. 10 mm @ x 3 mm high 10
wt% Ta-doped HfB2 powder compacts prepared by die pressing were heated up
in the microwave furnace using a ceramic paste (US patent 60/262.206) to
assist in absorbing microwaves at low temperature. Figure 4.50 shows that the
use of the ceramic paste around the 10 wt% Ta-doped HfB2 significantly

improved the latter’s ability to heat through conduction and radiation. However,
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the microwave trials had to stop at 33% of the power output due to the formation

of a very large plasma inside the alumina tube furnace.

= 10 wt% Ta-doped HfB2 =10 wt% Ta-doped HfB2 with ceramic paste
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Figure 4.50 Sample temperatures vs. powder output of the microwave furnace
for 10 wt% Ta-doped HfB2. Argon was continuously passing through the tube

furnace with a flow rate of 200 cm?® min'

Plasma is an ionized gas, in other words, the ions and electrons are separate
from each other. It has been reported that no plasma would occur when passing
microwaves through air under normal atmospheric conditions [275]. However,
microwaves passing through an argon atmosphere create conditions for plasma
to occur. Lynch et.al. [276] found that plasma can form on the surface of samples
with an argon flow rate of 120cm3/min. Since an argon flow rate of 120cm3/min
was low enough for plasma to form and the plasma formation may also be
sample dependent, 200cm?®/min was used in this work. However, this level of
argon flow just slightly delayed the plasma occurrence from 28% to 33% powder

output.

The maximum sample temperature observed in the microwave sintering trial
was 1500°C, which was too low for the refractory metal borides to be densified.
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This is the first time that microwaves have been explored for the densification
of HfB2-based ceramics, hence more work needs to be done to improve the
maximum temperature which the HfB2—based samples can reach during

microwave sintering. Further efforts are currently underway in another project.

4.3.1.2 Flash sintering trials

\ 4

Time/s 1 16

Figure 4.51 IR camera images for the 10 wt% Ta-doped HfB2 with furnace
temperature of 1450°C during flash sintering

The 10 wt% Ta-doped HfB2 powder compact used for flash sintering had the
same dimensions as the sample used for microwave sintering. For the
densification of HfB2-based powders, the furnace temperature was initially
increased to 900°C and a power field of 20 V cm™ was applied on the 10 wt%

Ta-doped HfB2 powder sample. A ‘flash’ was observed when the furnace
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temperature reached 1450°C. Figure 4.51 shows that the flash initially occurred
on the edge of the sample and started from the negative electrode, then
expanded to the positive electrode within a few seconds. The maximum
temperature reached during the flash was ~1800°C. However, the flash was not
activated in other areas of the sample, probably due to the loss of contact
between the sample and the electrodes. In pressureless flash sintering, the
samples were placed on the electrode and fixed by several platinum wires,
which led to localized pressure on the sample edge, while the center of the

sample may have lost contact with the electrode.
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Figure 4.52 The relationship between power density and furnace temperature

for the flash sintering of 10 wt% Ta-doped HfB2

The occurrence of the ‘flash’ was also confirmed by the power density measured
against the furnace temperature, as shown in Figure 4.52. At temperatures
<1300°C, the change of power density was limited as the conductivity of the
sample did not change significantly. The drop of powder density at ~1350°C was
due to the partial loss of contact between the sample and electrodes as the

platinum wire used to fix the sample will have softened and loosened at such a
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temperature. Then the power density sharply increased at ~1450°C, which was

corresponding to the ‘flash’ occurring in the sample.

It is believed the ‘flash’ was related to the change in electric conductivity of the
HfB2-based sample, which had increased gradually with temperature until it
reached a threshold value, then very significant heat was generated in the
sample due to Joule heating, resulting in the sample temperature becoming
350°C higher than the furnace temperature. However, 1800°C was still
insufficient for a HfB2-based ceramic to be densified. It is possible that the
electric and thermal conductivity values of the HfB2-base ceramics were too high
for flash sintering, as the heat generated by Joule heating could be readily
dissipate by the sample. Sintering aids with low electric conductivities are
probably required to modify the HfB2-based ceramics to improve its viability for

flash sintering.

4.3.2 Pressure assisted densification of HfB2—based ceramics

4.3.2.1 Spark plasma sintering of HfB2—based ceramics

The HfB2—based powder obtained from the carbothermal and borothermal
processes were densified at different temperatures using spark plasma sintering
at Queen Mary University, London. The time-temperature and force profile of an
SPS run at 2150°C is given in Figure 4.53. A fast heating rate of 100°C min-"’
was employed to heat the sample to 1800°C, followed by dwelling for 10 min to
allow the volatiles, such as B20s3, to escape from the powder compact before
the porosity closed during sintering. After that, a constant load of 19 kN was
employed and the sample temperature was increased to 2150°C and held for
30 min. The subsequent cooling rate was 100°C min-' and the pressure was
gradually released to avoid cracking in the post-sintering samples. The time-

temperature and force profile for the runs at 2100°C and 2000°C were similar to
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that undertaken at 2150°C, with only the sintering temperature changed.
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Figure 4.53 Force- and temperature-time profiles used for SPS of the HfB2-
based powders at 2150°C

The shrinkage rate and displacement profiles for the SPS runs were used to
estimate whether the temperature was sufficient to achieve high density for
HfB2-based ceramics. Figure 4.54 (a)-(c) shows that the temperatures of 2000
and 2100°C were not high enough to fully densify the 15 wt% Ta-doped HfB2 in
30 min as the displacements were still increasing after 30 min soaking time due
to ongoing densification process, whilst the displacement measured in the SPS
run at 2150°C, however, stabilized before the pressure was removed. The 15
wt% Ta-doped HfB2 powder sintered at 2150°C also showed a higher shrinkage
rate compared to the experiments at 2000 and 2100°C as expected. Figure 4.55
(a)-(c) confirms the sintering temperature of 2150°C led to the most dense HfB2—
based ceramic. Therefore, 2150°C, which was the maximum working
temperature of the SPS equipment with the simultaneous employment of 50
MPa, was regarded as the ‘optimized’ SPS conditions for the densification of
HfB2-based ceramics. The shrinkage rate and displacement change of the pure

HfB2 was similar to that of 15 wt% Ta-doped HfB2, as shown in Figure 4.54(d).
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Figure 4.54 Temperature-, shrinkage- and displacement-time profiles measured during the SPS run of 15 wt% Ta-doped
HfB2 powders at (a) 2000°C, (b) 2100°C, (c) 2150°C and (d) pure HfB2 powder at 2150°C
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Figure 4.55 Polished surfaces of the 15 wt% Ta-doped HfB2 samples sintered
at (a) 2000, (b) 2100 and (c) 2150°C

4.3.2.2 Characterisation of sintered HfB>—based ceramics

Table 4.10 shows the density and grain size of the post-SPS pure and Ta-doped
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HfB2 samples, which were prepared by various powder synthesis methods and
sintered at various temperatures. It can be seen that the borothermal reduction
derived powders led to higher density than these produced by carbothermal
reduction and the highest density achieved was 97% of the 15 wt% Ta-doped

HfB2 from the borothermal reduction powders.

Table 4.10 Density and grain size of the sintered pure and Ta-doped HfB:2
ceramics, prepared by different synthesis methods

Powder Sintering % of_ Gl:ain
source Samples temperature | theoretica | size
/°C | density* | /pm
HfB2 2150 ~93 1-10
Carbothermal 5 wt% Ta-doped HfB2 2150 ~94 1-10
reduction 10 wt% Ta-doped HfB2 2150 ~95 1-10
reaction 15 wt% Ta-doped HfB2 2150 ~95 1-10
15 wt% Ta-doped HfB2 2100 ~90 -
15 wt% Ta-doped HfB2 2000 ~81 -
Borothermal HfB2 2150 ~93 2-6
reduction 5 wt% Ta-doped HfB2 2150 ~95 2-6
reaction 10 wt% Ta-doped HfB:2 2150 ~97 2-6
15 wt% Ta-doped HfB2 2150 ~97 2-6
Tr;('f\’,f oher HfB2 2150 ~94 | 510

*Theoretical density of HfB2 and TaB2 used is 10.5 and 11.15 g cm3, respectively

The fracture surface of the HfB2-based ceramic prepared from carbothermal
reduction derived powders was shown in Figure 4.56. The addition of Ta-
dopants significantly reduced the porosity in the sample, due to the formation of
(Hf, Ta)B2 solid solution, which had a lower melting point than pure HfB2 and thus
required less energy for the particles to rearrange. However, although very
limited porosity was found in the sintered samples, based on subsequent EDX
analysis, impurities, such as carbon, were detected in these samples prepared

from carbothermal reduction-derived powders, as shown in Figure 4.57.
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Figure 4.56 Fracture surfaces of (a) 0 wt%, (b) 5 wt%, (c) 10 wt% and (d) 15
wt% Ta-doped HfB2 ceramics, sintered at 2150°C. The powders used for SPS
were synthesized by carbothermal reduction reaction

carbon
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Figure 4.57 (a) Fracture surface and (b) polished surface of 15 wt% Ta-doped
HfB2 sintered at 2150°C at higher magnification. The powders used for SPS

were synthesized by carbothermal reduction reaction

The polished surface of the HfB2-based ceramics prepared by borothermal
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reduction powders was shown in Figure 4.58. The use of Ta-dopants showed
similar effect on the sinterability of HfB2 as the density of the sintered samples
increased with the increasing Ta-dopant percentage. Moreover, as the original
powders were prepared by borothermal reduction method, no carbon was found

in these samples.

Figure 4.58 Polished surfaces of (a) 0, (b) 5, (c) 10 and (d) 15 wt% Ta-doped
HfB2 ceramics, sintered at 2150°C. The powders used were synthesized by

borothermal reduction reaction

The grain sizes of the HfB2-based ceramic prepared by the powders from
different synthesis technique are compared in Figure 4.59 (a)-(b). Although the
carbothermal reduction led to the formation of HfB2-based powder with a particle
size of ~200 nm, the resultant powder underwent significant grain growth and
coarsening, which might be due to the presence of the large agglomerates. On

the other hand, the particle size of the HfB2-based powder from borothermal
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reduction was ~600 nm, resulting in the grains ranging from 2 to 6 ym after SPS.
Both these sythesized powders resulted in finer grains than that from the

commercial HfB2 powder.

Figure 4.59 BSD images of the polished surface of 15 wt% Ta-doped HfB:. (a)
and (c) were prepared by the carbothermal reduction powders. (b) and (d) were
prepared by the borothermal reduction powders. The colour difference of the
HfB2 grains in the BSD images is due to the orientation of the particles

Although >95% dense HfB2-based ceramic suggested closed porosity inside the
sintered bodies, it was still important to understand what hindered the
densification process.In Figure 4.59 (c), based on supplemental EDX analysis,
it was believed that the black spots inside the grain were due to carbon, which
was trapped inside the agglomerates when the latter grew into large grains
during densification. In Figure 4.59(d), the black spots which occurred along the
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grain bounaries could be associated with pores. According to Figure 4.60, the
EDX line scan confirmed the presence of pores as the signal from the copper
mesh was picked up through the pore. Moreover, oxygen peaks observed on
the wall of the pore suggested that the presence of HfO2 and B203 may be the

main reason for densification being inhibited.
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Figure 4.60 EDX elemental scan for 15 wt% Ta-doped HfB2 grains preapared
by FIB. The scan was performed along the solid yellow line across the pore
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Oxygen impurities have been reported to limit the densification of diborides by
the evaporation/condensation kinetics [277]. With increasing temperature, the
boron oxide impurities started to melt and triggered densification of HfB2 by
causing localized particle rearrangement. However, the further densification
would be inhibited due to the rapid collapse of the open pore structures during
SPS, which led to that the B203 vapour generated was trapped within the closed
pores. Regarding the grain sizes, it should be noted that finer powders have a
much larger surface area, hence much greater surface energy, and so are
susceptible to grain growth. Therefore, the HfB2-based powders, which were
synthesized by carbothermal reduction, with a starting particle size of ~200 nm
could lead to the resultant grains up to 10 um after sintering at 2150°C for 30
min. It was also reported that SPS could causing carbon contamination during
the sintering of oxides [278], but for the sintering of HfB2-based ceramics from
the borothermal reduction synthesis, the carbon from the SPS die can react with
any residual boron and reduce the HfO2 impurities following Equation 4.3, hence

improving the sinterability of these HfB2-based materials.
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Figure 4.61 XRD pattern of the post-SPS pure and Ta-doped HfB2 samples
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Figure 4.62 High resolution scan of (a) (001) and (b) (101) lattice plan of the
post SPS pure and Ta-doped HfB2

Based on the comparison between Figure 4.61 and 4.36, it can be seen that the
(Hf,Ta)Bz2 solid solution remains substantially the same after sintering at 2150°C.
The extremely high temperature used probably allowed residual TaB:z in the 15
wt% Ta-doped HfB2 powder to further diffuse into the HfB2 lattice to form single-
phase (Hf,Ta)B2 solid solution, as shown in Figure 4.62. Since the Ta-dopant did
not form a precipitate during cooling down, it may be concluded that the solubility
of TaBz in HfB2 at 1600°C might >15 wt%. More work needs to be done to
understand the Ta-Hf-B phase diagram at high temperatures, which hasn’t been

investigated yet.

4.4 Characterization of pure and Ta-doped HfB:2 sintered ceramics

4.4.1 Thermal and electrical conductivity measurements

The thermal conductivity, especially the high temperature thermal conductivity,
is critical for hypersonic applications, as a higher thermal conductivity leads to

lower surface temperature for UHTC components by conducting heat away.
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Figure 4.63 (a) Thermal diffusivity, (b) specific heat capacity and (c) thermal
conductivity for pure and 15 wt% Ta-doped HfB2, measured from room
temperature to 1500°C. Thanks Dr. Zou from University of Birmingham for
conducting the measurements
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The thermal diffusivity and specific heat capacity of pure and 15 wt% Ta-doped
HfB2 were measured by laser flash method at University of Birmingham. The

thermal conductivity values were calculated via Equation 4.13,

K=apCp (4-13)

where K is thermal conductivity, p is the density of pure and 15 wt% Ta-doped
HfB2 measured in Section 4.3.2 and Cp represents specific heat capacity. Figure
4.63 (a)-(c) shows the changes of thermal diffusivity, specific heat and thermal
conductivity of pure and 15 wt% Ta-doped HfB2 against temperature. The values
of the thermal conductivity obtained for the investigated materials, are found to
be slightly lower than those from the published literature [250], [252], as the
density of the HfB2-based ceramics used in this work is ~97%. The decrease in
both thermal diffusivities and conductivities of the pure HfB2 with increasing
temperature, as shown in Figure 4.63 (a) and (c), can be attributed to lower
mean free path for electronic transport and phonon scattering at higher
temperatures, as has been pointed out by Zimmermann et.al. [254]. The thermal
diffusivity of TaB2 is lower than that of HfB2, but the conductivity of 15 wt% Ta-
doped HfB2 increases slightly with the increase of temperature, probably due to
the fact that there are more oxygen vacancies in (Hfo.ssTao.15)B2 than that in HfBz,
which leads to longer mean free path for electronic transport and phonon

scattering at higher temperatures.

The low electrical resistivity and the relatively high carrier density and Hall
mobility of these HfB2-based materials imply that electronic transport contributes
substantially to heat transport. Figure 4.64 shows the change of electrical
conductivity for pure and 15 wt% Ta-doped HfB2 against temperature. The
change of electrical conductivity was in a similar trend as that of thermal

conductivity.
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Figure 4.64 Electrical conductivity vs. temperature for pure and 15 wt% Ta-

doped HfB:2

The ratio of the electronic component (Ae) to total thermal conductivity (At) at

room temperature can be calculated via Wiedemann-Franz Law as below,

le _ 8TLo _ TLo
Ac T At pAt

(4-14)

where 0o is the electrical conductivity, p is the electrical resistivity and Lo is the
Lorenz number, whose value has been taken as 2.45X1078W Q-'K2. Based on
the plots given in Figure 4.57 (c) and 4.58, at room temperature, the electronic
contributions to thermal conductivity in the pure and 15 wt% Ta-doped HfB2 were
90% and 87%, respectively. However, the electronic contributions decreased

with the increasing temperature which enhanced photonic contributions [87].

4.4.2 Static oxidation testing

According to the XRD analysis of the pure and 15 wt% Ta-doped HfB2 powders
after heat treatment in air at different temperatures, Figure 4.65, it is seen that

the oxidation of the HfB2 powder started from 600°C. It should be noted that the
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oxidation of pure HfB2 resulted in the formation of monoclinic HfO2, whilst the
addition of 15wt% Ta-dopant led to the formation of tetragonal HfO2, which was
critical to understand the oxidation mechanism of Ta-doped HfB:. It revealed the
evidence that the use of Ta-dopant avoided the phase transformation of the

oxidation product of HfB2 at ultra-high temperature.
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Figure 4.65 XRD patterns of the (a) pure HfB2 and (b) 15 wt% Ta-doped HfB2

powders oxidized in air at various temperatures
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Figure 4.66 XRD patterns of the pure and Ta-doped HfB2 powders left in oven
at 1600°C for 30 min
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Figure 4.67 Mass change of the pure and Ta-doped HfB2 powders at

temperatures from room temperature to 1500°C with a heating rate of 5° mint
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Furthermore, Figure 4.66 shows that the addition of 5 wt% Ta-dopant was
insufficient to fully stabilize the oxidation product of HfB2 in a tetragonal crystal
structure, whilst 10 and 15 wt% Ta-dopant both resulted in the formation of

almost fully stabilized tetragonal HfO-.

According to Figure 4.67, the addition of Ta-dopant did not reduce the oxidation
rate nor oxidation onset temperature of the HfB2-based ceramics at
temperatures <1600°C. The results were confirmed by measuring the thickness
of the oxide scale of the HfB2-based ceramics after oven oxidation, Figure 4.68.
With the supplemental XRD and EDX analysis, the oxide scale of pure HfB2 was
~15 pm in thickness and composed of monoclinic HfO2 and B20s, while the
oxide scale of 15 wt% Ta-doped HfB2 was ~25 pum in thickness and composed
of tetragonal (Hf,Ta)O2 and B20s. At temperatures below 1600°C, the oxidation
rate of the HfB2-based ceramics was dominated by the rate of oxygen
permeation through the protective B203 layer formed during HfB2 oxidation. The
addition of Ta dopant will have a very limited effect on the stability of the glassy
B20s layer and hence did not improve the oxidation resistance of the HfB2-based

ceramics at temperatures <1600°C.

Shutes LA AR IR o ne AN LTS

Figure 4.68 Cross-section of the pure and 15 wt% Ta-doped HfB:2 after exposing
to air at 1600°C for 10 min
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Table 4.11 Weight gain of the pure and Ta-doped HfB: after oven oxidation at
1000, 1300, 1600, 1700, 1800 and 1900°C for 10 min. Thanks Dr. Carney from
AFRL for conducting the high-temperature oven oxidation tests.

Temperature Mass Thickness of
/°C Samples change oxide scale / um
| % H
HfB2 0.1 <1
1000 5 wt% Ta-doped HfB> 0.1 <1
10 wt% Ta-doped HfB2 0.1 <1
15 wt% Ta-doped HfB2 0.1 <1
HfB2 0.5 ~4
1300 5 wt% Ta-doped HfB2 0.5 ~6
10 wt% Ta-doped HfB2 0.6 ~5
15 wt% Ta-doped HfB2 0.7 ~7
HfB2 1.2 ~15
1600 5 wt% Ta-doped HfB2 1.4 ~18
10 wt% Ta-doped HfB2 1.4 ~23
15 wt% Ta-doped HfB2 1.6 ~25
HfB2 1.4 ~55
1700 5 wt% Ta-doped HfB> 3.6 ~60
10 wt% Ta-doped HfB2 2.2 ~53
15 wt% Ta-doped HfB2 2.9 ~54
HfB2 1.8 ~80
1800 5 wt% Ta-doped HfB> 3.1 ~80
10 wt% Ta-doped HfB2 2.5 ~75
15 wt% Ta-doped HfB2 2.2 ~75
HfB2 2.0 ~110
1900 5 wt% Ta-doped HfB2 3.1 ~118
10 wt% Ta-doped HfB2 2.8 ~108
15 wt% Ta-doped HfB2 0.4 ~109

The scenario for the oxidation of HfB2-based ceramics at temperatures >1600°C
was quite different from that at temperatures <1600°C, since in the high
temperature scenario, all B2Os evaporates as soon as it was formed. The B20s
volatiles did not only result in a porous HfO2 layer, but also led to poor
adherence of the oxides. It can be seen from Figure 4.69 that the oxide scale of
the HfB2 sample easily spalled off after the oven oxidation at 1700°C and
1800°C, whilst the oxides formed on the Ta-doped HfB2 samples showed good
adherence. At 1900°C, the oxide scale of both pure and Ta-doped HfB2 showed

a rough surface, which might be due to the rapid evaporation of B2Os. According
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to the thickness measurements of the oxide scale in these samples, Table 4.10,
it was believed that the use of Ta-dopants led to the formation of a similarly thick
but more dense tetragonal (Hf,Ta)O2 layer rather than the porous monoclinic
HfO2 layer with column-like structures, as shown in Figure 4.70. It should be
noted that the mass change of the samples, which tested at
temperatures >1600°C, Table 4.11, was not highly reliable since the oxide scale

spalled off the sample could be missing during collection or transportation.

1700 °C
Complete
spalling of 1800 °C
oxide scale|g

1900 °C

5 wt% Ta-doped 10 wt% Ta-doped 15 wt% Ta-doped

HfB, HfB, HfB, HfB,

Figure 4.69 HfB2-based ceramics after oxidation testing at 1700, 1800 and

1900°C in a zirconia oven

D Monoclinic HfO,

Tetragonal (Hf, Ta)0,:

Figure 4.70 Cross section of the pure and 15 wt% Ta-doped HfB: after exposure

to air at 1800°C for 10 min
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4.4.3 Oxyacetylene torch testing

p 5
N sample

Graphite holder

Figure 4.71 Sample photos of (a) HfB2 and (b) 15 wt% Ta-doped HfB: tested at
2300°C for 240 s and (c) 15 wt% Ta-doped HfB2 tested at 2800°C for 240s

Oxyacetylene torch tests were performed for the pure and 15 wt% Ta-doped
HfB2 samples with sample-nozzle distances of 10 and 20 mm and the same
testing duration of 240 s. The time-temperature data after the test represented
that the peak temperatures of both samples reached 2300 and 2800°C for the
sample-nozzle distances of 10 and 20 mm, respectively. Figure 4.71(a) shows
that the pure HfB2 sample had broken into several pieces after the test at
2300°C, due to the thermal shock associated with rapid heating. The heating
rate easily exceeded >100°C s during the test, as also reported by Paul et. al.
for the oxyacetylene testing of TaC samples [263]. The 15 wt% Ta-doped HfB:2
samples, however, survived both the 2300°C and 2800°C tests without major

structural fracture. Furthermore, Figure 4.71(b) shows that the 15 wt% Ta-doped
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HfB2 sample tested at 2300°C resulted in a more continuous oxide scale with

less major cracking compared to the post-test pure HfB2 samples.

The oxide scales of these samples showed poor adherence, which could be due
to the thermal expansion coefficient difference of the borides and their resultant
oxides and the difference was enhanced by the very rapid heating that occurs
during this particulate dynamic oxidation test. When the test temperature was
increased to 2800°C, it was clearly seen from Figure 4.71(c) that the oxide scale
of the 15 wt% Ta-doped HfB2 melted at such a high temperature. The melting
point of HfO2 is 2758°C, but the melting point of the Ta-doped HfO2 may be

lower, though the exact value is unknown yet.

Figure 4.72 (a) Top surface and (c) fracture surface of 15 wt% Ta-doped HfB2
tested at 2300°C and (b) top surface and (d) fracture surface of pure HfB2 tested
at 2300°C
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The microstructure of the oxide scales for post-test pure and Ta-doped HfB:2
displayed in Figure 4.72 (a)-(c) also proved that a more dense oxide scale with
tetragonal (Hf, Ta)O2 was formed from the oxidation of 15 wt% Ta-doped HfB..
Figure 4.72(d) shows that the monoclinic HfO2, which was the oxidation product
of pure HfB2, had a column-like structure. Similar structure was observed from
the oxide scale of the same material in static oven oxidation. The large gaps
between the ‘columns’ was created after the evaporation of the volatiles such
as B20s. On the other hand, the more dense tetragonal (Hf,Ta)Oz2 layer could
temporarily trap the volatiles beneath the oxide scale, thus forming a multi-
layered structure. However, the vapour pressure of the volatiles in the tetragonal
(Hf, Ta)O2 might eventually exceed a critical value, leading to spalling-off of the

oxide scales.

Figure 4.73 Top surface of 15 wt% Ta-doped HfB: tested at 2800°C
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Figure 4.73 demonstrates the microstructure of the oxide scale of the 15 wt%
Ta-doped HfB: after the test at 2800°C. The oxide scale showed a multi-layer
structure that was similar to the 2300°C testing results. However, (Hf, Ta)O2 was
found to be melted at 2800°C and then crystallised when cooling down. The
(Hf, Ta)O2 melt could be blown away by the ~Mach 0.65 gas flow which was
employed in the oxyacetylene torch test. Therefore, it can be concluded that the
Ta-doped HfB2 components have the potential to be used for the hypersonic
application with working temperatures in the range of 1700-2300°C, which is
above the phase transformation temperature of HfO2 but below the melting point
of Ta-doped HfO2, and these components may be suitable for long-term use as

the phase transformation of HfOz2 is hindered.
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5. Conclusions

Doped HfB2 powder was initially prepared by a low temperature sol-gel
approach using HfCls4, Hs3BO3 and phenolic resin as raw materials. From thermal
degradation, the starting materials were found to be forming HfOCI2, B203 and
carbon as resultant precursors. Doped HfB2 was formed via carbothermal
reduction reaction of these precursors at temperatures as low as 1300°C, which
is more than 200°C lower than the calculated on-set temperature of
carbothermal reduction reaction. It is postulated that HfB2 could form at 1300°C
via the reaction between HfO2 and highly reactive boron species, such as boron
or boron ion, which was backed up by thermodynamic calculation on reaction
sequence. In addition, the homogeneous mixing of the reactants achieved by
sol-gel approach, the low B203 vapour pressure in the argon atmosphere and
the lower reaction temperature also helped to improve the reaction rate. Though
it was reported to require 25 h at 1300°C for the carbothermal reaction to
complete, whilst that the completion of the carbothermal reaction only took 2 h

at 1600°C.

The effect of changing the stoichiometry of the precursors on the purity of the
final powders was also investigated. It was observed that twice amount of boron
compared to the stoichiometric ratio was required to compensate for the boron
loss during the synthesis to achieve pure as well as Ta-doped HfB2 powders.
The boron loss was attributed to the evaporation of B2O3 and the reaction of
B203 with residual chlorine from HfOCIl2. The presence of chlorine not only
raised the difficulties in controlling the purity of the HfB2 powders obtained by
carbothermal reduction, but also damaged the furnace set-up used for heat
treatment through evaporation and condensation. Hence, the attempts to get rid
of chlorine was calcining the precursors at 400°C (below the degradation

temperature of carbon), were unable to completely resolve the issue. Then
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NH4OH was used to react with HfOCl2 aqueous solution to remove chlorine by
forming Hf(OH)4 precipitates over a wide pH range from 4-10. It was found that
the use of Hf(OH)s4 instead of HfOCI2 significantly reduced boron loss and
improved the control on the purity of HfB2 powders. More importantly, the co-
precipitation of Hf(OH)4 and Ta(OH)s by adjusting pH value to 8.5 allowed
homogeneous Ta distribution with Hf. HfB2 rod formation was observed during
the carbothermal reduction reactions under high concentrations of liquid B20s.
It was believed that the solid-liquid-gas grain growth mechanism was the main
reason leading to the elongated particle growth. The mean particle size of the
HfB2 powder yielded from the carbothermal reduction reaction was ~200 nm.
The sub-micron HfB2 powder was probably resulted from the extremely fine
HfO2 nuclei derived by sol-gel approach and the presence of carbon from cross-
linked phenolic resin which inhibited HfB2 grain growth. However, agglomerates

were observed in the powders yielded from carbothermal reduction reaction.

Two different dopants, Y- and Ta-containing compounds, which were added into
HfB2 by in-situ synthesis, were compared to understand their effect on the
oxidation mechanism of HfB2. The XRD results of the powders yielded by
carbothermal reduction reaction revealed the formation of (Hf,Ta)B2 solid
solution while segregated Y203 was detected when Y was used as a dopant. As
the aim of this work was to inhibit the volume change due to HfO2 phase
transformation during the HfB2-based ceramic oxidation, it was deemed
necessary to have a solid solution rather than segregated phases. The
formation of (Hf,Ta)B2 solid solution mainly depended on the diffusion of Ta into
the HfB2 lattice, which happened at temperatures >1400°C. The excellent
distribution of Ta from the co-precipitation approach lead to the formation of
(Hf,Ta)B2 solid solution at temperature as low as 1600°C. The subsequent
oxidation test performed on the powders showed that the oxidation product of

15 wt% Ta-doped HfB2 was almost completely stabilized as tetragonal HfOx.
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Ta-doped HfB2 was also synthesised by borothermal reduction reaction, which
show better control on the purity of the powders yielded, as borothermal
reduction only involved using boron as the reducing agent and the possible
impurities, such as B203 can be easily removed by heat treatment at 1600°C for
longer time. Borothermal reduction reaction resulted in higher purity of Ta-doped
HfB2, but the particle size (~600 nm) of the resultant powders was larger than
that from carbothermal reduction reaction, since there is no grain growth

inhibition mechanism being operative.

Pure and Ta-doped HfB2 powders were initially densified using pressure-less
method such as flash and microwave sintering. Although the sample
temperature reached 1800°C in flash sintering trials, it was not enough to sinter
the HfB2-based ceramic without applying pressure. Pressure-assisted SPS
sintering of the sub-micron Ta-doped HfB2 powders obtained by borothermal
reduction reaction at the maximum temperature of 2150°C and 60MPa, resulted
in 97% dense body. It was found the addition of Ta dopants slightly improved
the densification, because less energy was required for the densification of
(Hf,Ta)B2. However, for the powders prepared by carbothermal reduction
reaction, small amount of carbon was found in the sample and B203 was
detected in the pores of the sintered ceramic. The density of the powder
prepared by borothermal reduction reaction was similar as that prepared by
carbothermal reduction reaction, which may be due to the compromise of higher

purity of the powder and bigger particle size.

The thermal conductivity measurements showed that the 15 wt% Ta-doped HfB2
had similar conductivity as pure HfB2 at 1500°C. The assessment of the
oxidation behaviour of the sintered ceramics was carried out in static oven and

by oxyacetylene torch testing. At temperatures <1600°C, the oxidation rate was
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controlled by the glassy B20s layer, therefore the addition of Ta dopant didn’t
improve the oxidation resistance of HfB2 as (Hf,Ta)B2 oxidized faster than pure
HfB2. But at temperatures >1600°C, the addition Ta dopants lead to a denser
and more adherent oxide scale, which was also found from the dynamic
oxidation test at temperature up to 2300°C. Therefore, the addition of Ta-dopant,
which avoided the phase transformation of the oxide scale of HfB2, was critical
for the latter to be usable for hypersonic re-entry applications in extreme

environments.
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6. Future work

Although sol-gel synthesis of sub-micron pure and Ta-doped HfB2 powders was
successfully made in lab-scale batch, larger scale synthesis leads to problems
of inhomogeneous mixing amongst the precursors and single phase HfB2 could
not be obtained all the times. In larger batch synthesis the flow of liquid B203
can also result in serious purity issues. In order to make sure the same level of
mixing is obtained for larger batch synthesis, better high shear mixing

equipment and heat treatment set-up with longer heating zone need to be used.

The powders prepared by carbothermal reduction or borothermal reduction
need to be checked by the XPS, SEM and TEM to confirm the purity is
consistent and reliable. More work need to be done to modify the ratio of the
starting materials more precisely. For example, it may be necessary to use the
Hf:B:C ratio between 1:3:5 and 1:4:5 for carbothermal reduction reaction to
minimize the impurity phase. For the densification, even 1wt% carbon or B203

impurities can significantly reduce the resulting density of the final ceramic.

More work on flash and microwave sintering need to be performed to improve
the possibility of the densification of these materials with pressure-less
techniques, as it will be helpful to produce complex shaped UHTC components
for hypersonic applications. In order to get high density from pressure-less

sintering, sintering-aids such B4C and TaSi2 may also be used.

More work for developing an understanding of the mechanical properties of Ta-

doped HfB: at elevated temperatures is needed.

The oxidation testing of the pure and Ta-doped HfB2 should be repeated several

times on the sample to investigate the effect of Ta-dopant addition for the long-
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term use. If the multiple trials turned out to be successful, then it can be
confirmed the stabilization of tetragonal HfO2 could avoid the cracking due to
the volume change from the cycles of fast heating and cooling during hypersonic

flights.
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