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Selection, Processing, Properties and Applications of Ultra-High

Temperature Ceramic Matrix Composites, UHTCMCs - A Review

Abstract

Composites are, in general, a rapidly evolving and growing technical field with a
very wide range of applications across the aerospace, defence, energy, medical and
transport sectors as a result of their superior mechanical and physical properties. Ultra-
high temperature ceramic matrix composites, UHTCMCs, are a new subfield within the
wider grouping of CMCs that offer applications in rocket and hypersonic vehicle
components, particularly nozzles, leading edges and engine components. The design and
development of structural materials for use in oxidizing and rapid heating environments
at temperatures above 1600°C is therefore of both great scientific and engineering
importance. UHTC materials are typically considered to be the carbides, nitrides, and
borides of the transition metals, but the Group IV compounds (Zr, Hf & Ti) plus TaC are
generally considered to be the main focus of research due to the superior melting
temperatures and stable high-melting temperature oxide that forms in situ. The
combination of properties makes these materials potential candidates for a variety of
high-temperature structural applications, including engines, hypersonic vehicles, plasma
arc electrodes, advanced nuclear fuels, fusion first walls and diverters, cutting tools,
furnace elements and high-temperature shielding. This review presents on the selection,

processing, properties, applications, outlook and future directions of UHTCMCs.

Keywords: Ultra high temperature ceramics; composites; review; matrix; fibre; chemical

vapour infiltration; impregnation; oxidation; ablation; microstructure
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Introduction

As with everything in the 20th century, time was at a premium and no more so than
in the aerospace industry during the 1960s [1]. During this period, the interest in ultra-
high temperature ceramics (UHTCs) began; this group of materials were thought to
have potential to withstand the severe aero-thermo-chemical environments of
hypersonic flight, paving the foundations for flight speeds exceeding Mach 5. However,
although research into UHTCs for this application still continues today these materials
do not have sufficient thermal shock resistance and, hence interest began to focus on

ultra-high temperature ceramic matrix composites, UHTCMCs, over the last decade.

The hypersonic regime, usually defined as speeds greater than Mach 5 (6173 km/h),
continues to receive a great deal of attention from the scientific community. The
potential benefits are numerous, military systems would become more effective [2], [3],
whilst for potential future commercial travel it would translate into flight times between
Europe and the US East Coast of around 1 — 1% hours or to the Far East in under 3

hours.

Hypersonic speeds are generally associated with flight in the upper stratosphere
where gas pressures can be very low but the presence of oxygen radicals is high [4].
There are numerous inhibiting physical factors to consider when travelling at these
speeds inside the stratosphere, but the primary issue is the behaviour of air, which
becomes very unstable as it no longer behaves as a perfect gas. Hypersonic flow
behaviour is not governed by any one equation nor has a definitive definition been
established as of yet [5], especially at high altitude. Coupled with the fact that at lower
altitudes air is considered to be a continuum, but at near orbital travel the sparsity of
molecules means special considerations must be made for the flow dynamics only adds
to its unpredictability [6]. The non-linear nature of flow means that shock waves are

curved and produce vorticity, which alters the flow field of over the aircraft body.

This is also a dependency on the shape of the leading edge; the shock wave of
sharp leading edges propagate on the surface of the structure whereas for blunt edges
the flow field propagates ahead, as shown in schematic Fig.1. Both induce frictional
heating at the vehicle surface, though less so on the blunt edge, this becoming
sufficiently intense they generate high enough thermal loads that alter the properties of
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the surrounding gases, causing it to vibrate, dissociate, react, excite and eventually
become fully ionizing, all whilst being surrounded by a corrosive plasma layer [7]-[9].
Efforts have been made to combat this using a multitude of approaches including
internal active cooling systems, heat shielding designs and aerodynamic engineering to
increase or decrease drag of components to increase the conversion kinetic energy to
thermal or vice versa. However, these methods work against the primary principle of

aviation to keep mass to a minimum.

With the primary issue being able to endure extreme heating profiles in corrosive
environments under substantial and varying mechanical loads, the principle candidate
materials were identified as being the highly refractory transitional metal carbides and
borides. Collectively referred to as Ultra-High Temperature Ceramics, these non-oxides
are able to operate at beyond 1800°C in air with the resulting oxide melting points being
around 3000°C [10]. So far UHTCs have been investigated for potential use as sharp
leading edges on sub-orbital and earth-to-orbital vehicles amongst other applications
[1]. They have shown some potential in being able to facilitate manoeuvring during
atmosphere exit and re-entry, whilst surviving shock wave loading and severe oxidation

without significantly compromising their geometrical integrity[11], [12].

The relatively recent utilisation of these UHTCs means their definition is somewhat
incomplete to distinguish them from advanced ceramics. They fit the widely regarded
standard apophatic criteria of ceramics, in that they are inorganic, non-metallic solids
and are defined by three other classifications as described by Fahrenholtz [13]. The
most frequently used definition of UHTCs is that materials have a melting point greater
than 3000°C. However, this definition has a large degree of uncertainty due to the
difficulty associated with measuring temperatures experimentally in this region, with
multiple studies regularly reporting melting points of UHTC’s with approximately
500°C difference [14], [15]. The second less commonly used criteria is the engineering
definition determined by the application, where the ceramics highest operating
temperature in air defines its classification as a UHTC. This has been set at ~2000°C [1]
due to the temperatures experienced at hypersonic speed. The final method is a
qualitative definition of UHTCs by their chemistry, which carbides, nitrides and borides
of early transition metals are considered to possess the potential to be a UHTC. A

combination of all three definitions currently best defines a UHTC.
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UHTCs are severely limited as single phase monolithic components for structural
applications since they have low fracture toughness. This makes them highly
susceptible to thermal shock, hindering their short-term and long-term use as external
thermal protection systems on leading edges and propulsion systems. This necessitates
the addition of a secondary phase that enhances toughness but without degrading other
properties. Attempts have been made to use addition of other ceramic phases to negate
these effects, such as SiC and LaBe, but they have had limited success to date [16]. In
spite of this, research effort continues to be focused on improving oxidation resistance
and the thermomechanical properties, whilst, in parallel, effort is also being extended
with respect to replicating the extreme conditions that components would experience in
service [17] and during land-based tests [18]. This has led to the utilisation of
reinforcing fibrous phases. The later are designed to symbiotically operate with the
UHTC matrix to increase the toughness, whilst also permitting the tailoring of the
mechanical and thermal properties towards specific applications. Fibre architecture,
fibre type and the volume fractions of the different composite phases will all be

described in more detail later in this review.

The rapid expansion of carbon fibres into the commercial aerospace market [19] is a
testament to this ability to be readily formed into a wide range of large complex shapes
whilst not compromising on their excellent strength to weight ratio [17]. They exhibit
many excellent advantages compared to other reinforcing fibres; high specific modulus,
specific strength and stiffness, outstanding fatigue properties, a negative coefficient of
longitudinal thermal expansion and low coefficient of thermal expansion. Carbon fibre
also has relatively good temperature resistance under vacuum or inert gases, but is
readily oxidised at ~500°C in air [10]. The literature has shown that this can be offset by
the addition of borides or silicides as filler phases, coatings or dopants. At high or ultra-
high temperatures, these additions help to protect the fibres from oxidation, enhancing
the high-temperature performance of the composites [20].

Of the UHTCs, hafnium and zirconium diborides, with a continuous carbon fibre
reinforcing phase, have emerged as candidate for use in hypersonic flight applications
due to their desirable combination of high mechanical and good physical properties
coupled with the ability to form refractory oxides that resist melting to temperatures

>2500°C [21]. These materials also possess high thermal conductivity and a low
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coefficient of thermal expansion, advantageous for dissipating heat and withstanding the
high thermal gradients that are experienced in service. Their future success is hinged on
understanding in detail the protection mechanisms offered by the formation of the

oxides of the UTHCs during service.

As indicated previously, the UHTC materials are typically considered to be the
carbides, nitrides, and borides of the transition metals, but the Group IV compounds (Ti,
Zr, Hf) plus TaC are generally considered to be the main focus of research due to their
superior melting temperatures and stable high-melting temperature oxides that forms in
situ. Though UHTCMCs are primarily considered for aerospace applications, their
ability to offer a combination of properties useful for extreme environments make them
potential candidates for a variety of other high-temperature, structural applications. This
includes the nuclear energy industry as fuel rod cladding, neutron absorbers (due to the
presence of B or Hf or Ta), fusion first walls and tokamak diverters due to their
anticipated excellent neutronic properties [22]-[25]. Other applications include, but are
not limited to, plasma facing materials, plasma arc electrodes, cutting tools, refractories
in metal processing, for example thermowell tubes in the steel refinement process, and
electrical devices such as heaters and igniters [13], [26], [27]. Concentrating solar
power (CSP) is one of the most promising renewable energy technologies; sun radiation
is collected and concentrated on a receiver, which makes the latter a key component.
Recent studies have shown that some UHTCs offer good spectral selectivity and low

emittance at high temperatures, enabling them to be considered for this application [28].

A major focus of recent work is to combine the properties of the UHTC compounds
with the concepts behind the design and manufacture of ceramic matrix composites, to
form a new class of materials known as UHTCMCs. Whilst the type of reinforcement
influences the mechanical properties, especially fracture toughness, it also affects
processing. UHTCMCs are not easy to process; if sintered they require very high
sintering temperatures (>2000°C). Whilst fine diameter continuous ceramic fibres offer
superior mechanical properties, particularly fracture toughness, processing these
materials without damaging the fibres or generating grain growth in the matrix is a
major challenge for conventional sintering techniques such as hot pressing, which is
commonly used for consolidation of particulate or chopped fibre reinforced composites.

Techniques such as spark plasma sintering as well as non-sintering techniques including
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chemical vapour infiltration (CVI), reactive melt infiltration (RMI), and precursor
infiltration and pyrolysis (PIP) are all being investigated.

Interest in UHTCMCs has increased significantly in recent years as it has
increasingly become apparent that monolithic UHTCs do not have sufficient thermal
shock resistance to provide thermal protection in a number of applications, including
hypersonic vehicles [13]. A number of research groups around the world, including
from Europe, the US, China, Japan, South Korea and India have now begun to research
these materials.

This review will cover the selection, processing, properties, applications,
outlook and future directions of UHTCMCs, with the greatest emphasis being given to
the continuous fibre reinforced composites since these are likely to be the first materials

to be commercialised, and the properties required of them.

Materials selection

For any composite, selection of a matrix and second phase are very important in
order to achieve the desired properties. This section covers the selection, properties and

compatibility of matrix and second phase for UHTCMC:s.

Matrix selection

Materials chosen for UHTCMC matrices can be many and varied, dependent
upon the intended applications. The latter may suit one specific set of material
properties over another and comparisons, Fig. , [13], [29]-[35] between factors such as
melting point, oxidation resistance, density, CTE and thermal conductivity can all affect
the most appropriate choices [1], [12], [36], [37]. Given the extreme environments that
these materials are used in, oxidation is inevitable during the lifecycles of the
components. Therefore, if reusability is a criterion then materials that oxidise in a
controlled manner to produce passivating oxidation products are beneficial. For other,
less reusable UHT applications, such requirements are less applicable provided they

survive the application environment.

Passivating oxidation products may be defined by their ability to retain
particular thermomechanical properties and a level of resistance to further oxidation, all

the while resisting ablation and denudation. Hence, the melting points and
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microstructural properties of the oxide products of the materials used are critical. The
high conductivities and melting points of TaC and TiB; are attractive qualities for
potential components, but their oxidation products have an inappropriately low melting
point. The borides, nitrides and carbides of Zr and Hf possess high melting temperature,
hardness [38] oxidation resistance [39] and electrical and thermal conductivity [40],
additionally boasting high oxide melting points. However, the specific oxidation
resistances of each have ramifications on the stable oxidation products that form with
regards to microstructure and protection capability. In a UHTCMC, protection of the

reinforcement phase by the matrix from the aggressive external conditions is critical.

The boride and carbide systems are generally the most frequently studied for
aerospace and other applications as indicated in the previous section. Boride ceramics
oxidise with the production of B.Oz, which at relatively low temperatures becomes a
liquid [29]. Nevertheless, even at <1000°C formation of an amorphous glassy or molten
B203 phase provides oxidation protection for the bulk boride beneath [41]. In higher
temperature regimes, this liquid vaporises and this protection mechanism is lost. The
group IV carbides benefit from incredibly high eutectic temperatures with a carbon /
carbon (C / C) substrate [13] (3180 and 2910°C respectively for HfC and ZrC).
However, studies have found that their oxidation resistance is lower than that of the
borides [42] and that the formation of gases during oxidation produces non-protective
scales up to 1500°C, which results in substantial denudation. Nitrides are the least well
studied of the group 1V UHTCs. Whilst they have comparably high melting points, they
are reported to have equally poor oxidation protection and non-passivating oxidation
products as the carbides [13], [43], [44]. Rather, they find many applications as coatings

for cutting tools or in electronics applications due to their electrical properties [44].

Additives can be included in the matrix to modify the oxidation / ablation
behaviour [45]-[48]. SiC inclusions are known to increase the performance of UHTC
materials at moderate temperatures by the formation of a silicate glass / molten silica
layer from the oxidation of SiC to SiO.. This is supported by the UHTC-oxide solid
scale to provide an effective barrier against oxygen ingress [45]. At higher
temperatures, however, the oxidation mechanism of SiC shifts from ‘passive oxidation’,
via a solid or liquid SiO; product, to ‘active oxidation’, where gaseous SiO is formed

[46]. This is lost from the component, reducing or removing the efficacy of the
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protection. Equally, the oxidation of SiC produces a SiC-depleted region in the upper
layers of UHTCs with an associated pore network. The latter, without a protective SiO-
surface layer, provides a significant avenue for oxygen ingress and could lead to
component failure [49]. The regime in which SiC provides enhanced oxidation

protection is up to around 1650°C.

Other modifications to the matrix material can be made on the basis of
manipulating the wetting and rheological characteristics of the surface oxides formed. A
study using Zr / Ta boride ceramics [47] found that the glassy layer formed during
plasma torch testing at 2900-3000°C provided a healing surface layer that filled matrix
cracks and lowered the surface catalycity. Effects of other matrix dopants on the
oxidation resistance of components will be discussed in detail in a later section, where it
will be shown that the compatibility of dopants with the predominant matrix material is

an influential selection criterion.

In summary, the selection of the matrix phases used is highly dependent upon
both the properties desired for a component with respect to its intended operability
window and also the fabrication technique used. The latter directly affects the material
quality, particularly maximum density achievable; these aspects are discussed in the
subsequent sections.

Second phase selection
Particulate, chopped fibre / whisker / CNT / graphene reinforcement

As mentioned earlier, despite their excellent high-temperature properties,
UHTCs suffer, like other ceramics, from intrinsic brittleness, which restricts their
engineering applications [50]. Hence, the toughening of UHTCs has been the focus of
considerable research with particle dispersion toughening, chopped fibres, carbon

nanotubes, graphite, graphene and whisker toughening all being examined [50].

A range of different types of particle reinforcement of UHTCs have been
reported by various authors [51]-[71]. Use of sinter-additives has traditionally been one
of the methods to improve the densification at lower temperatures, especially for
difficult to sinter materials like UHTCs. Sinter-additives typically lead to liquid phase

sintering by creating a liquid phase, whilst other additives can lead to solid state
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reactions during sintering that can also be beneficial for the densification process [53],
[69], [71]. Metallic additives such as Fe, Ni and Co melt at lower temperatures and wet
the refractory boride / carbide / nitride particles, which lead to faster mass transport and
particle rearrangement and concomitantly result in attaining better densification at lower
temperatures and shorter times due to liquid phase sintering [53], [69], [71], [72].
However, the problem with using metallic additives is that at the ultra-high
temperatures, the metallic and intermetallics phases soften and melt, which degrades the
mechanical properties and creep resistance significantly. Hence, the use of metallic
sinter-additives are generally considered unsuitable for densification of UHTCs [53],
[69], [71].

Liquid phase assisted sintering has also been observed with non-oxide sintering
additives, especially Si-based such as SiC, MoSiz, ZrSiz, TiSi2, WSi, and TaSi2 [22],
[53], [69]-[80]. Such additions have led to improved densification and mechanical
properties for most of the refractory borides as well as carbides [81]. The Si-based
additives have also been reported to react with the surface oxide phases (such as B2O3)
to form SiO2, which is a transient liquid above ~1850°C and enhances the densification.
In fact, improvements to the mechanical, tribological properties and oxidation resistance
on addition of the Si-based additives have been reported in the literature.

In addition, nitrides such as AIN and ZrN and rare earth oxides / borides
including La203, LaBs, NdBs and EuBs have also been explored as sintering additives
for the borides to enhance both sinterability and the subsequent properties [22], [53],
[71], [82], [83]. Removal of the B.Oz surface oxide layer by the nitrides also prevents
grain growth, which in turn aids densification. For the reasons mentioned above, the last
two decades have witnessed extensive research activity related to exploring the use of
particulate sinter-additives for attaining improved densification via solid-state sintering
and concomitantly improved mechanical properties of the UHTCs. Even though
sintering additives help in attaining better sinter densities for the UHTCs, it has been
difficult to attain near theoretical densities by pressureless sintering routes. Hence, most
UHTCs and their composites are densified using external pressure assisted sintering
techniques such as hot pressing and spark plasma sintering. More details of the

processing routes are described in the later sections, though there is still much room for
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improvement of the toughness, thermal properties, etc. for UHTCs by using a different
type of reinforcements as discussed in the next section.

Hence, other researchers have explored the use of carbon nanotubes (CNTS),
chopped fibres (carbon / SiC / ZrO2), non-oxide whiskers and graphene as
reinforcement phases for UHTCs in the past few years. Table 1 [57], [84]-[121]
summarises the results of various UHTCs consolidated through sintering processing
routes, e.g. hot pressing or SPS, and using different forms of reinforcements. Improved
fracture toughness and strength values were observed. Chopped fibres are particularly
attractive, benefiting from excellent mechanical properties coupled with resistance to
neutron irradiation, improved thermal conductivity and stability. Graphene has a high
two-dimensional aspect ratio, which has also been shown to enhance the
thermomechanical properties of UHTCs [86], [122]. Multi-walled carbon nanotube
(MWCNT) reinforced UHTCs exhibited superior mechanical and transport properties,
making them attractive candidates (at a reasonable cost) for nanoscale reinforcement of
UHTCs. A maximum fracture toughness of 7.8 MPam*?, with a strength of 894 MPa,
was reported by incorporating multiwall CNTs in a HfB2 matrix [87]. The major
toughening mechanisms are reported to be one or more of the combination of
reinforcement pull out, bridging, debonding, branching, stress-induced transformation
and three dimensional crack deflection. Possible reactions between CNT or graphene
with any oxide present in the UHTC during high temperature sintering might be a
problem [87]. Homogenization of these additives in the UHTCs matrix is also
challenging [87].

For fibre-toughened ceramics, the interfacial bonding plays an important role for
load transfer and therefore affects the fracture toughness of the ceramics significantly.
Thus, finding a method to optimize the fibre-matrix interfacial bonding strength is
important when fabricating UHTCMCs with high fracture toughness [123]. The design
parameters for the interface have been comprehensively reviewed by Faber [124] for
conventional CMCs and include interface toughness and sliding resistance. These are
related to the elastic properties of the fibre and matrix and are characteristic of the fibre
/ matrix interface. A brief discussion of these parameters has been included in the

section covering the composites’ microstructure.
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Another challenge for these reinforcements (especially CNTs and graphene) is
achieving uniform dispersion and minimising / avoiding agglomeration, which arises
due to van der Waals interactions, in the matrix. A range of dispersion techniques have
been used / reported to overcome the above issues, such as conventional ball-milling,
colloidal processing, sol-gel processing and in-situ growth of CNTs within the UHTC
particle by catalytic chemical vapour deposition and in situ thermal reduction of

graphene oxide [88] and hetero-coagulation [84].

More recently, research has been focused on the use of continuous carbon / SiC
fibres reinforced UHTC composites to improve the fracture toughness and strength.
More details are discussed in the next section.

Continuous Fibre reinforcement

In fibre reinforced ceramic matrix composites (FRCMCs), fibres are required to
overcome the brittleness, low elongation to rupture and poor thermal shock resistance of
the monolithic ceramics. Embedding fibres into a UHTC matrix implies that the
associated fibres must also be able to withstand the extreme temperature and harsh
environment in which long-term thermal and oxidation stability are priorities, however,
it must be noted, that the deployment of UHTCMC:s is also planned for non-reusable
applications where the fibres need to withstand harsh environments only for a limited

amount of time.

Organic polymer-based fibres cannot be used because of their low degradation
temperature and, analogously, glass fibres are also excluded because they soften far
below the operating temperatures of UHTCMCs. Inorganic fibres include those based
on metals, carbon, oxides (e.g. alumina, mullite and zirconia) and non-oxide ceramics
(e.g. Si-C-0, SiC, Si-C-N, Si-B-C-N, UHTCs). Oxide fibres exhibit relatively low
temperature capabilities (up to 1200°C for short periods of time) and the low maturity of
the commercial manufacture of Si-C-N and Si-B-N-C limit the options to carbon fibres,

silicon carbide fibres and UHTC fibres. These are reviewed below.
Carbon fibres

Carbon fibres technically contain at least 92 wt.% carbon in the form of

graphite. The anisotropic thermo-mechanical properties of the carbon fibres are due to

Page 16 of 92



O©CoO~NOOTA~AWNE

the strong covalent C - C bond of the graphite oriented along the axis of the fibre, whilst
the properties are poor in the transverse direction since the interatomic forces between
the basal planes are weak [125], [126]. Carbon fibres have a typical tensile strength
ranging from 1.5 to 7 GPa and elastic modulus between 200-900 GPa [127]. The low
density of carbon offers the highest specific modulus and highest specific strength of all
reinforcing fibres. They are classified prevalently on the basis of their mechanical
properties into four groups as shown in Fig. 3 [128]; super high strength (SHT),
intermediate modulus / high strength (IM / HT), high modulus (HM) and ultra-high
modulus (UHM). As a general trend, very high strength fibres are produced by drawing
a high-carbon yield polymeric precursor such as polyacrylonitrile (PAN) [129], [130],
[131]; such fibres account for ~90% of the total production. In contrast, very high
modulus fibres are manufactured by the drawing of pitch, a tar-like mixture of branched
hydrocarbons [132], [133] that is capable of forming a crystal-liquid mesophase during
the manufacturing process [131]. The mechanical properties of carbon fibres obtained
from both PAN and pitch are reported in Table 2 [128], [134]-[141].

It should be noted, however, that the development of carbon fibres has not been
driven by the need to overcome their intrinsically low oxidation resistance (as low as
400-500°C [10]), but rather from the mechanical performance required by different
industry sectors and, of course, cost reduction. Some studies have shown that the choice
of different carbon fibres in UHTC matrices does not affect key mechanical properties
such as fracture toughness [113]. Similarly, the different thermal conductivities of PAN-
and pitch-derived carbon fibres (being higher for the latter) is also not usually the
determining factor in the choice of carbon fibres for UHTC applications. Rather, the
primary factors that typically affect the choice between PAN- and pitch-derived fibres
are the very high modulus of the latter, which makes weaving harder, in turn limiting

preform architecture, and also their more limited availability.

Silicon carbide fibres

The early development of SiC fibres occurred in the 1970s [142]. Since then,
they have been continuously developed and improved with the primary goal being to
offer a better oxidation resistance than carbon fibres [143]. Other goals underpinning
the development of the different generations of SiC fibres have been to improve the

maximum operational temperature and provide a better thermal endurance. The

Page 17 of 92



O©CoO~NOOTA~AWNE

schematic in Fig. 4 [144] shows the evolution of the microstructure and the properties of
the commercially available SiC fibres over the three generations presented in Table 3
[144]-[147].

Two different approaches are available commercially to prepare SiC fibres
[146]: chemical vapour deposition on a core filament and the spinning of preceramic

polymers.

SiC fibres produced by CVD, such as the Tisics SigmaTM (Tisics Ltd.,
Farnborough, UK) [148] and the SCS (Speciality Materials Inc., MA) [149] have a
diameter above 100 pum. As a consequence, they have a high bending stiffness and
therefore are difficult to weave. These fibres are generally used for intermediate

temperatures in metal matrix composites as creep retardants and stiffeners [150].

The second manufacturing process is similar to that used for carbon fibres and is
based on the melt or dry spinning of organic polymers. A polymer with a high
molecular weight, adequate viscoelasticity and thermal stability enables a stable melt
spinning process to be used without breaking the filament. Typical polymers used
include polycarbosilanes or polycarbosilazanes. Subsequently, the green fibres are cured
and then converted into ceramic fibres by pyrolysis [142], [151] in a controlled
atmosphere and temperature from 1200°C to above 1700°C. The microstructural,
mechanical and thermal properties are dependent on the precise production conditions
[147]; the finer the microstructure, the higher the tensile strength whilst the creep,
Young’s modulus and thermal resistance are determined by the oxygen content and
sintering aids [145]. The first generation of fibres (Nicalon, Tyranno S and Lox-M) had
a high oxygen content due to the curing in air that lead to an amorphous Si-C-O matrix
with an oxygen content of up to 20 wt.% Above 1200°C the glassy phase evaporates
with a consequent degradation of the fibres and dramatic loss of strength. The low
production temperature (around 1200°C) implies the formation of small crystallites (2-5
nm) of B-SiC which, combined with an inter-granular amorphous phase, poorly resists
creep at high temperature. Oxygen is also responsible for their low Young’s modulus
and thermal conductivity. This first generation of SiC fibres cannot be used for the
fabrication of CMCs for long-term performance at 1100-1200°C [152], let alone in
UHTCMCs.
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Oxygen reduction was the guideline for the development of the second
generation of SiC fibres (Hi-Nicalon and Tyranno ZMlI) [145]. New organometallic
precursor (zirconium grafted in the polymeric chain of the polycarbosilane) for Tyranno
ZMI and electron beam curing for the Hi-Nicalon allowed the oxygen content to be
reduced below 10 and 1 wt.% respectively. Higher production temperatures were
possible, with the formation of larger grains and, hence, reduced creep rates [146].

Further improvement led to the third generation of SiC fibres (Hi-Nicalon Type
S, Tyranno SAS3, Sylramic, Sylramic i-BN) [146]. They are characterized by an even
lower oxygen content and near-stoichiometric composition. The creep rate has been
drastically reduced with the presence of 200 nm B-SiC crystals, achieved due to the
higher temperature production occurring at above 1700°C. In this generation of fibres,
sintering aids like aluminium for Tyranno SA3 and boron for Sylramic are incorporated
in the fibre structure to form a dense fibre [145], [146], [152]-[154]. Hi-Nicalon Type S
fibres are the product of choice for the CMC components in Leap Engine and GE9X,
where the operational temperatures can reach 1400°C with a lifetime >25,000 hours
[155].

IBN-Sylramic silicon carbide fibres are an exclusive product developed by
NASA Glenn Research Center (Ohio, USA) [147] and commercialised by COI
Ceramics Inc. (San Diego, California, USA). These fibres are coated with boron nitride
by modifying the gaseous atmosphere used during the curing process [146]; the BN
coating enhances fibre pull-out [156]. Subsequent study at the NASA Glenn Research
Centre [157] has led to the development of the Super Sylramic-iBN and —iC fibres, BN
and C coated respectively. The creep rate in particular has been shown to decrease if the
fibres have a larger and more homogeneous grain size (up to 500 nm) and the
microstructure is also free from pores and impurities. These fibres are not yet
commercially available, being still in the process of laboratory development, and
therefore have not yet been trialled for UHTCMC applications.

As discussed in the section dedicated to oxidation, above 1600°C the oxidation
of SiC in general turns from passive to active. This implies that in the UHTC range, SiC
fibres offer little long term oxidation resistance. However, as already noted the same is

also true for C fibres, thus SiC fibres are extensively studied as reinforcement for
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UHTCMCs with other mechanisms being used to protect them. These are discussed

elsewhere in this review.
UHTC fibres

As already discussed C and SiC fibres can only partially fulfil all the
requirements to withstand the extremely demanding environments that are required, for
example, by re-entry vehicles in the hypersonic regime[1], [33], [38], [158]. At the
laboratory scale, efforts have been made to prepare ZrC [159]-[163] and ZrB. [162]
micro and nanofibers via electrospinning. Cui et al. [161] produced ZrC by
electrospinning a solution of novolac phenolic resin and zirconium (1V) acetyl acetonate
(following annealing). The fibres obtained had a diameter of ~300 nm. Electrospinning
combined with a polymeric precursor was also used to produce ZrC nanofibres of
similar diametres [164]. Li et al. [165] electrospun polyzirconoxane (PZO) as the
zirconium source and polyacrylonitrile (PAN) as the spinning aid and primary carbon
source. A larger, 20 um, fibre of Zr-Si-C was obtained by the spinning of a sol-gel
precursor made from zirconium tetra-kis(2,4-pentanedionate), novolac phenolic resin
and tetraethoxysilane [163]. Chelich et al. [162] synthetised ZrB2 nanofibres by
electrospinning of a hybrid polymer solution of PVP / zirconium n-propoxide and boric
acid. NbC and ZrC textiles were obtained by carbothermal reduction of electrospun

niobia-complex and zirconia-complex fibre mats [166].

At the pilot scale, Matech GSM (Matech Global Strategic Materials Inc.,
California, USA) [167] has developed and patented [168] hafnium nitride and hafnium
carbide fibres (e.g. HfC 2000-X) with potential applications for rocket nozzles and
sharp leading edges; HfC is the highest known melting compound [168]-[170]. A
hafnium-based preceramic polymer was produced through the reaction of hafnium
chloride with amines or imines. Depending on the atmosphere of the heat treatment,
HfN(C) or HfC fibres were obtained. The final density of the fibres was 7.0 g cm™ due
to an excess of carbon, which acted as both a grain growth inhibitor and as a sintering
aid. The fibres had a diameter of 5.0 um, a Young’s modulus of 500 GPa and tensile
strength of 1.7 GPa. In 2009 Matech GSM transferred the HfC-preceramic polymer to a
pilot production line capable of spinning multi-hundred filaments [171]. Matech GSM
has also produced TaC fibres (TaC 1600-X) for aluminised propellant solid rocket
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nozzles [172] and some mini-composites TaC¢/ TaCn have been developed [171],
[173].

As shown above, the manufacturing of UHTC fibres is still at the pilot scale at
best. Although there is no data available in the literature with regard to the cost of future
commercial HfC and TaC fibres, it is known that the cost of Hf and Ta-based
preceramic polymers is higher than those used to produce SiC fibres and therefore it
seems highly probable that the cost of the product will also be much higher. It is also
not yet known whether these fibres will offer any advantages over C and SiC fibres
since the authors are unaware of any research yet undertaken to investigate the potential
that UHTC fibres offer to UHTCMC:s.

Preform selection

The fibre preform design is essential for achieving the composite performance
required mechanical and thermal properties [174]-[176]. The ability to impregnate with
a matrix is governed by the porosity (size and distribution) and hence the permeability
of the preform to the matrix precursor, which can be in the form of solid, liquid or gas.
This, in turn, is a function of the fibre orientation / architecture and fibre volume
fraction [175]. Pre-existing technology from textile forming has been widely utilised for
designing carbon / SiC fibre preforms using weaving, braiding, stitching, etc. The fibre
orientation is very critical for both the in-plane and out-of-plane strength and life of the
composites [177]-[180].

The fibre reinforcement architectures are classified (following the textile
literature), first on the technologies used and then on the fibre topology, e.g., the
number of fibre directions. When the fibres are oriented only in one direction they are
referred to as unidirectional fibres and provide stiffness along the fibre direction but a
lack of it in the orthogonal directions. Therefore, the fibres are commonly stacked in
two directions (0° and 90°), yielding two dimensional (2D) preform structures. Various
textile technologies has been utilised for manufacturing such preform structures,
including weaving, braiding, knitting, stitching, etc. During weaving, two directional
fibres (0° / 90°) are interlaced - warp and weft; in knitting, two directional fibres (0° /
90°) are drawn by loops of yarns over previous loops, whereas in braiding the fibres are
typically limited to only one direction by intertwining. Most commonly used 2D
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preform designs are classified as Plain [181], Twill, Satin [175] or Matt, the
designations being based on the number of fibre tows used and the positions in which
they are laid. Each preform design pattern, and the processing techniques used, offers

different benefits and limitations, as outlined in Table 4.

Nevertheless, in the 2D preforms, the fibres are oriented only in the plane of the
laminate and are therefore vulnerable to delamination. Therefore through thickness fibre
reinforcement has been included to develop three-dimensional (3D) fibre reinforced
structures. Consequently, efforts have been carried out to modify the 2D preform
structures for additional in plane support using simple techniques such as stitching and
needling [182] and the results are referred as 2.5D preform structures [179], [183]—
[185]. Extensive research developments and products have been carried out using 2.5D
carbon fibre preforms from Surface Transforms, UK, in the past decade [17], [179],
[186]-[189]. Fig. 5 shows the structure of their preform; it is made of PANOX fibres
and very easy to fill with a UHTC powder matrix. In addition the filled 2.5D fibre
architectures have shown some promising resistance to mechanical stresses [179] and

thermoablative properties as well [18], [187].

Further to the simple developments, complex 3D preform structures have also
developed through advancements of computational analysis and robotic manufacturing
technologies. Triaxial fibres of different orientation, referred to as 3D structures are
made using various methods such as weaving, knitting and braiding. Based on the
fibres’ interlocking position, the 3D woven structures are further classified as layer to
layer, angle and orthogonal interlock weave as shown in Table 4. The weaving design
provides moderate properties and can be automated, but there are limits to the shape and
drapability [190]. The 3D braided structure is suitable for complex shapes along with
offering a good balance of in-plane and out-of-plane properties [191]. Some of the other

techniques used for making 3D structure are like stitching, needling [192] and noobing.

Noobed structures are defined by a new process of producing 3D structured by
non-interlacing, orienting orthogonally the three sets of yarns and integrating the
structured through binding [193]. It is a new 3D technology and is being explored with
carbon, SiC and oxide ceramic fibres. The noobed structures can be uniaxial or

multiaxial, which include an additional set of yarns placed in the £0° direction, as
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shown in Table 4 [193]. The main advantage of the noobed preform is that the fibres are
uncrimped and their paths are nearly orthogonal to each other.

Although the well-established 3D manufacturing methods have been
demonstrated to produce near net-shape structures directly, control is essential to avoid
damage occurring by the insertion of the through-thickness reinforcement, which will
decrease the mechanical properties of the resulting 3D composites. Subsequently, in
order to achieve the targeted outcome, the fibre preform design has to match with a
suitable further matrix densification process to achieve the required performance, as

detailed in the following sections.

Selection of a suitable preform is based on the required properties for the intended
application and compatibility for the chosen fabrication process. In addition, cost and
availability in the required shapes, sizes & quantities also are important. Structure-
texture and properties are correlated with each other, hence obtaining tailored structures
and textures is very important when targeting demanding mechanical & thermal
properties. Processing method, type and conditions all play a role in achieving this and

hence the next section covers the different methods used to obtain the UHTCMC:s.

Materials processing

Various processing methods for UHTCMCs are reported in the literature and Fig. 6
summarises the different approaches considered. Details of each method are discussed
in the following sections, whilst their advantages and disadvantages are summarised in
Table 5.

PIP process

Precursor infiltration and pyrolysis (PIP) is a green-forming procedure, an
overview of which is depicted in Fig.7. A liquid chemical precursor is introduced to a
reinforcement phase and subsequently pyrolysed at elevated temperatures. The
pyrolysis reaction yields the required ceramic product, which is retained within the
preform body. Due to the lower-than 100% efficiency of this process, the evolution of
gaseous by-product and volume shrinkage from precursor to ceramic, this process must

be performed iteratively many times, often a dozen or more, until a matrix of the desired
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or otherwise limiting density is achieved.

Optimisation of the process requires achieving a high ceramic density whilst
limiting the number of energy-intensive pyrolysis steps. Hence, a high ceramic yield
from precursors is important and the precursor choice is critical. There are many
instances in the literature of precursors for ZrB,, ZrC, HfC and HfB, ceramics. Xie et al.
[194] used a polymeric zirconium cyclopentadienyl / boron hydride species, Fig. [194],
which led to a ceramic conversion yield of 65.5 wt% at 1200°C for 1 hour in inert
conditions. The temperature of the pyrolysis was found to be critical with respect to
ceramic product distribution. At 1200°C, a product ratioof 4 : 0: 1 ZrB, : ZrC : ZrO>
was obtained, which tended to 9 : 1 : 0 at 1800°C, though higher temperatures have,
historically, been associated with graphitisation of carbon fibres [195]. The material
possessed terminal vinyl groups to prevent excessive polymerisation of the precursor,
thereby reducing precursor viscosity. In a previous study [196], an unmodified material
lacking these groups showed a similar ceramic yield but poorer product ratio with
respect to ZrB». This highlights the significance that physical properties such as

viscosity or polymer conformation may have on precursor efficacy.

Zhang et al. [197], Zhao et al. [198] and He et al. [199] all used an ‘organic
zirconium-containing polymer’ sourced from the Institute of Process Engineering from
the Chinese Academy of Sciences, which produced both ZrC and ZrB>. Zhang et al.
[198] described a ceramic yield of around 30 wt%, whereas He et al. [199] reported a
ceramic yield of 45 wt% at 1500°C and described the structure as a mixture of a
polymeric zirconium complex of acetyl acetate and butoxide ligands, and an
aminopolyborazine. The apparent range in ceramic yield is interesting and may reflect
the pyrolysis temperature, given broadly as 1400 — 1600°C for 2 hours by Zhao et al.
[198], but not given at all in the work of Zhang et al. [197].

Zhang et al. [200] produced 2D C / C-ZrB,-ZrC-SiC composites from a similar
combination of organic zirconium polymer and a polyborazine. The zirconium polymer
alone could generate a ZrC phase at a ceramic yield of 44 wt%, which improved to 60
wit% for the ZrB, when combined with the polyborazine. The mixed precursor had a
very low viscosity (5 x 102 Pa s) and the product ratio was seen to be controlled by both
the pyrolysis temperature and the B : Zr molar ratio in the precursor mixture. Ratios of 1

: 1 generated both ZrB; and ZrN phases, whilst 2 : 1 was found to yield ZrB; in the
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highest proportion. Ratios greater than this produced more complicated mixtures of
ceramic phases, including boride, carbide, oxide and free carbon. 1650°C was the
lowest pyrolysis temperature at which ZrB; was the thermodynamic product of the
reaction, whereas at 1800°C it became the only major product. The mixed precursor

required 16 PIP cycles to generate maximum density.

Mixed ceramic phases can be produced from some precursors, which in the case
of ZrB,-SiC-based ceramics may be ideal for moderate temperature applications. Lv et
al. [201] fabricated ZrC / ZrB»-SiC fibres from a mixed precursor of a zirconium
cyclopentadienyl alkyl silane polymer with polyaminoborazine. The creation of both the
UHTC phase with the self-healing SiC elements produced superior oxidation protection

in temperature regimes up to 1650°C.

Whilst achieving mixed ceramic phases may be desirable in some applications,
interpenetration of different ceramic phases of different crystal structures is difficult to
control and may, in some cases, cause microstructural or application-based
complications that detract from the overall usefulness of components. Producing pure
phases of UHTC from PIP routes is, as has been described, complicated by the
thermodynamic proclivity for the formation of other carbide, nitride and oxide phases
due to the precursors frequently used. Li et al. [202] reported the production of ZrB>
phase from polyzirconoxane ([ZrCI(OCH2CH,0OH)(OH)2(H20)]) [203], [204] boric acid
and phenolic resin with pyrolysis at 1600°C; only small quantities of ZrC were present

as an impurity.

Reports of the production of hafnium-based ceramics from PIP are fewer in
number. Given the similarity of organozirconium and organohafnium chemistries, this
is likely to be primarily due to material cost; hafnium-based chemicals tend to be much
more expensive than zirconium-based chemicals though the resulting ceramic has much
better oxidation and ablation resistance [33]. Nevertheless, the description of precursors
for the HfC / HfB. systems are sparse [168]. Patra et al. [205] produced a
hafnium/hydroxyquinone complex from hafnium tetrachloride for the production of
HfC. Yan et al. [159] used an in-situ gelation method with an HfFOCI..8H,0 salt, citric
acid and ethylene glycol to produce a network where the glycol ester of citric acid
complexes the Hf metal centres, this could then be pyrolysed to produce the HfC

ceramic phase. This method has the potential of being industrially flexible in that the
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precursor uses an aqueous solvent with environmentally benign gelling agents and the
viscosity of the solution is tuneable based on the ethylene glycol: citric acid ratio. In
contrast to the details provided by Yan et al. [159], however, many authors simply state
the use of ‘an HfC precursor’ [206], [207]. The provision of greater detail in the
composition and thermodynamics of developmental materials is beneficial to the growth
of the area as a whole.

Issues with the PIP method centre around the microstructures produced,
especially considering the numerous high temperature cycles required for densification
and the frequent evolution of gaseous by-products. Many authors [182], [208] have
reported that significant fibre degradation happens during the reaction of the carbon
fibres with the precursor materials. This can result in either stronger bonding to fibres or
loss of the structural integrity of the fibres, either causing a reduction in the degree of
toughening achieved. The use of interphases coated onto the fibres to protect from this
degradation [182], [209] has shown some improvements in mechanical properties.
Having said that, the interphase coating, which is often PyC or SiC, can reduce the
penetration of UHTC powders into the fibre tows. As a result, the in-situ UHTC content
is low in close proximity to the fibres, which could result in poor oxidation protection.
Pores are also generated during the volume shrinkage from precursor phase to ceramic
[208], [210]-[212]. Pores and cracks generally form as the precursors shrink and any
gaseous reaction products are evolved. Whilst these pathways allow pressure release

from within the ceramic, they also allow oxygen ingress during testing or when in use.

Ziegler et al. [211] reported that the volume changes produce residual
compressive stresses at the fibre / matrix interface, which resulted in the embrittlement
of the CMC as density increased. It was observed that the direction of the shrinkage,
towards or away from the fibres, was highly dependent upon local geometry. Reduction
of the number of PIP cycles was clearly dependent upon the ceramic yield of the
material [211]. King et al. [213] increased the ceramic yield of a SiC precursor by up to
7% by heat-treatments of the liquid before pyrolysis, this removed the more volatile
oligomeric precursors that limited the ceramic yield. Heat treatments can also improve
the rheological properties of the precursor liquid; Ziegler et al. [211] observed that by
choosing precursors capable of chemical cross-linking at lower temperatures allowed

the precursor to solidify within the reinforcement, minimising losses due to evaporation
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or dripping as a result of gravity. Ziegler et al. [211] further suggested that precursors
which underwent addition rather than condensation mechanisms were preferable in that
mass loss and the creation of porous channels were both reduced. The wetting and
rheological properties also need to be tuned whenever possible. The PIP process fills
porosity by capillary pressure and Yan et al. [212] noted that high volumes of intertow
porosity are apparent; superior interfacial energy balances between the substrate,
precursor and atmosphere would result in superior coating and infiltration of the

precursors.

Reactive melt infiltration

Reactive melt infiltration (RMI) is the introduction of a molten metal, typically
zirconium in the case of UHTCMC fabrication, into a porous fibrous preform in-situ
where it reacts with either pre-matrix carbon or boron phase to form the UHTC phase
with a high matrix density. This is not an iterative process, hence there must be a high
ceramic yield with the correct molar and spatial balance of pre-matrix, typically
deposited by CVI (see next section), and the reactive melt to form a dense homogeneous
matrix [207] as shown in Fig. 9. This is the technique, for example, that has been
pioneered for the mass production of SiC¢/ SiC CMCs by General Electric [214] for
their advanced civilian aerospace engine. These CMCs were the first to be used
commercially in the civil aviation industry on General Electric’s CFM LEAP engines
[214] that were launched in 2016.

The reactive metal infiltration processes has several advantages[215], [216]: (i)
it produces a near fully dense matrix; (ii) the processing time is shorter than for most
ceramic matrix composite fabrication processes and is subsequently relatively cheap;
(iii) the closed porosity at the surface can often eliminate the need for a final oxidation

resistant coating and (iv) a reaction bonded UHTC matrix is effectively produced.

The major disadvantages to this process are three-fold. For fibre composites the
high temperatures required for reactive metal infiltration exposes the carbon fibres to
very aggressive molten metals, often above 1400°C [217]. The exothermic nature of the
reaction between constituents can also further increase the temperature locally, causing

more damage [217]. The metal in this form is highly reactive and, if infiltration
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conditions are not strictly controlled, serious degradation of the carbon fibre preform
[207], [218]-[220], Fig. 9a, will occur leading to deleterious consequences on the
properties [216]. Often interface materials are needed to protect the fibres, as the CVI
matrix is not sufficient to protect the fibres entirely [197], [218], such methods have met
with limited success so far. The other major issue is the 5-10 vol% residual metallic
phases [217], as shown in Fig. 9b [216], which have relatively low oxidation resistance
and a lower melting point than the ceramic phases present. This metallic phase can lead
to accelerated creep, crack propagation and further attack when the material is operating
at high temperature [221], [222]. The final issue is due to the molten metal needing to
react with the CVI matrix to form the UHTC in-situ; the reaction rate is limited by a
number of factors, including: available surface area per volume, the molar volume of
the UHTC produced, the thickness of the reaction barrier and the rate with which the
fibre preforms becomes saturated [223]. One of the pivotal characteristics of the RMI
process is the wettability of the transition metal alloy on the substrate. Table 6 [207],
[220], [224]-[232] describes a number of alloying elements that have been successfully
used to introduce zirconium into carbon fibre preforms to form ZrC and ZrB; in-situ.
The literature is very limited in terms of hafnium infiltration and non-existent in terms
of the production of hafnium diboride via this method to date. It is assumed that due to
the proximity of hafnium and zirconium in the periodic table, the alloying elements
needed to improve wetting characteristics will be somewhat similar as their effective

nuclear charge is similar [233].

The RMI process is attractive for fabricating high density, continuous fibre
reinforced UHTC composites. However, the process has limitations such as the
presence of residual metal phase, liquid metal corrosion of fibres, etc. as discussed more
generally above [223]. Nevertheless, as stated it has already been commercialised for
SiCt — SiCm composites [214].

Chemical vapour infiltration processing
The use of chemical vapour infiltration (CVI) to deposit UHTC matrices is still
very much a developing processing technique in the densification of UHTCMCs.

However, there has been a relatively large body of research conducted on the deposition

rather than infiltration of said matrices using chemical vapour deposition (CVD), a
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somewhat similar process. CVVD works on the same basic principal of the thermal
decomposition of a reactive gaseous mixture to form a solid product [234], in this case a
UHTC layer or coating. It is proven that UHTC coatings deposited by CVD on C/C
substrates can provide enhanced oxidation resistance and reduce ablation rate up to one
order of magnitude [10], [235]. This is accompanied by the production of a number of
chemical by-products, typically HCI and HF, which are exhausted out of the reaction
chamber along with any unreacted precursor gases. It is a relatively low temperature
and low-pressure densification route compared to other advanced manufacturing
methods and can be very versatile since a wide range of material compositions can be
produced, as shown in Table 7 [236], [237]. Fig. 10 presents a schematic of the growth
of the ceramic deposit on the cross section of the fibres to the point of full densification
by CVI.

The resultant solid deposit is dense, fine grained (from a few to hundreds of
nanometres) and potentially free from impurities if processing is controlled correctly
[236], [237]. It is particularly suitable for the deposition of carbides and borides, which
otherwise require high-temperature processing based on sintering techniques. Multiple
compositions can also be infiltrated by alternating the gaseous precursors introduced
into the reaction chamber [235], [238]-[241]; giving the ability to tailor microstructures,
which can also be controlled by tuning the process parameters including temperature,
chamber pressure and feed rate of the precursor. The main advantages and

disadvantages of CVI are summarised in Table 5.

Isothermal CVI, ICVI, is the most well-known and commonly used process by
industry and although the benefits are evident, ICVI (Fig. 11a) suffers from a main
drawback. The deposition occurs preferentially near the outer surface where the
concentration of reactants, and often the temperature, is highest [237]. As a result,
“crusting” occurs and seals the porosity at the surface of the preform prematurely, this
requires the infiltration to be stopped and the porosity to be reopened by machining. In
order to reduce the extent of crusting, the possibilities are to: i) decrease the process
temperature, though this decreases the deposition rate and hence increases the process
time, or ii) work at reduced pressure improving the gas diffusion in the preform.
Nevertheless, as result of crusting, the processing time can be up to 2000 hours and

hence the process is not cheap [242]-[244].
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Overall, the process is complex because it requires detailed awareness of the
reaction chemistry, kinetics, temperature distribution, heat source, pressure and preform
geometry [245], [246]. The final microstructure depends on all these variables and
hence so do the thermo-mechanical properties. On this basis, a variety of CVI processes
have been developed which can classified by: i) temperature, ii) pressure and iii)
heating method [247] as shown in the Table 8 [242]. For example, the deposition can be
conducted in both hot-wall and cold-wall reactors, at chamber pressures as low as 100 -
107 Pa or at above-atmospheric pressure, with and without carrier gases, and at
temperatures typically ranging from 200-1600°C. There are also a variety of enhanced
CVI processes that involve the use of plasmas, lasers, hot filaments, or combustion
reactions to increase deposition rates and/or lower deposition temperatures. A thermal
gradient can be applied as shown in Fig. 11b, radiantly or inductively, to the fibre
preform [242], [248]. This gradient causes the deposition to occur preferentially in the
hot zone at a faster rate and the densification front then proceeds from the hotter zone
toward the cooler region as the hot zone moves as a result of the changing thermal
conductivity of the product. The gas phase flows into the cooler side of the preform so
that the gas does not encounter a sealed region and can proceed unimpeded to the
reaction zone. The advantage is a shorter infiltration time compared to isothermal CVI,
typically only about 120 h. One preform can be densified per run, however, and
controlling the deposition is difficult without very sophisticated and hence expensive

temperature control systems [242].

In terms of kinetics of the ceramic deposition from the gas phase, this is highly
dependent on the processing variables and is gaseous species specific, though reaction
rates have been described in a number of models [249]-[253]. In terms of the physical
deposition rate, this is again reported for UHTC matrices in the CVD literature and can
be somewhat translational in terms of the ceramic material deposited, though due to the
diffusion times being slower in CVI rates are always lower [249].

In summary, the CVI process is very useful in that it enables the formation of
reasonably dense, complex-shaped components at low processing temperatures that do
not damage the fibres used for reinforcement. There is also the ability to create different
matrix compositions and to achieve high purity whilst tailoring the microstructure.

However, it is an intrinsically slow process and therefore the product can be expensive.

Page 30 of 92



O©CoO~NOOTA~AWNE

Amongst the different variations developed to overcome the limitations, one of the most
promising currently is the use of microwave or radio frequency energy assisted CVI due
to the ability to create an inverse thermal gradient profile, Fig. 11f, compared to
conventional heating, Fig. 11a. This greatly reduces the process times, whilst retaining
all of the advantages of the fundamental CVI process. However, it should be noted that
this process is still limited to laboratory scale and so further work is needed before it
can be commercialised. Currently there is no published literature showing fully dense

UHTCMCs but such work is currently underway throughout the world [254].

Slurry impregnation process

The slurry impregnation process (SIP) is perhaps the most common technique
used to produce continuous fibre-reinforced ceramic composites. This process involves
impregnating the fibres / woven fabrics by introducing a slurry made out of matrix
powder. The slurry is generally prepared by ball milling the powder along with a binder
and dispersant in a suitable solvent (aqueous or non-aqueous) using appropriate milling
media that matches with the matrix material in terms of composition (to reduce
deleterious impurities) and hardness [255]. After impregnation, the organics are
removed in the drying stage and, if required because the powder is a precursor, the
‘green’ composite can be pyrolysed at elevated temperatures in a controlled atmosphere
to avoid fibre degradation. The powder introduced via the slurry to create the matrix
could have one of several different compositions or a mixture of them, including SiC,
UHTCs, or their precursors.

Lange et al. [256], reported that the impregnation of a dry, porous medium with
slurry typically occurs by capillary forces and / or applied pressure. The flow of liquid

into a porous medium by differential pressure, AP, is described by Darcy’s law:
h = (2KAP/M)Y?t* (1)

where h is the distance the liquid penetrates in a time period t, K the permeability of the

porous body and n is the viscosity of the slurry.

The permeability has been related with the pore size [257]:
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K = ¢m?/ko 2

where ¢ is the pore fraction, m the mean hydraulic radius (pore fraction divided by the

wetted surface area) and ko a constant.

Lange et al. [256] studied the factors influencing the infiltration of slurry into a
porous structure, such as a fibrous preform, in detail and suggested that the particle-to-
fibre diameter ratio plays a vital role in the packing density of the matrix powder around
the fibres. The viscosity and the pore size of the preform are the key factors influencing
the infiltration kinetics, which can be improved by increasing the capillarity and the
external force applied. The latter can be achieved by either squeezing the fibres or
preforms [18] or using pressure-assisted methods [10], [17], [258], but these techniques
can open up undesirable voids between the fibres and/or deteriorate the homogeneity of
the fibre orientations. To achieve a high enough densification level without risking
damaging the structure of the porous body, several impregnation / pyrolysis sequences
(typically 6 to 10 and sometimes even more) have therefore to be performed, which is

time consuming and reduces the economics of the process.

When the required powder-to-fibre ratio is not met, the distribution of powder
into the stacked fibres or preforms can fail to be sufficiently homogeneous across the
sample; it is common for the powder to be concentrated in the first fabric layers at the
surface. For example, Paul et al. [18] fabricated hybrid UHTC composites using 2.5D
C-fibre preforms (containing 23 vol% fibres) using vacuum impregnation but only
succeeded in getting ~7 mm of UHTC powder penetration into 17 mm thick samples,
Fig. 12 [17], whilst Tang et al. [10] only obtained ~2 mm of penetration for 28 — 30
vol% fibre preforms, Fig. 13 [10]. Lee et al. [258] developed a modified infiltration
technique using a mould with a deformable foil at the bottom, Fig. 14 [258]. When
using conventional pressure casting, the relative density of the samples decreased with
increasing slurry solids loading, a consequence of the incomplete infiltration of the
slurry, but when the fabrics were subjected to deformation casting, the density increased
even with increasing solid loading. Concentrated slurries with solids loading of up to 43

vol% have been successfully injected homogeneously into the fabrics [258].

A slurry injection method has been used by multiple authors to produce

components of high ceramic homogeneity in fibre reinforcements characteristically
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difficult to impregnate[61], [179], [186]. Very recently, Hu et al. [61] impregnated a 3D
needle punched preform with and ethanol-based ZrC and SiC slurry to a green body
relative density of 42% via this method, though the porosity distribution was not
presented in detail, nor were the original fibre volume of the preforms reported.
Extensive work done at the University of Birmingham[179], [186] has characterised the
injection process for UHTCMCs, showing clearly with X-ray computed tomography
(micro-CT) the development of the ceramic distribution via the injection method and
the required parameters to maximise the extent of impregnation for HfB: slurries in

2.5D Cs preforms.

Other methods

The primary processing methods used, such as PIP, RMI, CVI and SIP, to create
fine-grained UHTC matrices in continuous fibre preforms have been discussed in the
previous sections. As indicated, each has its advantages and disadvantages. A number of
other processes have been investigated, however, including: sputter deposition [259]—
[261]; electroplating / electrophoretic deposition (EPD) [259], [261], [262]; electron
beam irradiation [260], [263]; liquid precursor methods [260], [264], [265]; slurry
coating [260], [266]; chemical liquid vapour deposition (CLVD) [267]; and pack
cementation [260], [268], [269]. Each method offers specific advantages in terms of
control of material composition, deposit thickness or cost, enabling the development of
a wide range of microstructures and configurations. As just one example, EPD requires
only simple equipment and low cost operating conditions [262], [270], [271].
Nevertheless, these methods have not yet been explored extensively for UTHCMCs. A
summary of the few available reports involving these techniques are briefly described

below.

Pack cementation has been investigated by Li et al. [262], who incorporated a
SiC nanowire — SiC — Si/SiC — ZrB, — ZrC matrix in a C/C composite via a three-step
process involving pack cementation, EPD and a final pack cementation step. Meanwhile
Tao et al. [272] prepared a ZrB, — SiC — Si/B-modified SiC coating on the surface of
carbon/carbon composites by a two-step pack cementation process at 1900°C and Yao
et al. [273] prepared a ZrB2 — SiC coating on carbon/carbon composites also using a
pack cementation process with Si, ZrB,, and B>Os powders at 1900-2200°C.
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Corral et al. [274] developed UHTC coatings on C/C composites using
inorganic—organic precursor solutions for infiltration and heat treatment at high
temperatures (up to 2300°C) to convert them to borides and carbides. Zou et al. [230]
infiltrated Zr melt into porous C/C to form ZrC coatings whilst Jayaseelan et al. [260]
reported using a reactive infiltration process (RIP) to infiltrate porous carbon fibre
reinforced carbon (C/C) composite hollow tubes with ZrB: particles by using inorganic—
organic hybrid precursors of zirconium oxychloride (ZrOCl,-8H20), boric acid and
phenolic resin. He et al. [267] recently reported a CLVD process to prepare C/C — ZrC
composites by using the precursors [(C4HsO)Zr2]n) and liquid xylene (CgH1o) in the
temperature range of 800-1100°C and obtained a density of ~90% of theoretical.

Although these techniques enable the infiltration of nano-size particles and pure
phase compounds, a major limitation is in achieving sufficient penetration of liquid
precursors into preforms and hence the achievement of full densities. Many times,
further densification has to be carried out by hot pressing, spark plasma sintering (SPS),
CVI, etc. in order to obtain the required degree of densification. For example, Galizia et
al. [275] produced C#ZrB, UHTCMCs by electrophoretic deposition (EPD) of ZrB; on
unidirectional carbon fibers followed by ZrB: infiltration and hot pressing. More details
on densification of UHTCMCs by hot pressing (HP), SPS, pressureless sintering (PS)

and hot isostatic pressing (HIP) are given in the next section.

Sintering approaches

HP, SPS, HIP and pressureless

As applied to UHTCMCs, the hot pressing (HP) technique comprises three main
steps [221]:

1) The continuous fibrous reinforcement is coated with interphase layers, typically
pyrolytic carbon [276] or ceramic [275], [277] to enhance the fracture toughness of the

composite and protect the fibres during pressing.

2) The continuous fibres are impregnated with UHTC particles in the form of slurry
and consolidated by vacuum bagging [276], [278]-[280], or cold compaction/lamination
[276], [277]. If short fibres are used as reinforcement [92], [95], [113], [114], [118] a
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more traditional approach is the use of ball milling of the UHTC powders and short
fibres as a slurry, followed by drying and uniaxial cold pressing.

3) The assembly is sintered at high temperature (1600-2100°C) and pressure (~20-
100 MPa) by HP, HP, SPS or PS.

As a result of the high refractoriness of UHTCs, the temperature and the pressure
applied need to be much higher compared to other manufacturing processes, e.g. CVI
and PIP. One advantage is that the matrix is sintered and thus can contribute to the
structural properties and act as thermal barrier for the carbon fibres; another is that the
fibre content can be up to 70 vol% [279]. A high relative density is usually achieved
(>90%) [278], [281] leading to a high modulus and strength to rupture.

The process is typically fast, taking approximately one working day for the
production of the green composite and a few hours for sintering [279]. The high
temperature and pressure involved during the sintering stage, however, are reported to
be responsible for fibre degradation and chemical interaction between the fibres and
matrix, which leads to the formation of strong but brittle phases at the interfaces [92].
As an example, the creation of carbides were ascribed to the carboreduction of the
oxides impurities (ZrO2 and SiO-), naturally present in the UHTC powders, promoted
by the carbon fibres [92], [95], [113] (see Fig. [113]). These phases dictate the
mechanical behaviour of the UHTCMCs.

As a result, one of the main efforts has been to reduce the sintering conditions by
using sintering aids. The use of, for example, 5 vol% of SisNs or 10 vol% of ZrSiy,
TaSi> or MoSi2 has been investigated because of their proved efficacy in promoting
densification and oxidation resistance [95], [113]. Sintering temperature onset was
shown to lie in the range 1550-1580°C, compared to at least 1900°C for the ZrB; [33].
Despite the reduction of the sintering temperature, the formation of SiC and ZrC
surrounding the fibres was still observed. However, as discussed by Zoli et al. [281],
despite the formation of brittle phases, pull-out still occurs because of the onion-like
structure of the carbon fibres. It has also been reported that other mechanisms of
toughening are activated, either crack deflection [275] or, in weak matrix composites
such as porous CsZrB; [279] , with a fracture mechanism similar to that which occurs in
oxide-oxide CMCs [282]. Table 9 [275], [276], [278], [279], [281], [283] summarises
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the thermomechanical behaviour achieved by hot pressed UHTCMCs, including
microstructural and physical properties.

The sintering stage has also been carried out by spark plasma sintering (SPS) [110],
[284], [285]. This enables the sintering of ceramics in a short time because of the high
heating ramp rate (~1000°C/min) and reduced dwell time (a few minutes), potentially
diminishing the interaction time of the fibre with the matrix [110]. The relative density
of 96.7% achieved for samples of ZrB. — Cs sintered at 1900°C was significantly higher
than for analogous specimens produced by conventional hot pressing, which achieved
only 85% of their theoretical density. Lee et al. [284] investigated the effect of
temperature on the integrity of composites made of SiC fibres (Hi-Nicalon Type S with
200 nm of BN coating) in a matrix of ZrB2 with MoSiz, B4C and carbon additives.
Brittleness of the composite was observed when sintering occurred above 1600°C; it
was ascribed to fibre degradation, growth of the ZrB> grains into the rather soft BN and
the decomposition of BN due to the reaction with ZrO,, B4C and C.

Relatively little work has been done on hot isostatic pressing, HIP, and pressureless
sintering: temperatures as high as 2000°C have been employed for C¢-ZrB; with 20
vol% of SiC and a pressure of 105 MPa for C¢-TaC sintered by HIP [277]. Nasiri et al.
[117] used pressureless sintering for C+ZrB> composites but using temperatures in
excess of 2100°C. Tallon has also used pressureless sintering for porous UHTCs [286],

though these are not composites and hence will not be discussed further here.

In summary, hot pressing is the most common route for the processing of
UHTCMCs and it both reduces the processing times and allows high densities to be
achieved. However, the high pressure and temperature involved are detrimental for the
integrity of the reinforcement. Use of sintering aids alleviate the sintering conditions,
but they are often responsible of the formation of brittle phases at the interface fibre-
matrix and, hence, only a marginal increase in the fracture toughness of the material is
observed when they are used. SPS promotes densification at lower temperatures and in
shorter times, but additives, external pressure and high temperatures (if compared to
other manufacturing process such as RMI and CVI) are still required. Relatively few
projects have explored the use of pressureless sintering and HIP for UHTCMCs

although they have the advantage of manufacturing near-net shape components.
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Material characterisation

The quality of the fabricated UHTCMCs can be determined by microstructural
characterisation and the evaluation of mechanical and thermal properties. The
influences of various methods of fabrication and the type of matrix and second phase on

these properties are described in this section.

Microstructural characterisation

No matter which shaping approach is adopted, composites with fine grains and
well distributed secondary phases are generally desired for the particulate / chopped
fibre reinforced UHTCs [33]. The elimination of large agglomerates is helpful to reduce
the size of the critical flaws and therefore improve the strength and reliability of the
ceramics [287]. However, in practice, microstructures of UHTCMCs can be
inhomogeneous and are highly dependent on the processing methods and preform used.
For example, typical defects in the as-sintered 1D - C¢/ ZrB> composite (stacked cross -
ply 0 —90°, Fig. 16) include lenticular-shaped voids and vertical cracks in the ceramic
layer, Fig. 16a [279]. Further investigation indicated that micro- and macro-cracks
generated by the TEC mismatch between the fibre and matrix could be reduced if the C¢
bundles were aligned unidirectionally at the adjacent layers, Fig. 16b [281]. Moreover,
the elimination of such defects could be realized by optimizing the green forming

approach, although no details have been reported [288].

For the Cs- UHTC powder composites prepared by SIP technology (see section
on SIP), the distribution of UHTC powder was related to the porosity in the preform, the
direction of infiltration and the rheological properties of the slurry [10], [18], [179],
[289]. Taking 2.5D - Cs preforms as an example, UHTCs powders were found to
concentrate at the regions near the surface where the slurry infiltration occurred, Fig.
13a [10]. The as-infiltrated green body was subsequently subjected to an isothermal
CVI process and the pyrolytic carbon (PyC) deposited on the fibre could be clearly seen,
as shown in Fig. 17 [10]. The PyC was infiltrated into the voids between the carbon
fibres and the UHTC particles, integrating the particles into the composites, Fig. 17. It
worth noting that the powders prefer concentrating into the area near the surface and the

random layers in the preform, Fig. 18 [18], during SIP, the random layer with larger
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pore size and higher porosity was generated as result of the Surface Transform’s

needling process.

Typical microstructures for UHTCMCs prepared by PIP (see section on PIP) are
similar to those of composites made using SIP. However, much finer UHTC particles
(down to ~1 um) could be seen in the sample produced by PIP due to the nature of the
process; PIP involves pyrolysis of precursors [290], [291]. Taking a C/C—ZrB,—ZrC—
SiC composite as an example, submicron-sized ZrB;, SiC and ZrC particles were found
to pack loosely in the voids between the carbon fibre bundles, Fig. 19a [290]. Large
agglomeration with a core (ZrBy) - shell (ZrC-SiC) structure can also be seen in this
sample, Fig. 19b [290]. Since the viscosity of the precursor is lower than that of typical

powder-based slurries, the particles infiltrated deeper during PIP processing.

As described in section on sintering, HP & SPS are normally used to further
densify green bodies prepared by SIP or PIP to reduce the porosity in the UHTCMCs.
Fig. 20 [289] shows a typical interface in C#/ZrB2>—SiC composites densified by SIP and
HIP. Elemental mappings indicate that, apart from limited ZrO, particles, no other
phase from the reaction between fibre and matrix were observed, Fig. 20 [289]. The
interfacial reaction was avoided by impregnation of the slurry prepared from nano-sized
ZrBy into the Cs preform. Benefiting from the better sinterability of nano-sized powders,

the post - sintering temperature for such composites was reduced to 1400°C [292].

Although reports of ZrC and ZrB, CVD coatings on the Cs preforms exist [293],
investigations into the use of CVI to deposit a UHTC matrix in fibre preforms are rather
limited.[249]. The most widely infiltrated substances during CV1 are C and SiC. The
effect of the interface with the carbon fibre and its influence on ZrC powder infiltration
and the subsequent SiC - CVI process was investigated by Wang et al. [294]. The
resulting images with different interfaces are compared in Fig. 21 [294]. Carbon
deposition (or C - SiC deposition) on the carbon filaments facilitated the connection of
the fibres, which retarded the further infiltration of ZrC particles into the wrapped
carbon bundle. Therefore, a higher ZrC percentage was realized in the composite

without a carbon interface, Fig. 21a.

Typical microstructures of UHTCMCs densified by RMI are compared in Fig.
22 [295]-[297]. Firstly, as indicated previously, RMI normally results in a high relative
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density for the UHTCMC, hence, as expected, limited porosity can be observed in either
the C+#/ZrC [295] or C#/ZrC-SiC [296] composites. Secondly, according to the different
reactions during RMI, trace amount of unreacted materials with lower melting
temperature are typically found as the residual phase in the final samples, e.g. a - Zr in
Ct/Zr, Fig. 22a, and ZrSi in C/ZrB>-SiC-ZrC, Fig. 22¢ & d. In a recent study [297],
(Ti, Zr)C formed from a metal melt of TiosZro.2 and PyC during RMI could be further
converted into ZrogTio.2Co.74Bo.26. The microstructure of this novel composite was
composed of a surface Ti—Zr-B—C coating and C¢/Ti—Zr—B—C-SiC matrix, as shown in
Fig. 22e. PIP could also be combined with both RMI and CV1 in order to achieve better
microstructures for improved desired properties [294]. C+/ZrC—SiC composites were
fabricated via RMI of Si into C+/ZrC—C preforms [296]. The protective PyC coating on
the Cr was generated by CVI, whilst the slurry infiltrated ZrC particles consumed the
molten Si during the RMI process, which resulted in forming ZrSi> and SiC products
and a much denser and finer microstructure was obtained, Fig. 22¢ & d.

In summary, as expected, the microstructure obtained depends very strongly on
the process route used to prepare the UHTCMCs and the microstructure, as well as the
composition, directly affects the resultant properties. Hence it is essential to design the
microstructure and then select the best processing route to achieve it if the targeted
properties are to be obtained. To achieve this with UHTCMCs, a combination of two or

more techniques, yielding a hybrid process route, may be the best route forward [249].

Mechanical Properties

As a baseline material for UHTCs, the strength, fracture toughness and hardness
of ZrB»-SiC particle reinforced composites (ZSp) have been the most investigated [33].
Results have shown that the fracture strength of ZS, at room temperature has more
relied on the grain size of the SiC rather than that of the ZrB; when the SiC particle
size increased in ZrB»-SiC systems, both the strength and toughness of the ceramics
decreased accordingly [298]. The high temperature strength of UHTCs has been found
to be related to the grain boundary phase; the softening of these phases causes the
strength degradation at elevated temperatures [188], [299]-[302]. By removing the
oxide impurities via adding WC in ZrB»-SiC, strong ZrB>-SiC-WC ceramics without
strength degradation up to 2000°C have been successfully developed [303]-[305]. The
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mechanical properties of monolithic and particulate reinforced UHTCs have been well
reviewed; interested readers can find more information from [33]. This chapter will

therefore focus mainly on the mechanical properties of UHTCMCs.

The flexural strength and elastic modulus of selected UHTCMCs are compared
in Table 10 [179], [192], [227], [279], [281], [294]-[296], [306]—[308], together with
the open porosity. It can be seen that samples produced using RMI result in lower open
porosity, typically <10% [191], [227], [296], [306]. When an additional and subsequent
hot-pressing stage was utilised, even lower open porosity, <5%, was observed [281].
The pore / filler size and its distribution in the porous preforms are also very important
for reducing the voids in composites, since they are related to the capillary pressure
driving force for the melt during RMI. It is worth noting, however, that lower open
porosity doesn’t always mean higher flexural strength. In fact, the flexural strength
values of many UHTCMCs, especially those produced by RMI, are typically less than
200 MPa. Low strengths have also been observed for samples made by hot pressing
(HP) stacked 1D or 2D fabrics [279]; detailed investigations showed that defects such as
cracks and voids were readily observed in these samples [191], [227], [279], [295],
[307]. For both the RMI and HP, the low strengths probably result from the presence of
residual stresses, which, in turn, will arise during cooling after densification as a result
of CTE mismatch between the matrix, fibre and / or unreacted alloy. Defects are most
likely to occur in the dense samples where there is no free space to release the stress,
reinforcing the reason why the strengths are typically lower for composites made by
RMI and HP compared to materials formed by a combination of PIP and CVI1 [294]. A
detailed discussion about the effects of residual stresses on thermal damage

accumulation in Cs reinforced UHTCs can be found elsewhere [309].

Interestingly, C+/ZrC-SiC samples obtained by a modified RMI route
(infiltration of Si into nano-porous C+/ZrC-C preforms prepared by colloidal processing)
show a much higher strength of ~380 MPa [296]. The authors argued that the excellent
mechanical performance could be attributed to a denser microstructure, limited Si or C
residue, no interphase degradation and some reinforced elements in the matrix. By
carefully reducing the volume of large defects, UHTCMCs densified by post-HP have
also been shown to exhibit excellent mechanical properties and non-brittle behaviour
during flexure up to 1500°C [281].
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For C+-UHTC composites in which densification was achieved using CVI to
deposit a carbon matrix within carbon fibre preforms containing impregnated (and
unsintered) UHTC powder, a comprehensive understanding of the mechanical
performance has been provided by Rubio et al. [179]. Whether under bending,
compression or shear test, Cr plies with 0° orientation exhibited higher resistance to the
stress than the 90° plies and the random orientation layers. Also, no tensile strength

degradation was found for these composites up to 1000°C.

Although the fractural toughness is important for monolithic ceramics, its value
hasn’t been reported for UHTCMCs very often, especially for composites not densified
by sintering. It should be noted that Kic refers to the critical value of the Mode I stress
intensity factor that is measured when the plane strain condition is satisfied at the crack
tip [310]. However, due to the different fibre arrangements, the existence of interfaces
and the fracture of the fibre & matrix, different fracture modes for cracks, including but
not limited to mode I, mixed I / Il and mode 11, might coexist during a fracture
toughness test [311], [312]. Therefore, in UHTCMCs, the definition of K¢ has
generally not been strictly followed, nevertheless, the limited results available show that
the incorporations of continuous fibres into UHTCs do significantly improves Kic. For
example, the fracture toughness (determined by the chevron notched beam method) for
2D-C+/ZrB2 — SiC — SisN4 fabricated by slurry infiltration and hot-pressing reached 9.6
+ 0.7 MPa mY2 [281], a much higher value than that for ZrB,-SiC ceramics hot-pressed
under similar conditions (3 — 5 MPa m*2) [313], [314]. Even the Kic of 1D-Ci/ZrB; -
SiC composites [288] varied from 4.75 to 8.35 MPa m*2, The load-displacement curves
of all the samples during the toughness measurements displayed quasi-brittle fracture
behaviour and significant fibre bundle pull-out, whilst individual fibre pull-out was
observed for samples with a higher Kic and weaker fibre / matrix interface. This work,
however, is mainly focused on toughness arising from crack initiation resistance, which
can be regarded as rather simplistic. Compared to the particulate reinforced composites,
fibre reinforced composites are expected to exhibit significant extrinsic toughening
resulting from the pull-out of fibre with the crack propagation. Hence, initiation
toughness may not be very useful as a design parameter. Unfortunately, the crack
resistance curve, or R curve (material resistance as a function of crack extension [315],
hasn’t been well explored in the field of UHTCMCs. Limited results from fibre-glass

composites [316] show that the crack resistance is dominated by frictional dissipation
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upon the pull-out of fibres, which fracture in the wake of the crack plane. Even when
the initial toughness was at a similar level, a significant increase in crack resistance was
observed in the composite when fibre pull-out was extensive. This suggests that, as for
other composites, both the crack initiation and crack propagation resistance of
UHTCMCs can be further improved by optimising the interface between the fibre and
the matrix. A thorough analysis of the crack resistance curve for UHTCMCs is

necessary to develop the understanding of their fracture toughness.

According to the above discussion, it is clear that controlling the fibre pull-out in
a fibre-reinforced material is crucial to maximizing their mechanical performance. The
latter occurs when crack deflection along a fibre/matrix interface becomes easier than
its penetration through the fibre. He & Hutchison [317], [318] found that this
competition was reliant on the ratio of the fracture energy of the interface (G:) and the
fibre (G,), as illustrated in Fig. 23 [124]. The Dundurs’ parameter (o) in the x - axis
could be calculated based on the plane strain modulus for the fibre and matrix,

according to Eqg. (3-5).

E -E,
O = ————

E,+E, 3)
E_f:Ef(l_V?) ()
E_m =E,(1-v,) (5)

Here, subscripts f and m refer to the fibre and the matrix, respectively. E is the plane
strain modulus for the phase x; Ex and vxare the elastic moduli and Poisson’s ratio for

the fibre and matrix.

According to Fig. 23, when the fibre modulus is significantly larger than that of the
matrix, crack deflection along an interface is favourable for a wide range of G!/G.
values and so the relative strength of the interface is not critical. Porous UHTCMCs can
be classified in this way, since the modulus of the porous matrix (porosity up to about
50 — 60 vol%) is likely to be lower than that of the carbon fibre. However, if the

modulus of the fibre is similar to or smaller than that of the matrix, the ratio Gi/G. must
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be small enough (on the order of 0.25-0.5) in order to facilitate fibre pull-out [124].
Pressure-sintered UHTCMCs and composites densified by RMI usually have a denser
matrix and hence a higher modulus (e.g., the modulus of TORAYCA® T700 Cs and
dense ZrB»-SiC ceramics are 230 and ~450 GPa, respectively) and thus belong to this
category. Therefore, a weak interface must be created between the fibre and matrix to
reduce the Gic, this is usually achieved using either amorphous carbon or h-BN [124].
Such an interface engineering strategy has been well developed for the processing of
CMCs [124] and has recently also been applied in the field of UHTCMCs. Silvestroni et
al. [319] found using Si doped BN-coatings on Hi-Nicalon fibres within 25 vol%
continuous SiCs reinforced 65 vol% ZrB2- 10 vol% ZrSi, composites results in a much
higher inelastic work of fracture (108 +21 J/m?) compared to their counterparts without
the coating (3048 J/m?). Hu et al. [320] also found that C#/ZrC-SiC composites with a
PyC coating on the Cs exhibited a much higher work of fracture and fracture toughness
at room temperature compared to the same composites without the coating although the
existence of such a soft interphase slightly lowered the fracture strength of the
composite [319], [320]. In addition, it is essential to avoid any possible reactions
between the fibre and matrix during post-processing and the service of the composites
since this can undo any benefits gained by controlling the fibre / matrix interface
strength. In both of Silvestroni’s [319] and Hu’s [320] work, the interfaces, either in
the form of BN or PyC, were found to effectively hinder the fibre degradation during

processing by reducing the reactions between the fibre and the matrix.

Residual stresses and their distribution within the composite can also affect fibre
pull-out and the degree of toughening achieved. Residual stresses can accumulate in any
ceramic matrix composites during cooling from the processing temperature as a result
of the thermal expansion mismatch between the fibres and the matrix. In pressure-
sintered UHTCMCs that have achieved high density, residual stresses can occur both in
the direction normal and parallel to the fibre. In order to facilitate the pull-out of the
fibre, tensile stresses in the radial direction should exist at the fibre-matrix interface;
such condition can be met when the thermal contraction of the fibers is higher than that
of the matrix. Unfortunately, Ct has a negative coefficient of longitudinal thermal
expansion. Its axial CTE values depend on the modulus, e.g. CTE values of carbon fibre
with moduli of 200-300 GPa and 700-900 GPa are 0.4-0.8x10°%/°C and 1.6x10/°C,

respectively [321]. Such values are much smaller than those for the UHTC matrix, e.g.
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6.8 x10%/°C for ZrB; [322]. Therefore, an interface layer must be coated onto the fibres
to alter the compressive radial stresses developed in them.

Understanding the mechanical properties of UHTCMCs at elevated temperatures
is essential for understanding their performance in the service environment. Although
very limited results have been reported to date, some have been very encouraging [281],
[323]. For example, Zoli et al. [281] found the flexural strength of C¢/ZrB2-SiC-SizN4
increased from 360 MPa at RT to 550 MPa at 1500°C, this composite also exhibited
excellent thermal shock resistance. Very recently, Ding et al. [323] reported that the
interphase between fibre and matrix played an important role on the high temperature
strength of C+/SIBCN. A SiC / PyC coating on the fibre effectively avoided the
degradation of the interphase and enhanced the load transfer between the fibre and
matrix, therefore the strength of C¢/Si-B-C-N was maintained to 1600°C. The
importance of interphase on the mechanical properties of UHTCMCs has also been
highlighted elsewhere [294].

The long-time-service properties of materials subjected to cyclic (fatigue) and
constant (creep) loading are critical for certain applications of CMCs, for example
SiC+/SiC composites [324], though no results have been found to date for UHTCMCs.
The reason for the latter may be because much of the focus of the present work is on
applications that only need short service lives, typically seconds to a few minutes [18],
[183], [325]. As applications are considered that require much longer service lives, it is
likely that more attention will be given to these properties. It is assumed that, as for
other CMCs, these properties are likely to be highly reliant on the performance of the
fibre, the crack initiation resistance of the matrix and the sliding resistance between the
fibre and the matrix [33].

Thermal and electrical properties

Properties such as thermal conductivity, specific heat capacity (Cp), coefficient of
thermal expansion (CTE) and electrical conductivity are important for many high
temperature applications and these can be significantly influenced by the presence of
second phases. In addition, continuous fibre reinforced composites often exhibit
anisotropy, especially in their thermal conductivity and CTE, and the thermal and
electrical properties can be significantly affected by the level of residual porosity
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present. Thus, for many applications where the thermal and electrical properties are
critical, the chemical composition, fibre preform structure and the densification route of
the UHTCMCs will all need to be strictly controlled. Details on a range of properties
are given in Table 11 [38], [58], [98], [116], [118], [205], [210], [221], [322], [326]—
[343].

Coefficient of Thermal Expansion (CTE)

In general, UHTCs and UHTCMCs are need to have a small coefficient of thermal
expansion (CTE) because a large value can cause instability on the local surface at high
temperature as a result of an imbalance in internal thermal stresses. Comparing the data

in Table 11, the CTE of each UHTC fluctuates near 7x10° K, the variation with
temperature being relatively small and the difference between transition metal carbides
and borides not very large. From the energy point of view, generally stronger bonds
between atoms can result in lower CTE. The CTE of the monolithic UHTCs can be
affected by the presence of doped second phases such as MoSiz, TaSi», ZrSi, and SiC.
Pienti et al. [98], [333] found that doping with SiC significantly reduced the CTE of
HfC and TaC because of the lower CTE of SiC; whilst doping with TaSi> or MoSi;
caused only a minor change in value. It was also observed that residual porosity
increased the CTE, so achieving a denser UHTC reduced the CTE. Zimmermann et al.
[322] also reported that the addition of 30 vol% SiC to ZrB; resulted in a decrease in
CTE, however only at higher temperatures (1300 — 1675 K), whilst at lower
temperatures (300 — 1300 K) this effect was not observed.

The CTE of UHTCMC:s is significantly lower than that for the corresponding
UHTCs due to the much lower CTE of the carbon fibres (Cs), Table 11. The presence of
Cs can also cause anisotropy; Paul et al. [183] showed that in the plane of the Cs, the
CTE reflects the value for Cs whilst perpendicular to the Cs the CTE depends more on
the matrix and the presence of porosity and cracks. The large difference in CTE
between carbon fibre and UHTC matrix can also yield residual stresses, as discussed in

the mechanical properties section above.

Thermal Conductivity (k)

Page 45 of 92



O©CoO~NOOTA~AWNE

At present, obtaining values for the thermal conductivity of UHTCs or UHTCMCs
mainly relies on experimental determination since there is no theoretical equation with
sufficient accuracy. It can be seen from Table 11 that the Kty of the borides is higher
than that of the carbides, this is due to the lower atomic weight yielding a higher Debye
temperature. However, the Kty of the two types of UHTC are inversely related to the
temperature; increasing temperature causes the Ky of borides to decrease whilst that of
carbides increases. Like CTE, the Ktn of the materials can be modified by addition of
second phases. For example, Guo et al. [339] indicated that introducing MoSi; into ZrB>
leads to a decrease in Ktx, whilst 5-30 vol% SiC increases Ktn, a result also found by
Mallik et al. [334], [344].

A range of reports [333], [340], [343], [345], [346] have indicated that the presence
of defects, such as porosity, can significantly reduce Krn. This is partly because the Krn
of gases is close to zero and partly due to phonon scattering, thus denser materials, as

expected, have higher Kty values.

Specific Heat Capacity (Cp)

It is well known that the specific heat capacity (Cp) is one of the basic properties of
matter, depending on the composition of the material. Since carbon atoms are larger and
heavier than boron atoms, the Cp, of borides is larger than for the corresponding carbides
at the same temperature. Addition of second phases with higher C, values also therefore
increases the Cp for UHTCs and UHTCMCs. For example, both Guo et al. [339] and
Tian et al. [346] showed that introducing SiC raises the Cp of UHTCs.

Electrical conductivity

Carbon fibres are considered to be a medium electrical conductor with electrical
conductivities in the order of 10 Q cm [347] and many studies have focused on
improving the electrical properties of composite materials; however, this is currently not
a major research direction for UHTCMCs. Temperature and doping level are two
parameters that can significantly affect the electrical properties of the materials. For
UHTCs and UHTCMCs, the most effective way to increase electrical conductivity is
doping and literature values are given in Table 12 [339], [348]-[350]. Guo et al. [339]

studied the introduction of different proportions of MoSi, and SiC into ZrB; and found
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that the electrical conductivity decreased with an increase in MoSi. or SiC content,
which was due to the lower intrinsic electrical conductivities of the dopants. Similar
studies by Mallik et al. [334] and Zhang et al. [348] on ZrB,-SiC and HfB-SiC also
reported that the resistivity of composites increased with increasing volume content of

SiC across the range 5 — 40 vol%.

From a structural point of view, a denser and less defective material can achieve
higher electrical conductivity since defects such as porosity, cracks and interfaces all
reduce the conduction path, a result confirmed by Guo. et al. [328]. The electrical
conductivity of UHTCMC:s is also likely to be anisotropic due to the use of Cs; the

conductivity is higher in the plane of the Cstows for 2D and 2.5D-based composites.

Emissivity

The modification of the emissivity of the material is a method for actively
increasing the heat transfer rate of the surface of the material. Current doping studies for
UHTCs focus on two major directions, one of them is the use of rare earth doping [351],
[352] whilst the other branch involves using transition metal silicides [353]-[356]. The
work to date, however, has only focused on the modification of UHTCs rather than
UHTCMCs. Nevertheless, the same principles will apply and hence there is the
possibility to change the overall emissivity of the composites by changing the ceramic

phase composition or using a high emissivity coating [353].

For UHTCs, Tan et al. [351], [352] have indicated that samarium doping can
increase the emissivity of ZrB, — 20 vol% SiC, although the trend varied with
temperature. Doping with 5 mol% Sm(NO3)z yielded the highest emissivity (¢=0.91)
though the results should be treated with caution since they were obtained from UHTCs
subject to oxidation and ablation and hence a change of surface topography. Balat-
Pichelin et al. [353] pointed out that doping with 5% SisN4 can be beneficial to
increasing the emissivity of the base material ZrB, — 15% SiCr and the emissivity
increased with temperature (~0.75 at 1200 K and ~0.90 at 1750 K). Du et al.'s [354]
research on TaSiz-based and MoSiz-based coatings showed that increasing material
density is beneficial with respect to increasing the emissivity and that it is necessary to
prevent the oxidation of the coating to maintain the emissivity. Shao et al. [356] had

similar results from research on WSi> — MoSiz — Si — SiBe-borosilicate glass coatings.
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Ablation and Oxidation
Testing methods and ablation

Table 13 [18], [109], [181], [182], [187], [197], [198], [207], [209], [210], [222],
[227], [229], [357]-[371] summarises the methods used for testing UHTCs and their
composites under conditions simulating launch and re-entry environments to different
degrees. Typical re-entry conditions can include: heat flux enthalpies of 20 MJ kg2,
speeds of Mach 7 to 9, mass flow rates of 75 g s [45], combined with plasmonic and
dissociating environments. The goal is to understand the underpinning thermal ablation
mechanisms so that improved materials can be developed. Different test methods
include: laser ablation methods [372], [373], arc jet [45], [374], [375], scramjet [376],
high velocity oxyflame (HVOF) [109] and oxyacetylene torch (OAT) testing [17].
Amongst the test methods, HVOF and OAT are the relatively cost-effective screening
techniques, whilst the others are costlier and available only in a few select locations in a
handful of countries. It is extremely difficult to simulate the exact re-entry / hypersonic
conditions at ground level, in a single method. Scramjet and arc jet methods are the
closest to real use, but are extremely expensive tests to run. Oxyacetylene (OAT) and
oxypropane (OPT) testing can reach similar temperatures and heat fluxes but the gas
velocities are an order of magnitude too slow. They do form fast, cheap test methods

though, that can be used for initial screening.

Laser ablation testing has been used to evaluate the ablation resistance of
UHTCs in rapid tests that vaporise the UHTCs in a controlled atmosphere. The
approach uses both continuous [372] and pulsed lasers [227] as a heat source and is able
to test the materials at extreme heat fluxes of around 100 MW m2[377], enabling
temperatures of about 3200°C to be achieved very rapidly. Whilst laser ablation can
create extreme heat fluxes, the gas chemistries and high flow velocities of real
applications are much more difficult to add in during testing, which is a significant

disadvantage.

In HVOF testing, whilst the flame can reach supersonic velocities, e.g. Mach
2.5, which can induce useful mechanical stresses [109], the gas composition and heat
fluxes do not approach those of real applications; e.g. a heat flux of only 2.5 MW m™

was achieved. The required large sample dimensions are also a limiting factor.
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Free-jet facilities have been used for high temperature testing in a sublimation
regime [378]. It is an integrated testing system comprised of a hypersonic wind tunnel
and arc / plasma heater [379] and is primarily designed to evaluate gas intake and
engine performance in a supersonic / hypersonic flow. In this method, a conical nozzle
is used to expand the preheated gas from where it is passed into a test section where the
samples are mounted tangentially. The surface temperatures are measured using
pyrometers; a stagnation temperature of 2400°C has been measured [380] and a heat
flux of 4 — 6 MW machieved [381]. The main disadvantage is the requirement of

large, and expensive, test facility.

Similar to the free-jet method, the arc jet and scram jet tests are the best ground-
based techniques, both of which simulate re-entry conditions reasonably well. The
scram jet reproduces aerothermal conditions similar to actual flight, however, the gas
chemistries are different from the atmosphere, since the temperature is not enough for
the dissociation of gases to occur. It uses natural gases as the source in a combustion
heater and the supersonic nozzle accelerates the test gas to a maximum speed of Mach
7. It provides opportunities to test both oxidation behaviour and the thermal stresses
under extreme conditions, reaching test velocities of Mach 5 — 7 at heat fluxes of up to
12 MW m. Arc jet testing simulates the most aggressive conditions to study the
response of materials suitable for thermal protection systems, it also accounts for high
fluid velocities and catalytic recombination effects [376]. It uses a plasma torch of
typically 20 — 80 kW with inert gases (N2 and Ar); the atmospheric air composition is
simulated by adding O: into the test chamber. When the stream of plasma containing
N2/Ar enters the chamber at Mach 3, with an enthalpy of 20 MJ kg, it reacts with Oz to
form disassociated mixtures of NO, N2 and O at a low pressure of between 100 — 500
Pa. This allows the test samples to experience something close to the re-entry conditions
of around 2000°C with a heat flux of 16 MW m2. However, the facilities are very

expensive and not widely available.

OAT and OPT testing has therefore been developed, to determine the oxidation
and erosion behaviour of UHTC materials. OAT testing can reach temperatures up to
3000°C and heat fluxes up to 17 MW m [187], whilst the equivalent figures for the
OPT test are 2500°C and 6 MW m [187]. Interestingly, the gas velocity for both

systems, which has been directly measured [382], were very similar at Mach ~0.6. The
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flames involved can also be manipulated by varying the gas chemistry to be either
oxidising, reducing or neutral and the distance between the flame and the sample and
the angle the flame makes on contact with the sample can all be varied. As indicated,
the disadvantages of this method are the absence of a plasma environment and
hypersonic flow velocities, but measurements can be done very rapidly and at very low
cost.

Oxidation

Most ultra-high temperature applications also involve exposure to oxidizing and
corrosive environments, which demands resistance to oxidation, ablation and corrosion
[53], [383]. The oxidation behaviour of non-oxide ceramics depends highly on the
properties of the oxidation product and on the combination of physical and chemical
processes taking place on the surface exposed to the oxygen containing atmosphere. In
general, the chemical composition, structure and texture of an oxidized surface define
the oxidation stability of a ceramic material [1]. However, the rapid oxidation of borides
and carbides at ~600°C results in the formation of B2O3, which evaporates at ~1000°C,
or CO/COz2 [11], [53], [316]. It is reported that ZrB> is more protective compared to ZrC
with respect to oxidation at up to 1200°C due to the formation of ZrO; containing a
molten layer of boron oxide, whereas only porous ZrO, forms for ZrC, which is not
protective to further ingress of oxygen [42]. A history of studies on the oxidation of

diborides has been presented by Opeka et al. and others [30].

Over the past decade, researchers across the globe have investigated the
oxidation behaviour of UHTCs (ZrB., HfB>, ZrC, HfC, etc.) [22], [77], [386]-[390].
Modification of the chemical composition of the oxide surface layer, leading to
decreased inward diffusion of oxygen, is one of the ways of controlling oxidation
resistance of non-oxide ceramics. This modification can be accomplished by changing

the bulk composition, or applying suitable coatings [1].

The poor oxidation resistance of ZrC is considered as a great restriction in
applications at high temperatures in the presence of oxygen. Numerous studies [391]-
[396] have been reported on the oxidation behaviour of ZrC and HfC with respect to the
effect of temperature, time, oxygen partial pressures and sintering aids (type and its

quantity). In general, the oxidation of ZrC is diffusion controlled as for other UHTCs
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and oxidation appears preferentially along grain boundaries in sintered compounds
[395]. It has been reported that the starting temperature of oxidation should be at 300°C
for stoichiometric or nearly stoichiometric ZrC, independent of oxygen pressures [392].
Before the formation of zirconia, a thin intermediate layer of oxycarbide is believed to
form owing to oxygen diffusion [391], [397]. At elevated temperatures, the crystalline
oxycarbide layer can become amorphous, from which the cubic / tetragonal zirconia
nanocrystals will subsequently form. The cubic ZrO-like oxide was also reported to
form after low-temperature oxidation, as confirmed by measurements involving
photoelectron spectroscopy [396], [398]. It is known that additions of higher valence
metals into the ZrO> lattice will reduce oxygen vacancy concentration and diffusion,
which reduce oxygen transport through the skeleton phase and so this may improve the

oxidation / ablation resistance as well [1].

Relatively little research has been undertaken into the oxidation performance of
UHTCMCs compared to UHTCs, mainly because UHTCMCs are still relatively new
materials. There has been some work on the oxidation / thermoablation behaviour of
UHTCMCs [254] and one of the primary goals has been to protect the fibres, and hence
the fibre / matrix interfaces, from the oxidative environment since fracture toughness is
one of the main properties of UHTCMCs. Fibre interface coatings can serve as reaction
and diffusion barriers in aggressive operating conditions, protecting the underlying
fibres from the oxidation [123], [399]. It is critically important that all the fibres are
uniformly coated since poorly or uncoated fibres can bond to the matrix, increasing the
fibre / matrix interface strength and hence reducing the likelihood of the crack deviating
along the interface as discussed earlier. Oxidation of the fibre surfaces will also degrade

the fibre properties leading to losses in fibre and hence composite strength [399].

A multi-layer SiC — Si — ZrB> coating, deposited by pack cementation on C/C
composites [273], was reported to offer excellent oxidation resistance at 1500°C for
more than 386 h due to the formation of an integrated layer of SiO>-ZrSiO4. The
retention of 84% of the flexural strength after 20 thermal shocks between 1500°C and
room temperature was also reported. A SiC nanowire — SiC — Si/SiC — ZrB, — ZrC
coating was also deposited on C/C composites by a combination process of pack
cementation and EPD [262] with a view to improving the oxidation resistance.

Compared to a SiC — ZrB, — ZrC coating without nanowires, the EPD-SiC nanowire-
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toughened coating showed a remarkably improved resistance for oxidation and thermal
shock, which was ascribed to the smaller size of cracks that were formed. It was
believed that the latter occurred by the nanowires helping to alleviate the thermal
stresses developed and increasing the coating toughness [262]. A combination of ZrB>
or HfB> and SiC coated by CVD onto C/C composites exhibited protection against
oxidation, even in wet air [266].

Since the role of the second phase on oxidation behaviour remains
fundamentally the same irrespective of whether the material isa UHTC or a UHTCMC,
the majority of the discussion below is based on reports of the oxidation behaviour of
UHTC:s.

The addition of silica formers or rare earth elements, notably silicides, SiC,
Si3Ngs, TisSIiCy, Y, La, Eu, Ce and Yb, can reduce the oxidation rate through the
formation of a more stable borosilicate glass / rare earth (RE) oxides up to ~1600°C (for
Si formers) and >2000°C (for RE oxides) [67], [210], [221], [292], [300], [301], [314],
[316]-[318], [323]-[331]. Several groups have studied the effects of SiC additions on
the behaviour of Zr and Hf diborides or carbides when exposed to air at elevated
temperatures[325], [389], [390], [400]-[403]. The isothermal oxidised surface of the
ZrB,-SiC-ZrC ceramic was oxidized to a white ZrO> phase, which was partially covered
with a thin SiO2-rich layer at 1600 + 15°C in 2 min. The thickness of the oxide layer
increased as the oxidation time increased to 40 min, with an accompanying increase of
the quantity of pores in the oxide layer [404]. Shaffer [405] and Pastor and Meyer [406]
evaluated the oxidation resistance of ZrB> with additions of the silicides of Ta, Nb, W,
Cr, Mo, Zr, MoosTaos and Moo gTao.2. Oxidation experiments with varying proportions
of MoSi> (1 to 20 mol%) were studied at 1950°C and the reported optimum composition
was 10 mol% for ZrB». The ZrBz + 10 mol% MoSi. composition was marketed by the
company Carborundum, USA, under the Trade name “Boride Z”[1], [405]. ZrB> + 15
wit% CrSi> composition was reported to be the most oxidation resistant by Pastor and
Meyer [406]. The flexural strength of the ZrB2-SiC-ZrC ceramics oxidised specimens at
1400°C for 30 min were measured as 660 MPa, which is higher than that of the room
temperature value of 580 MPa [407]. The formation of the oxide layers resulted in: (i)
healing of the surface flaws, (ii) an increase in flexural strength, (iii) the formation of a

compressive stress zone beneath the surface oxide layers, (iv) a decrease in thermal
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stress and (v) the consumption of thermal stress. These five aspects improved the
thermal shock resistance of ZrB-SiC-ZrC ceramics. Thus the thin oxide layer formed
acted as a passivation layer and prevented further oxidation, also healing defects and
flaws [407].

One of the key findings based on Zr and Hf borides and carbides with Si-based
additives up to temperatures of 1500°C are the formation of different grades of oxide
layer, including: (1) a SiO»-rich glassy layer on the surface (top layer), (2) a thin
Zr/HfO2-SiO; layer (intermediate layer) and (3) a Si-depleted matrix phase (beneath the
above layer) and (4) the unaffected matrix phase [390], [401], [403], [404], [408]-[413].
The oxidation behaviour of TaC- and HfC-based composites was investigated with the
addition of 15 vol% short SiC Tyranno SA3 fibres [98]. Several oxidation studies have
been reported on continuous / chopped carbon / SiC fibre-reinforced UHTC composites
with the additions of Si-based additives such as SiC, silicides [221], [274], [278], [279],
[283], [414]-[426]. The oxidation behaviour of continuous carbon fibre reinforced
ZrB»-SiC ceramic composites was reported to reveal that above 15 vol% SiC content
was required to form an homogeneous protective borosilicate glass that covered the
entire sample and minimized fibre burnout [427]. A dense UHTC matrix ZrB>
accompanied by a relatively strong Cs interface and SiC was reported to provide good
oxidation protection [283]. The presence of 8 mol% W in ZrB; formed a WO3/ B203
interface oxide layer that enhanced the ZrO> oxide scale adhesion to the composite
[428]. Talmy et al. [429] reported that TaB2 additions to ZrB2-20 vol% SiC were more
effective in improving oxidation resistance at temperatures between 1200 and 1400°C
than additions of other group 1V-VI transition metal borides, including Cr, Nb, Ti and
V.

Similarly, addition of rare earths in the form of its borides (NdBs, LaBs, EuBs)
to ZrB; are also reported to improve the oxidation resistance compared to monolithic
ZrB; [48], [82]. LaBs was also identified as a beneficial additive to ZrB-SiC based on
its ability to act as a modifier for the ZrO2, which stabilised the formation of the
tetragonal phase [48], [389]. The oxidation behaviour of directly solidified eutectic
LaBe-ZrB: in situ composites was studied by Chen et al. [430], who reported the
parabolic rate constant (kp) to be 9.71x103exp(-31000/RT) mg? cm™ min™ in the range
912-1094°C. Above 1094°C, rapid oxidation kinetics were observed with formation of
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enriched La203 and B203 constituent with ZrO; deficiency in the outer scale [431],
[432]. The pyrochlore phases associated with ZrO, and rare earth oxides are also known

to exhibit significantly lower oxygen diffusion than ZrO2 [1], [433].

It is well known that texture influences the mechanical properties and it is also
reported that texture plays an important role in oxidation resistance. For example, Ni et
al. [434] reported that a textured HfB>-based material exhibited much better oxidation
resistance by forming a rich SiO> glassy layer on the particular-oriented matrix. Similar
observations were not seen in ZrB,—SiC composites, however [434]. Further work is
required in this area if the underpinning mechanisms are to be understood and hence the
effect of texture elucidated, allowing the design of composite structures to be optimised.

The oxidation behaviour of HfB, with the addition of SiC and other silicides has
also been reported in the literature [435]-[438]. The oxidation behaviour of HfB>-TaSi;
is similar to that of diborides with MoSi> additions for temperatures up to 1900°C [374].
Although additions of SiBe (10 and 20 vol%) to HfB, were found to increase oxidation
resistance, they were no better than SiC additions [1]. Oxidation of the modifying
diborides resulted in the formation of the corresponding oxides in the surface
borosilicate glass. TaB2-doped HfB> was synthesized by a boro/carbothermal reduction
reaction, with an initial co-precipitation route to promote mixing [439]. It was believed
that the Ta atom from the dopants substituted for the Hf atom in the HfB: lattice to form
a solid solution of (Hf, Ta)B., which played a key role in stabilising the oxidation
products of HfB> in the tetragonal phase. The results of static furnace oxidation testing
at 1400-1600°C showed that the addition of the Ta dopants inhibited the formation of
monoclinic HfB2 and almost fully stabilized the oxide scale of HfB; in the tetragonal
phase. This meant that the volume change due to the tetragonal to monoclinic HfO>

phase transformation was avoided, resulting in a denser oxide layer.

It is known from the literature that borate and silicate glasses containing
transition / rare earth metal oxides show a strong tendency to phase separate as a result
of immiscibility in the phase diagram [440]. Systems exhibiting such immiscibility are
characterized by steeply rising liquidus temperatures and increased viscosity. As
demonstrated by the Stokes—Einstein relationship [441], the latter decreases the oxygen
diffusion rate through the oxide surface scale, since the diffusivity is inversely

proportional to viscosity. Another potential benefit of increased viscosity, as well as
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increased liquidus temperature, is the suppression of boria evaporation from the glass
[1]. A survey of oxidation resistance of the diborides of Hf, Zr, Ti, Ta, and Nb from
1200 to 2200°C using inductively heated samples in flowing He-O2 mixtures, revealed
that HfB2 was the most oxidation resistant, followed by ZrB; [1], [442] and then the
other diborides such as TiB, TaB. and NbB> [389], [443]. Opila et al. [1] also reported
that the addition of 20 vol% TaSi, improved the oxidation behaviour of ZrB»-SiC up to
1627°C in air, however, its addition did not show any improvement in the HfB2-SiC
system. When WC and WB containing HfB>—SiC samples were oxidized at 1600 and
1800°C, the resulting oxide scales were reported to be the same thickness as the base
materials, suggesting that the oxidation resistance was not modified. However, when the
samples were oxidized at 2000°C, a 30% reduction in scale thickness was reported due
to the formation of a more viscous phase-separated glass in the outermost regions of the
scale and a denser inner HfO, that restricted oxygen penetration to the sample [436].
Similar observations of improved oxidation resistance with the addition of W-based
compounds were reported for ZrB also by Zhang et.al [428], [444]. In-situ formed SiC
whiskers (SiCw) have been shown to improve the oxidation resistance of HfB,-based
composites [445], while HfB2-SiC-Si / SiC coatings deposited by CVDon C/C
composites improved the oxidation resistance and alleviated the thermal stresses
present. Finally, the use of nitride additives has been shown to lead to rupture of the
oxide scale and loss of protective behaviour at temperatures as low as 1400°C [389],
[410].

In summary, the oxidation resistance of UHTCMCs can be significantly
enhanced by compositional design leading to the formation of a surface layer of
immiscible, multicomponent glass. The resulting increased liquidus temperatures and
viscosities, as well as decreased oxygen diffusivities, in the immiscible glasses are
considered responsible for the observed improvement in the oxidation resistance of the
composites. It is beneficial to optimise the type and quantity of glass-forming elements
in the form of additives in the UHTCMC:s to obtain superior oxidation & ablation
resistance for ultrahigh temperature applications. Although addition of second phases
may improve the oxidation resistance, there is also a need to optimise the type and
quantity of the second phase in order to optimise and balance the components’ inherent

properties (mechanical, physical, thermal) to best suit the end user application.
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However, there is limited information available on the texture effects of oxidation
resistance of UHTCMCs.

Summary and Outlook

Composites are, in general, a rapidly evolving and growing technical field with a
very wide range of applications across the aerospace, defence, energy, medical and
transport sectors as a result of their superior mechanical and physical properties. Ultra-
high temperature ceramic matrix composites, UHTCMCs, are a new subfield within the
wider grouping of CMCs that offer applications in rocket and hypersonic vehicle

components, particularly nozzles, leading edges and engine components [2], [17].

Whilst UTHCs have some excellent properties as single phase monolithic
components in structural applications, they are severely limited by their low fracture
toughness, which makes them highly susceptible to thermal shock, hindering both their
short-term and long-term use as external thermal protection systems on leading edges
and propulsion systems. This has led to the utilisation of reinforcement, most typically
in the form of a continuous fibrous phase. Reinforcing fibres symbiotically operate with
the UHTC matrix to increase the toughness of the monolithic phase, whilst they are, in
turn, protected by the matrix. Their addition permits the tailoring of the mechanical and
thermal properties for use in different end use components via consideration of fibre
architecture, fibre type and volume fractions of phases in the composite, in addition to
choosing the most suitable processing method to obtain the desired microstructure [13],
[183]. Techniques such as chemical vapour infiltration (CV1), reactive melt infiltration
(RMI) and precursor infiltration and pyrolysis (PIP) are all being investigated, together
with the more conventional slurry impregnation (SIP) followed by sintering, typically
involving the pressure-based approaches of hot pressing or spark plasma sintering.

The selection of the matrix phases used is highly dependent upon both the
properties desired for a component with respect to its intended operability window, but
also on the fabrication techniques at the fabricator’s disposal. This latter will set limits

on the material quality, maximum density achievable and the process routes possible.

Although particulate second phases can improve the sinterability of UHTCs and

enhance fracture toughness by up to around 100% compared to the baseline monolithic,
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the absolute values of fracture toughness are still only <5 MPa m?; values that are still
very low compared to most structural engineering materials [56], [62]. Researchers have
also explored other types of second phase reinforcement, including carbon nanotubes,
graphene, a range of chopped fibres and whiskers. However, these types of additives
still only improve the toughness to ~8 MPa m*2 and failure is still predominantly
catastrophic [99], [111]. Continuous fibre reinforcement using a range of different
fibres, including C, SiC and even UHTC fibres, can improve the fracture toughness and

strength to the point where they begin to meet the structural requirements.

Structure-texture and properties are all correlated with each other, hence learning
how to obtain tailored structures and textures is crucial if the required mechanical &
thermal properties are to be achieved. The processing method and process conditions all
play a role and the required control needs to be identified and learnt. Precursor
infiltration and pyrolysis (PIP) [195], [196]and slurry impregnation process (SIP) [255],
[256] are green-forming procedures used to produce continuous fibre-reinforced
ceramic composites. Hot pressing & spark plasma sintering can reduce the processing
times and enable high densities to be achieved. However, the high pressure and
temperature involved are detrimental for the integrity of the reinforcement. Use of
sintering aids reduce the sintering conditions, but they can be responsible of the
formation of brittle phases at the fibre-matrix interface, which, in turn, reduce the
benefits to be gained in terms of the fracture toughness. The reactive melt infiltration
(RMI) process is attractive for fabricating continuous fibre reinforced UHTC
composites without the fibres being too significantly damaged, whilst still being able to
obtain high densities [215], [217]. However, this process also has limitations including
the presence of residual metal phases and liquid metal corrosion of fibres, amongst
others. The use of chemical vapour infiltration (CVI) to deposit UHTC matrices is still
very much a developing processing technique in the densification of UHTCMC:s. It is
useful in that it yields reasonably dense, complex-shaped components at low processing
temperatures that do not damage the fibres used for reinforcement [189], [246].
However, it is an intrinsically slow process and therefore the product can be expensive.
Amongst the different variations developed to overcome the limitations, one of the most
promising currently is the use of microwave or radio frequency energy assisted CVI due
to the ability to create an inverse thermal gradient profile, compared to conventional

heating. This greatly reduces the process times, from ~2000 hours down to <100, whilst
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retaining all of the advantages of the fundamental CVI process. However, it should be
noted that this process is still limited to the laboratory scale, but further work is ongoing

that will hopefully lead to it being commercialised.

The soundness of the fabricated UHTCMCs can be determined by
microstructural characterisation and evaluation of mechanical and thermal properties,
the latter including oxidation & ablation. As indicated, the microstructural features of
the UHTCMC:s are highly reliant on the processing method used and hence it is
essential to select the correct process in order to achieve the required microstructure,
which will, in turn, yield the targeted properties of the composites. To achieve this with
UHTCMC:s, the possibility of combining of two or more technologies from among CVI,
SIP, RMI, PIP, HP and SPS becomes an interesting concept, allowing the whole process
— microstructure — property relationship to be designed. Furthermore, the advanced
characterization of UHTCMCs, with ability for atomic scale resolution, especially at the
matrix and fibre interface, is also critical to developing an understanding of the

toughening mechanisms in UHTCMCs in depth.

The flexural strength values of many UHTCMCs, especially those produced by
RMI and HP, are typically less than 200 MPa [179], [191]. For both the RMI and HP
processes, the low strengths probably result from the presence of residual stresses,
which, in turn, arise during cooling after densification as a result of CTE mismatch
between the matrix, fibre and/or unreacted alloy. UHTCMCs densified by post-HP
exhibit excellent mechanical properties and non-brittle behaviour during flexure up to
1500°C. Although the fractural toughness is important for monolithic ceramics, its
value hasn’t been reported for UHTCMCs very often, especially for composites not
densified by sintering. Understanding the mechanical properties of UHTCMCs at
elevated temperatures is essential for understanding their performance in the service

environment. Unfortunately, very limited results have been reported to date.

Amongst the thermal ablation methods, arc jet and scram jet testing are the best
ground-based techniques since they simulate actual re-entry conditions the closest. The
oxidation resistance of UHTCMCs can be significantly enhanced by compositional
design leading to the formation of a surface layer of immiscible multicomponent glass.
The resulting increased liquidus temperatures and viscosities, as well as decreased

oxygen diffusivities, in the immiscible glasses are considered responsible for the
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observed improvement in the oxidation resistance of the composites. It is beneficial to
optimise the type and quantity of glass-forming elements in the form of additives in the
UHTCMC:s to obtain superior oxidation & ablation resistance for ultrahigh temperature
applications. Although addition of second phases may improve the oxidation resistance,
there is also a need to optimise the type and quantity of the second phase in order to
optimise / balance the components inherent properties (mechanical, physical, thermal)
to best suit the end user application [206], [357]. Moreover, there is limited information

available on the texture effects of oxidation resistance of the UHTCMCs.

As is well known, the development of new materials offers tremendous
opportunities for realizing many of the new advanced technologies that are required by
mankind to meet our global demands. UHTCMCs will undoubtedly play a useful role in
some of these technologies, including aerospace and energy, the latter including solar
power, fission and fusion [446], since the factor that they have in common is that they
generate fairly extreme environments. Meeting such aggressive requirements will
necessitate the design of components with a suitable matrix, fibre reinforcement and
interphase coating(s) and the development and exploitation of micro- and
macrostructure control with increasing complexity at multiple length scales. The
technically and economically successful manufacturing of components from these
materials is currently a challenge and therefore provides fertile ground for innovation
[446].

The main interest in fibre reinforced ceramic matrix composites in general arises
from their non-brittle mechanical behaviour and improved reliability compared to their
unreinforced counterparts [123], [124], [245]. However, this non-brittle character is
observed only for well-processed materials, i.e. when i) the fibres are not damaged
(etched, corroded, degraded, eroded, etc.) during processing [123]; ii) the fibres are
weakly bonded to the matrix as a result of interfacial engineering by adopting
techniques as shown in Fig. 6; [123], [246] and iii) both the fibres and interphases are
protected against environmental effects, e.g. by use of coatings [123], [246], [447] or
doping the UHTC matrix [18], [183], [448]. Each of these helps to ensure that the
toughening mechanism(s) provided by the fibres is not degraded and so helps to

maximise the properties of the composite.
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Composition, micro- and macrostructures all need to be designed to yield the
required properties and then sophisticated processing techniques need to be explored
further in order to make viable components. This includes learning how to densify the
materials at temperatures low enough to avoid damaging the fibres, whilst fast enough
to keep costs down and without generating any brittle reaction products at the matrix /
fibre interface. The solution might be the creation of ‘hybrid’ processes that combine
elements of two — or more — existing process routes. Strength, toughness and oxidation /
ablation resistance can also be tailored by introducing carefully selected fillers into the
composites. For real applications, it is also essential to be able to join these new
materials, so reliable and user-friendly joining methods are required to allow the
assembly of potentially complex structures that can withstand the extreme environments
required by the end applications. Relatively little work has been done in this area to
date.

Multiscale modelling is going to be essential, both of the individual parts of the
materials and processes and the creation of models that link across between processing
and properties and that can be validated through extensive experimental work and
characterisation. This integrated selection-design—modelling—experiment—
manufacturing approach, spanning the ceramics—ensembles—component—system
hierarchy, embraces the integrated computational materials engineering and the
materials genome initiative paradigms [446]. Although not easy or low cost to create, in
the longer term they will significantly reduce the costs of manufacturing new materials
that offer the required combination of properties. In addition, new and ever-more
realistic testing is required — though it also can’t afford to be too expensive or new
materials will not be developed at a fast enough pace. So tests that can be done rapidly
and at low cost but which provide excellent guidance on the performance of the
materials and components under real environmental conditions are needed. Finally, we
need to ensure that we have a new generation of scientists and engineers with the
required skills — the ‘people pipeline’ is a key necessity for all new and expanding
research areas. Research organisations, universities and industry must all work together
to ensure that this happens smoothly and collaboration is the key; our planet is shrinking
by the day in terms of the ability to interact across borders and exchange workers and
best practice. We need to ensure that the development of skilled individuals remains at

the forefront of our thinking. UHTCMCs are poised to shape the future of aerospace
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applications, but paradigm and culture shifts will be needed to accelerate their
development and take advantage of their full potential [446].
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from John Wiley and Sons, Macromolecular Materials and Engineering, 297(6), Fig.16

in p. 512 [144].
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Fig. 5 Structure of the 2.5 D carbon fibre preform bought from Surface Transforms, UK (Structure: RO/90°/R0O/0°/RO, 23% fibre, 77%
porosity, bulk density: 0.36 g/cc, Random oriented (RO) arises from the needling process)
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Fig. 6 Process flow sheet summarises the different methods of process for obtaining the
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Electro deposition, EPD- Electrophoretic deposition, PIP- precursor infiltration and
pyrolysis, RMI - reactive melt infiltration, SIP - slurry impregnation process, HP — hot
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Fig. 7 The steps involved in production of a composite via PIP. (a) A liquid precursor
impregnated fabric dries, leaving residual porosity; (b) pyrolysis begins, resulting in
evolution of gaseous by-products and volume shrinkage from the polymer-ceramic
transition; (c) a porous microstructure, with microcracks and pores shown in the

matrix phases.
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permission from Elsevier, Ceramics International, 2015, 41[5], Eq. 1 in p. 6228 [194].
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reprinted with permission from Jeff Crompton,
https://uk.comsol.com/blogs/multiphysics-analysis-advanced-materials-ceramic-matrix-

composites/ [216].
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Fig. 10 Schematic showing the growth of ceramic deposit on the cross section of the
fibres to the point of full densification by CVI method.
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Fig. 12 3D micro-CT cross section of a UHTC composite prepared by squeeze
impregnation showing powder penetration: reprinted with permission from Am. Ceram.
Soc. Bull. 91, (2012), Fig.11 in p. 26 [17].



—

Fig. 13 Backscattered electron images of particles distribution in C/ C-UHTC
composites: (a) C/C-ZrBz, (b) C/C-4ZrB2- 1SiC,and (¢c) C/C - 1ZrB2- 2SiC -
2HfC: reprinted with permission from Elsevier, Mater. Sci. Eng. A 465, (2007) Fig.1 in

p. 3 [10].
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Fig. 14 Schematics of moulds for conventional vacuum-assisted pressure casting and a
new deformation process. (a, b) Conventional fixture of a firm mould. Woven fabric
suppress the infiltration of slurry. (¢) Mould with a deformable foil during initial
infiltration. The fabrics are pressed by the difference of pressure (AP) inside and outside
of the mould. (d) Onset of outward deformation of the foil by the slurry. (e) Completion
of the full deformation and infiltration of the slurry. (f) Removal of excess slurry by
squeezing the mould: reprinted with permission from John Wiley and Sons, J. Am.
Ceram. Soc. 90, (2007) Fig.1 in p. 2658 [258].
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Fig. 15 a) Cross section of Cs-ZrB2 composite using ZrSi as sintering aid. b) and c¢) Details
of the fibre / matrix interface show the formation of brittle phases of SiC and ZrC:
reprinted with permission from Elsevier, Journal of the European Ceramic Society 36
(2016) Fig.3in p. 19 [113].
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Fig.16 (a) Cross section of Cs— ZrB2 composites produced by vacuum bagging followed
by hot pressing at 1700°C for 20 mins: reprinted with permission from Elsevier, Materials
& Design 85 (2015) Fig.3d in p. 130 [279]. (b) Cross section of Cs—ZrB2 composites, which
was prepared by the infiltrate of ZrB: into unidirectional fabrics that were stacked in 0 —
0° configuration. The sample was densified at 1800 - 1900°C for 30 — 40 mins: reprinted
with permission from ISTEC, Scientific Reports 8[9148] (2018) Fig.2a in p. 3 [281].
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Fig. 17 The local microstructure of (Fig. 12a) after a carbon CVI at a higher
magnification: reprinted with permission from Elsevier, Materials Science and
Engineering: A 465 (2007) Fig.2 in p. 3 [281].
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Fig. 18 Powder distribution of a UHTC composite produced by slurry infiltration (a)
The detailed microstructure of the top (b) and bottom of the composite (c): reprinted
with permission from Elsevier, J. Eur. Ceram. Soc., 33[2], Fig.2 in p. 425 [288].
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Fig. 19 BSE images (a) (b) on the cross section of the C/C-ZrB2-ZrC-SiC composites
prepared by PIP at different magnifications): reprinted with permission from Elsevier,
Corros. Sci., 98 (2015), Fig. 4 in p. 554 [290].
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Fig. 20 A tight and clean interface on the C+/ZrB2-SiC composite prepared by SIP and hot
pressing, and corresponding elemental distributions: reprinted with permission from
Elsevier, Journal of the European Ceramic Society, 39 (2019), Fig. 6 in p. 802 [289].
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with different interface

(a) none; (b) PyC; (c) PyC+SiC: reprinted with permission from John Wiley and Sons, J.

Fig. 21 The polished surface of C+/ZrC-SiC produced by PIP+CVI
, 91[10], Fig.1 in p. 3435 [294].

Am. Ceram. Soc.
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Top layers Ceramic/carbon composites

Fig. 22 The microstructure of C«/ZrC (a,b): reprinted with permission from John Wiley
and Sons, Int. J. Appl. Ceram. Technol., 8[2], Fig.6a & Fig.7b in p. 324 & 335 [295];
C#ZrC-SiC (c,d): reprinted with permission from John Wiley and Sons, J. Am. Ceram.
Soc., 101[8], Fig.1B and Fig.3A in p. 3255 & 3256 [296]; C#/Zr-Ti-B-C (e) composite
densified by RMI: reprinted with permission from Author, Nat. Commun., 8[15836],
Fig.4a in p.4 [297].
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Fig. 23 Debonding map showing crack penetration and crack deflection regimes as a
function of Dundurs’s parameter [124].
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Tables all 13 nos

Selection, Processing, Properties and Applications of Ultra-High Temperature Ceramic Matrix

Composites, UHTCMCs - A Review

Total 13 tables

Table 1 UHTCMC:s reinforced with Chopped fibre / whisker / CNT / graphene reinforcement.

Sr. Matrix Reinforcement phase Processing method and Density | Hardness | Fracture | Strength Reference
No. conditions [ %TD / GPa toughness / MPa
/ MPa m'?
1 |ZrB: Multi-walled carbon | Aqueous hetero-coagulation 97.0 - - - (84]
nanotubes, CNT (10 |followed by SPS at 1700°C
vol%)
2 |ZrB2-SiC (20 | Multi-walled CNTSs (2 |Hot press 1900°C, 1h, 30 MPa ~96.0 15.5 4.6 616 [91], [116]
vol%) wit2%)
3 |ZrB2-SiC (20 | Multi-walled CNTs Hot press 1850°C, 1h, 20 MPa 93.9 8.6 5.1 - [102]
vol%) (10 vol%)
4 |ZrB,-SiC Multi-walled CNTs Hot press 2000°C, 1h, 30 MPa >99.0 21.7 6.0 542 [91], [103]
(2.5 wt%)
5 |ZrB,-SiC (20 | Multi-walled CNTs (5 | SPS 1600-1800°C, 5-10 min, | 94.6-99.1 | 11.5-23.1 4.9-8.0 214-565 |[[91], [104]
vol%) wit% & 15 vol%) 25-40 MPa
6 |ZrB: Multi-walled CNTs | SPS 1900°C, 15 min, 70 MPa | 95.0-99.0 | 14.1-16.4 1.5-3.5 150-315 |[[91], [105]
(2-6 vol%)
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7 |ZrC-TiC Multi-walled CNTs SPS 1750°C, 5 min, 40 MPa 98.5 20.0-21.0 4.2-5.0 - [91], [107]
(0.25-1 wt%)
8 |ZrC-SiC Multi-walled CNTs | SPS 1750°C , 5 min, 40 MPa 99.0 21.6-20.2 5.8-5.2 - [91], [108]
(0.25-1 wt%)
9 |HfB: Multi-walled CNTs SPS, 1800°C, 8 min, 30 MPa 99.3 21.8 7.8 894 [87]
(10 vol%)
10 |TaC Multi-walled CNTs (4 |SPS, 1850°C, 10 min, 100-363| >94.0 10.6-22.9 1.1-1.6 - [99]
wit2%) MPa
11 |ZrB; - Chopped pitch- Hot Press, 1800°C, 30 MPa 85.0 - 2.4 103 [109]
SizN4 (8 vol% ) |derived C fibres (46
vol%)
12 |ZrB; - SizN4 (8 |Chopped high SPS, 1900°C, 60 MPa >96.7 - - 200 [110]
vol%) - SiC (3 | modulus pitch-derived
vol%) C fibres (45 vol%)
13 |ZrB, & ZrB,- | Short carbon fibres Hot Press, 1600°C, 30 min, 30 {98.9 & 97.9 - 7.6 &6.9 | 481 & 437 |[111],[112]
ZrSi; (20 vol%) |with/without heat MPa
treated (20 vol%)
14 |ZrB,-SisN4 (5 | Chopped C fibres (10- | Hot press 1700°C, 10 min, 40 | 95.1-98.3 - 3.6-4.0 270 [113]
vol ) 20 vol%) MPa
15 |ZrB,-SiC (20 | Short C fibres (10-20 |Hot Press 1850°C &2000°C, | 100 & 99.3 19.2 6.4-6.6 397-445 |[95], [106], [114]
vol%) vol%) 30 & 60 min, 16& 30 MPa
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16 |ZrB»-SiC (2.5- |C fibres (2.5-10 PS 2100°C-2150°C, 1h, Ar 87.0-95.0 | 11.0-15.0 3.0-5.9 - [117]
15 wt%) wit%)
17 |HfB,-SiC (20 | Short Pitch-based Hot press 2100°C, 60 min, 20 | 98.1-99.5 - 5.6-6.1 160-250 |[118]
vol%)-B4C (2 | carbon fibres (20-50 | MPa
wt%)- C (1 vol%)
wit%)
18 |ZrB,-SiC (20 | Graphite nano-flakes |Hot Press 1850°C, 60 min, 20 99.6 16.5 7.1 - [89]
vol%) (10 vol%) MPa
19 [ZrB,-SiC (20 Graphite flakes (10 & |Hot Press 1900°C, 60 min, 30 | 99.7 - 100 | 10.7-11.2 4.3-6.1 387-491 |[85],[120], [121]
vol%) 15 vol%) MPa
20 |ZrB; Graphene nano- SPS, 1900°C, 15 min, 70 MPa | 84.5-96.9 | 13.5-15.9 2.1-2.8 204-316 |[86]
platelets (2-6 vol%)
21 |ZrB;-SiC (20 |Graphene nano- SPS, 1800°C, 6 min, 35 MPa 100 - - - [57]
vol%) platelets (10 vol%)
22 |ZrB;-SiC (20 |Graphene oxide (GO) |Hot press 1950°C, 60 min, 30 {98.9 & 99.2|122.9 & 22.8| 6.1 & 7.3 |698 & 1055|[88]
vol%) (2 & 5 vol%) MPa
23 |ZrC-SiC (25 Graphene nano- Hot press 1850°C, 60 min, 20 99.1 15.7 6.4 - (89]
vol%) platelets powder (5 MPa
wit%)
24 |ZrC-SiC Macro porous Slurry infiltration followed by 97.6 - 4.3 220 [90]
Graphene SPS
25 |ZrB; SiC chopped fibres (0- | Hot press & SPS, 1400°C- 93.0-100 - 3.7-6.2 370-457 |[92], [93], [115]
ZrB;-SizN4 30 vol%) 1900°C, 10 & 5 min, 50 MPa
ZrB>-ZrSi,
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ZI’Bz-MOSiz
ZrBz-TaSiz
(5-10 vol%)

26 |ZrB>-SisNs (5 |Chopped Hi-Nicalon |Hot press 1720°C, 10 min, 50 99.0 13.0 5.2 389 [94]
vol%) SiC fibres (15 vol%) |MPa

27 |ZrBy-SisN4 (5 | 3rd generation SiC Hot press 1700°C, 15 min, 30 99.0 - - - [93]
vol%) short fibres (3 vol%) |MPa

28 | ZrB2-ZrSiz (10 |SiC chopped fibres | Hot Press, 1650°C, 10 min, 50 100 - 6.2 385 [96]
vol%) (20 vol%) MPa

29 |HfB,-SisNs (8 |Chopped Hi-Nicalon |SPS, 1550°C -1800°C, 5 min, | 95.0-99.9 | 25.0-38.0 3.8-54 399-680 |[97]
vol% SiC fibres (20 vol%) |75 MPa
HfB,-ZrSi, (10
vo1%)

30 |HfC + TaSi, Short chopped SiC Hot press 1750°C, 14 min, 40 94.8 15.1 3.82 375 (98]
(10 vol%) fibres (15 vol%) MPa

31 |ZrB; SiC whiskers (10- 30 | Hot press 1750°C, 60 min, 28 | 94.0-98.0 5.9-7.6 360-380 |[100]

vol%) MPa

32 |ZrB2-SiC (20 |ZrO: fibres (15 vol%) |Hot press 1850°C, 60 min, 30 98.6 18.4 6.8 1085  |[101]

vol%) MPa
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Table 2 Mechanical properties of carbon fibres produced by PAN and Pitch precursor [128], [134]-[141]

Manufacturer Precursor Tensile strength Tensile modulus Elongation
Trade name /MPa /GPa %
Torayca T300 Toray PAN 3530 230 1.5
Torayca T800 Toray PAN 5340-5490 294 1.9-2.0
Torayca T1100 Toray PAN 7000 324 2.0
Torayca M60 Toray PAN 3820 588 0.7
Tenax Toho (Teijin Group) | PAN 4100-5100 240-265 1.7-2.1
Tenax IMS Toho (Teijin Group) | PAN 4500-6000 290 1.6-2.1
Tenax UMS Toho (Teijin Group) | PAN 4000-4700 390-550 0.7-1.2
TR series Mitsubishi PAN 5520 255 2.1
MR series Mitsubishi PAN 7000 325 2.2
HS40 Mitsubishi PAN 4610 455 1.0
34 series Mitsubishi PAN 4482-4826 234 1.9-2.0
37-800 Mitsubishi PAN 5585 234 21
K13D2U Mitsubishi Pitch 3700 935 0.4
K13C2uU Mitsubishi Pitch 3800 900 0.6
Hextow IM10 Hexcel PAN 6964 310 2.0
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Hextow HM63 Hexcel PAN 4688 441 1.0

Thornel T650 Solvay PAN 4280 255 1.7

Thornel P55 Solvay Pitch 1900 414 0.5

Thornel P100 Solvay Pitch 2400 830 0.2

Tayrifil TC42S Formosa plastic PAN 5690 290 -
Corp.

Tayrifil TC55 Formosa plastic PAN 4400 380 -
Corp.

Sigrafil SGL Carbon PAN 5000 270 1.9

GRANOC YS90A Nippon Graphite Pitch 3530 880 0.3
Fiber Corporation

GRANOC YSH50A Nippon Graphite Pitch 3830 520 0.7
Fiber Corporation
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Table 3 Physical, mechanical and thermal properties of the commercially available SiC fibre [144] - [147].

Trade name Production Temp. Composition | Structure Fibre Density Tensile Tensile Thermal Cost
(manufacturer) | method production wt% diameter /g cm3 strength Modulus conductivity /EUR per
(curing /pm /GPa /GPa /W mt K1 kg
atmosphere)

Nicalon (Nippon | Polymeric 1200 56.6 Si+ 37.1 | 2 nm crystallite in 14 2.55 3.0 220 3.0 1000
carbon) precursor (inert) C+11.70 amorphous Si-C-O

phase
Tyranno LOX- Polymeric 1200 55.4 Si+32.4 | 1 nm crystallite in 11 2.35 3.3 186 1.4 1200
M (Ube precursor (inert) C+10.20+ | amorphous Si-C-O
Industries) 2Ti phase
Hi-Nicalon Polymeric 1300 62.4 Si+37.1 | 5nm crystallite in 14 2.74 2.8 270 8.0 3250
(Nippon carbon) | precursor (inert) C+050 amorphous Si-C-O

phase
Tyranno ZMI Polymeric 1300 56.1 Si +34.2 | 5-10 nm crystallite in 11 2.48 34 193 25 1400
(Ube Industries) | precursor (inert) C+8.70+1 | amorphous Si-C-O

Zr phase
Hi-Nicalon Polymeric 1600 68.9 Si +30.9 | 100 nm crystallites 12 3.10 2.6 420 18 7000
Types S (Nippon | precursor (inert) C+020 near-stoichiometric
carbon)
Tyranno SA3 Polymeric 1600 67.8 Si +31.3 | 200 nm crystallites 71010 3.10 2.8 380 64.5 6500
(Ube Industries) | precursor (inert) C+0.30+2 | near-stoichiometric
Al
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Sylramic Polymeric >1700 67.0 Si +29.0 | 100 nm crystallites 10 2.95 2.8 310 40-45 8000
precursor (inert) C+080+ near-stoichiometric
23B+04N
21Ti
Sylramic iBN Polymeric >1700 SiC/BN >100 nm crystallites 10 3.05 3.2 400 >46 10500
(ATK-COI) precursor (inert) near-stoichiometric and
BN coating
SCS 6and Ultra | Chemical 1300 70 Si+30C+ | 100 nm columnar SiC 140 3.00 59 415 70 8300
(Specialty vapour C filament on C filament, SiC/C
Materials deposition coating
Sigma (TISICS) | Chemical not available 11W + 86 W filament, 80 um SiC | 100 3.50 4.0 400 not available 7600
vapour SiC+13C+ | layerand duplex C/TiB2
deposition 1.7 TiB2 layer
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Table 4 Different preform types, manufacturing techniques, advantages and disadvantages.

Preform Design Advantages Disadvantages
Low crimp, High in-plane properties, good tailor | Low transverse and out of plane
uniweave -1 | |- ability, highly automated process properties, poor fibre stability,
labour intensive layup
2D Woven == Low crimp, Good in-plane Plain- high crimp, poor
properties, good limited drapability, | mechanical properties,
highly automated process, suited for | Satin — different fibre orientation
large covering area and extensive so it’s good for mechanical
database. properties but the interlace
positions are irregular.
Plain
Satin
2D Braid Good balance in off-axis, automated | Size limitation, low out of place

process, suitable for complex curved
shapes, good drapability

properties
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3D Woven

Layer to layer interlock weave

Angle interlock weave

Moderate in-plane and out of plane
properties, automated process,

Orthogonal non-crimp interlock weave

Poor drapability, limited shapes
are possible, limited tailorability
for off axis

3D Braid Good balance for in-plane and Out of | Slow process, size limitation
plane properties, Suitable for
complex shapes
Multi axial Good tailorability for balanced in Low out of plane properties
warp knitting plane properties, highly automated

process, multilayer high though put,
suitable for large covering area
Complex shapes can be formed
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Stitched
Fabrics

Noobed

Good in plane properties, highly
automated process, provides
excellent damage tolerance and out
of plane strength and excellent
assembly aid

Small reduction in in plane
properties, poor accessibility to
complex curved shapes

reprinted with permission from Journal of the Indian Institute
of Science., 95[3] (2015) Fig. 2 in p. 223 [193]

Multi directional delamination
ballistic resistance, impact damage
tolerance, Un crimped fibres

Yet to develop on large scale and
for making complex shapes.
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Table 5 Summary on the advantages and disadvantages of various densification / consolidation methods

= A large degree of control of the physical properties
of the precursor is obtainable again by tailoring the
chemistry of the precursor, allowing significant
improvements made to the wettability, viscosity, or
thermal properties (i.e. thermally curing) for a given
procedure.

= Precursor can be introduced through vacuum —
procedurally simple.

= As a liquid precursor, penetration into the fibre tow
is facile due to the capillary pressure. This area is
notoriously hard to penetrate through slurry based
processes.

Densification / Consolidation | Advantages Disadvantages
technique
Precursor infiltration and = The composition of the ceramic deposit is highly = Low yields of ceramic from precursor will
pyrolysis versatile due to chemistry of precursor. require that many cycles of infiltration and

pyrolysis are required for densification,
increasing time and cost for a given
component.

= The matrix will always be porous and can
contain micro-cracks, due to the escape of
gaseous by-products and volumetric
shrinkage from precursor to ceramic.

= Reactive chemicals and repeated heat
treatments can cause fibre degradation,
leading to a loss of mechanical properties

Reactive Melt Infiltration

= |t produces a near fully dense matrix

= The processing time is shorter than for most ceramic
matrix composite fabrication processes and is
subsequently relatively cheap.

= The closed porosity at the surface can often
eliminate the need for a final oxidation resistant
coating.

= A reaction bonded UHTC matrix is effectively
produced.

= For fibre composites the high temperatures
required for reactive metal infiltration exposes
the carbon fibres to very aggressive molten
metals, often above 1400°C.

= The exothermic nature of the reaction between
constituents can also further increase the
temperature locally, causing more damage.

= The metal in this form is highly reactive and,
if infiltration conditions are not strictly
controlled, serious degradation of the carbon
fibre preform, will occur leading to
deleterious consequences on the properties.

= Residual metallic phases, which have
relatively low oxidation resistance and a
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lower melting point than the ceramic phases
present. This metallic phase can lead to
accelerated creep, crack propagation and
further attack when the material is operating
at high temperature.

Chemical Vapour Infiltration

The deposited material can have a high purity.
Itis a low temperature process, thus fibre damage
can be avoided.

It is a versatile process. Many binary compounds
can be deposited, as well as multi-coatings and
functional graded materials, without stopping the
process.

Intricate shapes can be prepared without damaging
the continuous fibres used for reinforcement.

The morphology and microstructure of the coating
can be tailored by changing temperature, pressure
and precursor feed rate.

High reproducibility

High deposition rates are possible.

The resulting composites can offer excellent
mechanical and anti-ablation properties

Deposit has high thermal conductivity and good
creep resistance

Processing times of industrial scale CVI is
currently very long, on the order of 2-3
months, due to isothermal heating rates and
premature surface porosity closure that
requires the process to be stopped a number of
times.

Large energy input is required due to the
extended process times.

Corrosive by-products require special safety
precautions, expensive equipment and
maintenance costs are subsequently high,
which further increase the cost of the
manufacturing process.

It is very difficult to obtain fully dense
composites; densities of ~90% of theoretical
are therefore typical.

The cost of some precursors is high, in
particular rhenium and hafnium chlorides.
Low infiltration depth for large radicals such
as Hf, Zrand Ta

Slurry impregnation process

Production of a slurry of ceramic particles is cheap,
quick and easy

Simple procedure to introduce a slurry to a fibrous
substrate

Properties of the slurry are easily tuneable based on
the chemicals used

Homogeneous penetration of large preforms is
difficult

Stable suspensions of dense ceramic particles
(e.g. HfB>) are hard to make; an issue is
possible with respect to scalability

Issues exist with clogging the surface of
preforms with ceramic particles
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Impregnation cycles are easy (requiring only
impregnation and drying) to bring the green
composite to moderate levels of densification

= Low penetration into fibre tows due to large
particle sizes relative to tow entrance size

= Produces a material with a discontinuous
porous matrix

Hot pressing

High Fibre volume fraction

High density achievable

Short manufacturing time

Apparatus is the same used for the sintering
monolithic ceramics

Chemicals involved have minor implications on
H&S (if compared to PIP and CVI)

= Matrix-fibre interaction due to high
temperature and pressure

= Fibre degradation due to high temperature

= near-net shape components are not achievable

Pressureless sintering

High Fibre volume fraction

Low pressure, theoretically, reduced the matrix-
fibre interaction risk and fibre degradation
Short manufacturing time

Near-net shapes are, in theory, possible
Chemicals involved have minor implications on
H&S (if compared to PIP and CVI)

= Lower density than HP and SPS
= Low pressures requires higher sintering
temperatures and time than HP and SPS

Spark plasma sintering

High Fibre volume fraction

High densities achievable

Short manufacturing time

Reduced sintering temperatures

Reduced sintering times

Chemicals involved have minor implications on
H&S (if compared to PIP and CVI)

= Although lower sintering temperature and
time, matrix-fibre interaction has been
reported

= Equipment is more expensive than
conventional HP and Pressureless furnaces

= Near-net shape components are not achievable

Hot isostatic pressing

High Fibre volume fraction

Near-net shapes are, in theory, possible
Chemicals involved have minor implications on
H&S (if compared to PIP and CV1)

= Equipment is more expensive than
conventional HP and Pressureless furnaces
= Usually works with high pressure
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Table 6 Literature reported data on RMI of UHTCMC:s.

Pyro. C and SiC interface
B4C - C sol
ZrSi; alloy

Pyrolysis of the sol 900°C
Carbothermal reduction 1500°Cin Ar
RMI performed at 1750 - 1900°C

densification

Matrix Constituents Processing conditions Properties Reference
3D Cs preforms C deposited by CVI Density increased from 1.33 g cm™ to [227]
Pyro. C interface RMI at 1800°C at 8.8x102 Pa in flowing Ar 2.46 gcm?
Zr-Sialloy (91.2 at.% Zr & 8.8 5% porosity
at.% Si) Zr,Si phase still present
Eutectic formed at 1570°C Pore size between 20-200 um
Flexural strength 239.5 MPa
Linear ablation rate 0.0028 mm s
2D Ci felts 80 h of CVI using CH, to deposit carbon at 1050 | Mass ablation rates 1.33 um s* and 0.24 [228]
Pyro. C interface and other -1150°Cand 5 - 15 kPa mg s
ZrC unspecified interface Graphitised at 2500°Cin flowing Ar
Zr . Si: C:ZrO; powder ina RMI at 2000 - 2300°C, furnace dwell 2h
ratioof 3:5:1:0.2
3D Cs preform C deposited using CVI No residual Zr detected using XRD [229]
Pyro. carbon interface Ar atmosphere at 1850°C
Zr molten powder
Ct Carbon deposited using CVI Residual a-Zr detected and mechanism [230]
An unspecified interface then a for formation proposed
pyro. C interface
Molten Zr
2D Cs preform Interface produced using CVI of CH3SiCls at ZrSi, alloy residual found in [231]
SiC interface 1000°C microstructure
B4C-phenol formaldehyde resin | Preform impregnated with resin 4x and Linear ablation rate 0.002 mm s
slurry pyrolysed at 900°C
SiC-ZrB,- | ZrSiz alloy powder RMI performed at 1800°C under vacuum
ZrC Sealed using SiC CVI
3D C¢/ B4C - C preform Interfaces produced using CVI Higher temperatures resulted in better [232]
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2D Cs preforms Interface produced using CV1 of propylene Resulting density 3 g cm™® [224]

Pyro C interface 900°C 4% open porosity

Eutectic Zr — B alloy (Zr : B =86 | Alloy was prepared by arc melting Zr and B No residual alloy detected

1 14) powder Linear ablation rate 0.0001 mm s
21C-71B, RMI performed at 1800°C

3D Cs preforms Impregnation process was repeated 4 times Density of 3.07 g cm™® [225]

Impregnated with phenolic and before being pyrolysed at 2200°Cin Ar Open porosity of 9.1%

resin and B.C particles RMI performed at 2000°C Flexural strength of 147 MPa

Zr powder Mass ablation rate was 0.0039 g s

Linear ablation rate was 0.01 mm s

2D Cspreform Interface produced using CVI at 800°C, at 300 Crshowed no critical degradation due to [220]

TiB;interface mbar for 4h, resulting in a 4 um coating TiB; coating

Zr,Cu alloy RMI performed at 1100 - 1500°C under vacuum

2D Cspreform Interface produced using CVI at 800°C, at 300 Addition of B,O3 decreases ceramic yield [226]
ZrB; B20Os phenolic based preforms mbar for 2 h, resulting in a 2 um coating and causes fibre degradation

TiB;interface RMI performed at 1500 - 1900°C under vacuum | 2 um coating insufficient to stop fibre

Zr,Cu or degradation

Zr,Cu - lat.% B or

ZrAg - 1at.% B

3D Cspreform Interfaces produced using CVI at 1000°C Residual HfSi, was detected [207]
HfC Pyro. C and SiC interface Resin pyrolysed three times at 1500°C

Phenol formaldehyde resin
HfSi, alloy powder

RMI performed at 1600 - 1700°C under vacuum
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Table 7 Precursors and the conditions needed for the deposition of oxide / non-oxide ceramics [236], [237].

Matrix deposited Reactant gases Temperature / °C

C CHs-H; 1000-1200
HfC HfCls-(CH, or C3He-H2-Ar) 900-1600
ZrC ZrCls-(CH4 or C3Hg-H2-Ar) 900-1600
TaC TaCls-(CH4 or C3Hs-H2-Ar) 900-1500
SiC CHsSiCls-H> 900-1300
SizNy SiCI-NHs-H, 1000-1400
TiB TiCl;-BCls-H> 800-1200
2 TiCls-BzHs-Hz 600-1100
2B ZrCls-BCis-Ho-Ar 900-1200
2 ZrCls-B2He-Ho 600-1100
HfCl4-BCls-Hz-Ar 900-1200

HfBz ZrC|4-BzH6-H2 600-1100

Hf(BH.4)4 <300°C

SiO, SiH4-02-H> 300-750
TiO, TiCls-H20 800-1000
ZrO, ZrCl4-CO; or Oz-H; 900-1100
A|203 A|C|3-C02 or O,-H>» 900-1000
HfO, HfCl4;-CO; or Oz-H; 900-1100
Ta,Os ZI'C|4-C02 or Oz-H» 900-1100

YSZ Zr(C11H1902)3-Y (C11H1902)3 735
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Table 8 Chemical vapour infiltration variants w.r.t. temperature, pressure, heating [242].

Temperature Pressure Heating

CVI/ CVD Process type Uniform | Gradient | Uniform | Gradient | Atmospheric | Low | Radiative | Inductive
Plasma enhanced X X X X X X
low pressure
Thermal gradient, radiantly heated, isobaric X X X X X
Thermal gradient, inductively heated, isobaric X X X X X
!_lqmd_ immersion, 'thermgl gradient, X X X X X
inductively heated isobaric, atm. pressure
Isothermal, forced flow X X X X X X
Isothermal, pulsed pressure X X X
Thermal gradient, forced flow X X X
Microwave-heated, isobaric or forced-flow X X X X X
Catalyst-enhanced, isothermal, isobaric X X X X
_Partlcl_e—transport enhanced, isothermal, X X X X
isobaric
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Table 9 Mechanical properties, density achieved and sintering conditions of UHTCMCs processed by hot pressing.

System Sintering aids/ \i T P pr MOR Kic Ref
non-UHTC phase | % /°C / MPa | % / MPa / MPa m*?
Cs- ZrB; SizNg4 70 1800 40 78 90 - [279]
CrZrB> B4C 40 1900 40 - 327 13.8 [275]
CtZrB> SiC, SisNa4 20 1900 30 - 310 6.72 [276]
Cr - ZrB> SiC 40 1800- 30-40 92 235140 6.4+0.8 [283]
55 1900 88 125+ 35 7.3+0.9
65 85 140 + 40 75+14
Ct - ZrB2 SiC 55 1800- 30-40 96 152 +12 106+£1.6
1900
Ci - ZrB> SiC and SizN4 40-45 1800- 30-40 92-95 355+ 40 9.6+0.7 [281]
1900 500 + 51 (1200°C) | 8.7 £ 1.2 (1500°C)
547 + 80 (1500°C)
SiCt+-ZrB; ZrSiy 50 1600 40 95 145+ 10 - [278]

Abbreviation used:, ch=chopped, Vf = fibre volume fraction, T = temperature, P = pressure, pr = relative density, MOR= Modulus of Rupture, Kic = fracture toughness
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Table 10 Properties of carbon fibre reinforced ultra-high temperature ceramic matrix composites prepared by different approaches.

needled preform

CVI, further infiltrated by B-
containing sols to generate Cf/B4C-
C after heat treatment; RMI of Zr-

Si alloy within preform to form
dense Ci/ZrB,-ZrC-SiC

Materials General Detailed Fabrication process Density Open Flexural Elastic modulus| Reference
characteristic / glcm?® porosity strength / GPa
/% / MPa
Ct/ HfB,-C Non-sintered + | Injection + infiltration of the HfB,- | 3.2 + 0.16 16 121.37 £ 18.30 28.3+3.2 [179]
2D preform C slurry into the preform + carbon
CVI
C¢l 2rC Non-sintered | Infiltration of ZrC precursors (ZrO, 1.98 124 107.6 28.8 [308]
PIP + 3D / C sol) into the preform, reduction
preform at 1200°C and further heat
treatment at 1600°C.
Ci/ ZrC-SiC  |Partially sintered | C preform without any treatment; 2.47 6.6 178+77 106£13 [294]
+ 2D preform | infiltration of ZrC-PCS slurry into
the preform plus hot pressing; PIP
with PCS + pyrolyzed at 1100°C +
final heat treatment at 1800°C
Ct/ ZrC-SiC As above Preform initially treated by CVI of 2.18 4.9 748+15 141+12 [294]
PyC; others steps same as above
C¢/ ZrC-SiC As above Preform initially treated by 2.25 74 559+121 138+15 [294]
alternated CVI of PyC/SiC; others
steps same as above
Cs/ ZrC-SiC RMI + 3D (PyC-SiC)s deposited in preform 2.52 1.68 380 61 [296]
needled preform | by CVI, further infiltrated by ZrC
precursors to generate C¢/ZrC-C;
RMI of Si within preform to form
dense C#/ZrC-SiC-ZrSi,
Cs/ ZrB,-ZrC-SiC RMI + 3D (PyC-SiC) deposited in preform by | 2.42 + 0.01 9.4+01 184+ 9 / [306]
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Ct/ ZrC-SiC

RMI + 3D Preform infiltrated by PCS and PR 2.94 5.3 101.5+8.16 35.18+9.58 [191]
braided preform to form C+/SiC-C after heat
treatment; RMI of Zr-Si alloy with
the preform to form dense C#/ZrC-
SiC
Ctl ZrC-Zr RMI + 2D Carbon fibres coated with ZrO, / / / / / [295]
preform HfN by CVD and then woven into
2D preform. C/C skeleton formed
by coating with preform by CVD;
RMI of Zr into the preform to form
CiZrC-Zr
Ct¢/ ZrC RMI + 2D C/C preform infiltrated by RMI of / / 172+12 / [307]
preform Zr,Cu alloy at 1200°C to generate
Cf/ZrC composites
Ci/ C-ZrC CVI+ MRI + | C/C preform infiltrated by RMI of 2.46 5.0 240 [227]
3D preform Zr-Si alloy at 1800°C
Ct/ ZrB; Vacuum 1D fabrics coated with slurry 3.3 / 90 / [279]
bagging + hot containing ZrB. powders and
pressing additives; fabrics stacked and
+ 1D fabrics pressed by vacuum bagging, final
densification at 1600-1800°C by
hot-pressing
Ct/ ZrB,-SiC- Slurry ZrB; / SiC / SisNgslurry infiltrated / Very small 355+40 (1) 239(I) [281]
SizN4 infiltration + into C fabrics stacked in 0-0° amount 63+7 (1) 188(L)

hot pressing +
unidirectional
fabrics

configuration. Hot pressed at 1800-
1900°C under 30-40MPa
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Table 11 Thermal properties (melting point, CTE, thermal conductivity, diffusivity, Cp) of UHTCs and UHTCMC:s.

SiC(compact)

Coefficient of Thermal Thermal Conductivi Thermal Specific Heat Reference
Material Expansion, CTE /W m-tK-L ty Diffusivity Capacity
/x10°K' / mm?s? /JgiK?
Cst-HfB,-SiC 54.4 - 93.8 [118]
Ci-HfC 3.36 (1473 K) 4.18 £0.14 (473 K - 2073 K) 42-175 0.42 - 0.68 [205]
C+HfC-SiC 2.95 (1473 K) 3.33+0.42 (473 K—-2073 K) 19-6.1 0.49-0.78 [205]
16.5 (1) - 19.8 (I) (298 K); 24.5 i [340]
Ci/C-3.5wWt%HfC 1.20-3.25 (L)-275() (673 K); 23.0(L)-| 8.7-220 0'57_ 11057% %98 K
26.5 (I) (1073 K)
18.5 (L) - 24.8 (I) (298 K); 25.5 i [340]
C/C-6.5WH%HFC 1.60 - 4.00 (1)-320 (1) (673K); 24.0 (1)~ | 160-244 | 707153 %98 K
30.5 (1) (1073 K)
14.0 (1) - 17.0 (I) (298 K); 18.5 i [340]
C/C-9.5WI%HFC 2.00-4.70 (1)-260 (1) (673K); 180 (1) - | 65-205 | OO HT> %98 K
25.0 (I) (1073 K)
C+/C-SiC/HfC coating 35-46 [341]
C#/C-SiC/HfC c_oatlng—HfC 49-66 [341]
nanowires
CiC-SIC 2&23 [342], [343]
Ci/C-SiC-ZrB; 3.05-3.45 [326]
C+/C-SiC-ZrB,-SiC nanowires 2.95-3.3 [326]
C+/C-SiC-ZrB,-SiC nanowires [326]
Pre-oxidation 2.75-3.15
Ci/C-SiC-ZrB,-ZrC 37.4-45 [210]
] 9.4 [221], [327]
Ci/SiC 6.2-84 0.85-1.35
CiZrBy-ZrC 8.1-11.7 0.8-1.33! [327]
Cst-ZrB2-20vol%SiC 48.3 - 104.7 [328]
C+/C-ZrB,-SiC(compact) & Ci/C- [329]
ZrB,-SiC(porous) & Ci/C- 3.29
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Cow-ZrB2-ZrC 8-12 [330]
Cs-ZrB2-ZrC 45-70 [330]
HfB; 6.3 72 - 105 0.25 [221]
6.8 [205], [221],
7.7 (298 K - 885 K 331], [332
HIC 7.66 + E).ll (298 K — 2)273 21-27 0.182 331} 1332]
K)
HfCo .8 7.7 (1773 K) 21-28 [38]
HfCos67 7.7 (1773 K)! 14-24 [38]
HfC+15vol%MoSi; 7.26 (298 K — 1573 K) 22.0-36.3 [333]
HfC+15vol%TaSi; 9.99 (298 K — 1573 K) [333]
HfC+15vol%TaSi.-SiC fibres 7.01 (298 K — 1573 K) 20.7 -26.5 [98]
HfNo.o2 7.7 (1773 K) 8-14 [38]
HfB,-SiC-TaSi» 8.0 (298 K — 1523 K) 28 - 34 [342]
HfB2-20vol%SiC 7.77 (293 K - 1273 K) [349]
6.6 [221], [332]
TaC 7.08 £0.33 (298 K — 2273 22 0.19°
K)
TaC+15vol%MoSi; 6.51 (298 K — 1573 K) 24.1-47.3 [333]
TaC+15vol%TaSi, 7.63 (298 K — 1573 K) [98]
TaC+15vol%TaSi,-SiC fibres 6.66 (298 K — 1573 K) 27.8-37.2 [98]
MoSi, Ave. 9.32 (298 K — 1573 K) [335], [336]
7.3-10.5 (298 K — 1273 K)
TaSi; Ave. 9.78 (298 K — 1573 K) [335]
SiC 4.3 0.58 [221]
6.8 (300 K- 1300 K) & 8.4 53 [221], [322], [337]
ZrB; (1300 K - 1675 K) 564 0.43
5.9 '
ZrC 7.3 18 - 44 0.37 [221], [338]
ZrB,-(10-40)vol%MoSi; 76.60 - 87.95 ~0.53 [339]
ZrBz-20voI%MpSiz-(5-30) 8209 - 97 55 053 - 0.60 [339]
vol%SiC
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vol%SiC
ZrB,-(10-40)vol%ZrSi, 74.20 - 98.30 (339]
ZrB2-20vol%SiC 7.85 (293 K - 1273 K) 76.2 - 103.8 0.514 [349], [337], [116]
] . 6.8 (300 K — 1300 K) & 7.8 ] [322], [337]
ZrB2-30vol%SiC (1300 K — 1675 K) 56 - 63.5
ZrB,-20vol%SiC-5v01%SisNa | 7.59 (293 K — 1273 K) [349]
ZrB,-20vol%ZrC-20vol%SiC- [349]
5v01%SisN, 8.20 (293 K - 1273 K)
ZrB,-SiC-TaSi; 7.4 (298 K — 1523 K) 33-41 [342]
ZrB,-20vol%SiC-0.2wt%CNTs 90.9 0.511 [116]
ZrB,-ZrC-SiC 65 - 85 [58]
ZrB;-33.3mol%ZrC- 726 [337]
33.3mol%SiC '
ZrB2-15mol%ZrC-15mol%SiC 85.6 [337]
ZrB2-55mol%ZrC-30mol%SiC 51.8 [337]
ZrB2-15mol%ZrC-30mol%SiC 89.0 [337]
Table 12 Electrical properties of UHTCMCs reported in the literature.
- . 4 . s e 5
Materials Electrical Cor_llductllwty x 10 Electrical Resistivity x 10 Reference
[/ em’ /Qcm
ZrB2>-(10-40)vol% MoSi» 8.11-7.22 1.23-1.34 [339]
ZrB2-40vol% MoSi>-(5-30)vol% SiC 7.35-4.07 1.36 - 2.46 [339]
ZrB-(0-40)vol% SiC - 1.025 - 8.793 [349]
ZrB>-(5-30)vol% SiC 1.989 - 1.199 - [350]
ZrB»>-20vol% SiC - 1.60 - 3.10 (298 K — 700 K) [348]
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ZrB; - 0.80 - 1.60 (298 K — 650 K) [348]
HfB2-(5-30)vol% SiC 2.229 - 1.342 - [350]
HfB2-5v0l% SiC - 0.70 - 1.90 (298 K — 650 K) [348]
HfB; - 0.25 - 1.25 (298 K — 650 K) [348]

Table 13 Thermal ablative methods and properties of various UHTCMC:s.

1.94x10% mm s?

. Fabrication | Density . Temperature / °C . Heat flux .

Material method /gcm? Ablation method Flame | Surface Time/s I MW m-2 Ablation rate Ref
Ci/ZrB,-ZrC-SiC PIP 2.44 Plasma wind tunnel - 2027 300 - 0.010gs* [209]
CISiC-HfC RMI 2.60 Plasma wind tunnel 1650 - 2500 | 60 - 600 35-5 - [357]
Ci/SiC-ZrC CVI-PIP - Plasma wind tunnel | 2227 - 60 - - [358]

KT -1
C/C-ZrC-SiC PIP  |2.03-2.14| Plasma flame : 2300 60 : 351 mgs”-188ums 1[359]
1.57 mgs*-0.37 pums
3yl
CIC-ZrC-SiC PIP 1.98 Plasma flame i 2342 180 i 1.73x10%g s [360]
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50 vol% Cs - 50 - [109]
volo ZrBe HP 3.4 HVOF 2713 1277 30 3.7 Negligible
C/C-zrC CVI-RMI 2.46 Pulse laser - 3000 20 1000 0.028 mm s [227]
C/C-zrC CVI-RMI - Laser beam-CO; - 3000 - 1000-2000 W - [229]
C/C-ZrC CVI-RMI - OAT - 3000 20 4.2 0.002 mm s’ [229]
C/ZrB,-SiC CVI-SP 2.10 OAT - | 2800-3300| 20 4.2 0.66 mm s [181]
Byl By ol
CAHfB: VICVI | 2.17-287 OAT : 2600 60 17 1haoTes - 83d0TgsT | 87)
-1
cizic pIP i OAT >3000 | 2000 - 2300 | 300 4.2 0.006 g5~ [361]
0.004 mm
]
CIC-ZrC-SiC PIP 2.22 OAT 3000 | 2400 120 i 3.75x10%gs™ [182]
2.48x10° mm s
. 0.013gs* [362]
C/C-SiC-ZrB; RMI - OAT 3000 2050 60 2.4 0.0014 mm -
1.33-0.27 mg s!; [363]
. 1823-1612 2.4 0.585 mg st cm™
C/C-ZrC-SiC PIP 2.1 OAT i 2402-2013 60 4.2 6.16-3.67 mg s!;
18.092 mg st cm™2
C/C-SiC-ZrC- 0.151 mg st cm™? [364]
HiG TCVI-PIP | 2.3-2.6 OAT 3000 2400 120 2.4 0.225 jm s
C/C-ZrB,-ZrC- ) ) 1800 i 15.7 ums? [210]
Sic TCVI-PIP 2.1 OAT 2400 60 24-42 22.8 51 om2-36.5 m 5™
C/SiC-HfC CVI-RMI 2.61 OAT 3000 | 2500-3200 20 4.2 2.9x10% gst-2.2x102mm st [[207]
C/SiC-HfC CVI-PIP 3.19 OAT 3000 | 2500-3200 20 4.2 1.5x10% g s - (-0.4)x102 mm st [[207]
C/C-SiC-ZrC PIP 2.24 OAT 3000 2400 120 - 0.0019 gs*-0.012mms®  [[365]
C/C-ZrC-SiC PIP 2.22 OAT 3000 2550 120 4.2 (-0.30) mg s - 1.5 pm s [366]
- - - | 2_ 4
(SZI/CC:: ZIC-Z1B>- | | povI-PIP 21 OAT i 2077 120 24 0.36x10%g s crrs1_1 2.04x10™" mm |[197]
C/C-SiC-ZrB; | LPCVI-RMI - OAT 3000 - 60 2.4 0.0014 gs-0.013mmst  [[222]
Ci/HfC-SiC PIP 2.48 OAT 3000 - 60 - 0.51 mg cm?st-0.006 mms? |[367]
C/SiC-ZrB, CVI-PIP 2.56 OAT - - 20 4.2 (-0.04) g st - (-0.074) mms? [[198]
C/ZrC-SiC CVI-RMI 3.09 OAT - 2000 30 - 0.0071gs'-0.0047 mms? |[[368]
C/C-HfB,-SiC PIP-RMI 1.85 OAT - - 90 2.4 0.129 mg cm?st-2.06 ums* |[369]
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CISiC-ZrB,TaC| CVI-SP | 2.35 OAT i 3000 20 4.2 0.026 mm s [370]
CIZIB,-SIC CVI-SP 21 OAT i 3000 20 43 0.066 mm s [181]
CICSiC-ZrB; | ICVI-RMI | 2.5 OAT 3000 ; 60 24 0.61-10°gs?-6.72 - 10° mms? | (371]
CdZrB; VICVI | 211 OAT 3000 | 2590 60 17 0.011 g 52- 0.08 mm s™ (18]
CdZrB,-SiC VICVI | 2.01 OAT 3000 | 2550 60 17 0.010 g 52- 0.09 mm s~ (18]
E;’é!BZ'S'C' VI-CVI 1.91 OAT 3000 | 2525 60 17 0.012 g s-0.10 mm s [18]
CAHfB; VICVI | 1.93 OAT 3000 | 2640 60 17 95.10°gst-0.03mmst | [18]
Ci/HfC VI-CVI 2.07 OAT 3000 2530 60 17 0.03 g s* (surface layer fell off) | [18]
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