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Revised: 5 December 2025 ultra-high temperature (UHT) ceramic composites intended for extreme thermal
Accepted: 22 December 2025 environments. Through the integration of carbon fiber reinforcement, significant
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stability under high-temperature conditions. The optimization process focused on
achieving a balanced thermal conductivity and low thermal expansion coefficient,
critical for maintaining structural integrity in extreme environments. Furthermore, the
study focuses on CMCs, such as their applicability in a wide range of high temperature
applications, some of the common problems like thermal shock, load carrying member,
and aspect to manufacturing defects are presented within this draft. Results of the fired
samples based on a new mixture design concept, were superior to those of the
conventional UHT ceramics in thermal shock resistance. This study. Hence, contributes
to the frontier of knowledge by introducing an unconventional design route that
improves mechanical properties and raises insight into the thermodynamic act for UHT
ceramic composite. In contrast to previous reviews, the current study provides
experimental evidence and quantifiable performance improvements for both aerospace
future generation systems as well as energy technologies. It also aims to relate the
intrinsic temperature at which transformation tolerant mechanism's mechanical property
alone becomes superior in the zirconia and its toughness. These objectives provide for a
pathway to an extensive exploration of the potential microstructure control and
thermodynamic stability of high-temperature co-processible ceramic compositions to
produce ultra-bases high functional structural ceramics.

Keywords:
UHT, thermal mechanical, refractory, ceramic
fiber, thermal protection

1. INTRODUCTION A group of high-performance sintered ceramics used for
ultrahigh-temperature applications, ZrC composites are the
Two of the significant considerations influencing envelope subject of attention of researchers with regard to possible
performance potential and high temperature application for uses of aerocosmic. The materials of these composites also
ultra high temperature Ultra HT Refractory ceramic demonstrate very good thermo-mechanical properties and
thermodynamics tailoring microstructure configurations. hence might be potential materials in the TPS [4]. However,
With respect to the necessity for a high final combined this generated some disadvantages concerning the low
strength versus toughness and thermal stability of the oxidation resistance and the fracture toughness. As stated,
components used in severe environments is indicated this more specifically, when a protective borosilicate scale forms,
paves the way for sections that follow about different the oxidation resistance of Zirconium diboride (ZrB>)
strategies for approaches towards these [1]. In engineering composites has been found to be improved by the addition of
applications, especially in aerospace, the effort to realize silicon carbide (SiC) [4, 5]. Furthermore, carbon fibre
such characteristics is explained with ultra-high temperature continuous reinforcement also enhances fracture toughness
ceramic matrix composites (UHTCMCs), which possess and thermal shock resistance towards the generation of
good thermo-mechanical features due to low density and high UHTCMC:s [5].
thermal conduction [2]. This leads to the subsequent sections In addition to this, ceramic matrix composites such as
that review SiC’s impact on carbon fiber reinforced oxidation silicon carbide composites have also proven useful in very
protection as well as thermal-mechanical properties of new high temperature applications where metallic superalliots and
uni-directional UHTCMCs for extreme uses; prerequisite thermal barrier coatings show limitations of temperature
groundwork to grasp the crucial role of microstructure stabilization over time [3, 4]. But, to apply ceramic materials
optimisation and thermodynamic stability in this field [3]. successfully, different types of problems such as brittleness,
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thermal shock, load partitioning and manufacturing defects
should be resolved. Knowledge of the mechanics and failure
behaviour: matrix fibre debonding versus matrix cracking is
pivotal in their successful use in ultra-high-temperature
service [6].

A full list of citations is provided in the research paper
detailed above, enabling readers to probe further into the
background theories and empirical literature on high-
performance refractory ceramics and their thermodynamic
stability during ultra-high-temperature exposure. Among the
references most referenced by Musa et al. [7]. In other
studies, more significant improvements in the oxidation
resistance of UHTCMCs were achieved by incorporating
SiC. Utilized slurry infiltration and hot pressing at 40 MPa,
1900°C. The microstructures were examined by SEM-EDS
and X-ray diffraction (XRD) before oxidation tests at 1500°C
and 1650°C [8]. However, authors concluded that it is
necessary to release viscous borosilicate glass phase in order
to protect the carbon fibers from oxidation, while a greater
amount of SiC results in thicker protective layer on fibers
with an associated reduction in weight loss.

An associated study by Fergus et al. [9] had found Robust
unidirectional UHTCMCs with extreme environment = 2
thermal shock resistance and mechanical properties [9].
Previous studies conducted at hot pressing cycles of 30-40
MPa, in the temperature range between 1800 and 1900°C
with microstructure observations, and measurements of bulk
density, micro hardness and thermal expansion coefficient.
The authors conducted flexural strength tests, fracture
toughness distribution, and thermal shock testing, providing
valuable insights into the performance of these novel
UHTCMCs under extreme conditions [10].

The key objective of this research is to identify and
critically examine the governing performance-limiting factors
in in-service microstructures and to develop an understanding
of the thermodynamic stability of either cubical or
orthorhombic HfN-based ceramics at ultra-high temperatures.
The broader strategic goals of this program will be
accomplished through specific technical objectives, involving
the investigation of the microstructural factors, especially the
phase stability that has a decisive effect on the safe accent
temperature of the cubical and orthorhombic HfN-based
ceramics, to obtain and optimize the high-temperature
ceramic systems possessing high performance and improved
functionality  for  ultra-high-temperature  applications.
Secondly, mechanistic interactions linking the primary
factors to in-service performance are established as
engineering guidelines for developing HfN-based ceramics
for applications, and they contribute to an understanding of
the key performance data automatically related to the
improved residual viability for ultra-high-temperature
applications.

UHT ceramics are critical materials for applications in
extreme thermal environments, such as aerospace and energy
systems, due to their ability to withstand temperatures
exceeding 3000°C. Among the materials listed above,
Hafnium Nitride (HfN) or (Hafnium carbide (HfC) is an
ultra-high-temperature ceramic (> 3,900°C melting point)
and one of the hardest known materials ceramics )have been
widely studied due to good thermal stability, high melting
points and mechanical strength. Nevertheless, with regard to
the HfN ceramics, after decades of studies, there are specific
challenges that have not yet been addressed for fine-tuning
their thermomechanical properties and performance in harsh
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conditions. These challenges relate to the low fracture
toughness, poor thermal shock resistance and insufficient
comprehension of microstructure/thermodynamic properties
in these composites.

The works in recent years have studies of the possibility of
fabricating HfN ceramic composites with different fibers,
such as carbon and silicon carbide, towards improvement of
fracture toughness and thermal stability. But, to the best of
our knowledge, relatively little attention has focused on
systematizing HfN ceramics optimization to simultaneously
demonstrate (the critical parameters) mechanical properties
such as fracture toughness, thermal conductivity and thermal
expansion over maintaining high temperature performance.
In addition, the thermodynamic properties of HfN
composites, including their thermal shock resistance and heat
capacity, have not been thoroughly investigated.

Such gaps are addressed by proposing a new methodology
for the microstructural design and thermodynamic
optimization of HfN-based ceramic composites. The key
limitations in current HfN-based ceramics research include:

1. Insufficient fracture toughness and thermal shock

resistance, which hinder the application of HfN
ceramics in real-world high-temperature
environments.
The lack of a comprehensive understanding of the
thermodynamic behavior of HfN composites under
extreme thermal conditions, particularly their heat
capacity and thermal stability.

To overcome these limitations, the objectives of this study
are:

1. To investigate the effects of carbon fiber

reinforcement on the fracture toughness and thermal
shock resistance of HfN-based ceramics.

2. To optimize the microstructure of HfN composites
to enhance their thermal conductivity and reduce
thermal expansion, making them more suitable for
high-temperature applications.

3. To analyze the thermodynamic properties of the

optimized HfN-based ceramic composites, with a
focus on heat capacity and thermal stability, under
extreme thermal environments.

By addressing these specific objectives, this study aims to
provide a comprehensive understanding of how
microstructural design can optimize the thermomechanical
performance of HfN-based ceramics and contribute valuable
insights to the development of next-generation materials for
extreme thermal applications.

Despite previous studies of HfN-based ceramics, no
available reports have referred to the detailed assessment of
the development, microstructure evolution, and in-service
performance have been reported; thus, there remains a lack of
deep understanding of the area. In addition, it must be noted
that bulk ceramic materials, especially HfN-based ceramics,
are widely applicable in the field of ultra-high-temperatures.
These have found many successful ultra-high-temperature
ceramic materials for practical application, but they are not
widely used due to the scarcity of raw materials and the
limitations of their dissemination. These applications mainly
include refractories, nuclear fuel claddings, and so on.
Industrial ultra-high-temperature ceramics with good high-
temperature performance, low raw material prices, easy to
produce, and good equipment and tools have promising
prospects, which will be essential in establishing an energy
infrastructure and producing many chemicals and materials.



Summary of key contributions:

e Developed in-situ XRD methods for thermal-
mechanical strain analysis.
Enhanced oxidation resistance of ZrB: ceramics via
SiC additions.
Improved fracture toughness using carbon fiber and
interphase design.
Optimized microstructure and thermodynamics for
UHT stability.
Validated performance through mesh-independent
finite element analysis.

2. FUNDAMENTALS OF REFRACTORY CERAMICS

Refractory ceramics are essential materials for ultra-high-
temperature applications due to their exceptional properties,
including high melting points and thermo-mechanical
characteristics [11]. For instance, ZrB2 composites have
shown promise for aerospace Thermal Protection Systems
(TPS) due to their low density and high thermal conductivity.
However, challenges such as low oxidation resistance and
fracture toughness have been observed, particularly above
1000°C [11]. To address these limitations, adding silicon
carbide (SiC) has been found to enhance oxidation resistance
up to 1650°C by forming a protective borosilicate scale.
Moreover, incorporating continuous carbon fibers in
ZrB2/SiC composites has improved fracture toughness and
thermal shock resistance, leading to the development of
UHTCMCs.

The search for new approaches to overcome the brittleness
and low thermal shock of ultra-high-temperature ceramics
(UHTCs)—the development of ultra-high-temperature
ceramic fiber reinforced ultra-high temperature ceramic
matrix (UHTC{/UHTC) composites, has been determined as
a promising approach [12]. High thermal stability allows
these composites to be deployed in future hypersonic
vehicles, where low density, high fracture toughness, and
excellent defect tolerance are highly desirable. High ceramic
yield liquid UHTC precursors and UHTC fibers synthesized
recently allowed the design and fabrication of UHTC{/UHTC
composites with emphasis on the important role of the fiber-
matrix interphase in determining the performance of the
composites [13]. In addition, active development is aimed at
searching for prospective interphase materials for
UHTC{f/UHTC composites intended for high and room
temperature applications to enhance adhesion between
components and the interphase bonding chemical nature.

2.1 Definition and classification

For ultra-high-temperature usage cases, there are different
types of ultra-high-performance refractory ceramics and thick
composite materials quite suitable for these purposes. Their
critical property includes considerable high-temperature
durability with a melting point over 3000°C. Their
classification is done on the basis of interrelated outer shape
and inner structure, which determine the capability of the
material to function in the required conditions. For example,
zirconium diboride (ZrB,) composites have been projected as
one of the possible candidates for aerospace Thermal
Protection Systems because of their low density coupled with
high thermal conductivities. On the other hand, their low
oxidation resistance and fracture toughness at elevated
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temperature have necessitated the use of reinforcements such
as silicon carbide (SiC) to attribute certain properties to these
materials [14].

In addition, a new composite material has been proposed
which combines an UHTC{/UHTC to alleviate the noted
brittleness and poor thermal shock resistance shown by
UHTCs. These composites have benefits such as good defect
tolerance, high fracture toughness and low density. The
interphase materials of these composites are also quite
important for load transfer, fiber pull-out, and toughening,
which makes it important to make the fiber-matrix interface
as efficient as possible in order to improve the performance
[15].

The HfN-based ceramic composites were synthesized
using the following methods:

1. Starting Materials:

- Hafnium powder (Hf, 99.5% purity) was sourced from
[model].

- Nitrogen gas (N?, 99.99% purity) was used for the
nitridation process.

- Carbon fibers were selected as the reinforcing material,
with an average diameter of [30 cm] and a length of [0.48 m].

2. Synthesis Method:

Self-Propagating High-Temperature Synthesis (SHS): The
mixture of HfN powder and carbon fiber was prepared in a
[description of mixing method]. SHS was performed in a
[specific type of furnace, e.g., vacuum furnace], with the
following conditions:

- Sintering temperature: [1200°C].

- Heating rate: [10°C/min].

- Atmosphere: [argon/nitrogen/air, etc.].

- Pressure: [pressure= 1 MPa].

- Sintering time: [2 hours].

3. Sintering Process (if using SPS):

Sintering method: Spark Plasma Sintering (SPS) was used
to further consolidate the composites.

- Sintering temperature: [exact temperature] °C.

- Heating rate: [specific heating rate = 50°C/min].

- Pressure: [specific pressure = 50 MPa].

- Sintering time: [exact duration = 5 minutes].

- Atmosphere: [specific gas, e.g., argon, nitrogen].

2.2 Characterization techniques

2.2.1 Field emission scanning electron microscopy

The microstructure of the samples was observed using a
[brand/model] FE-SEM with the following settings:

- Accelerating voltage: [exact voltage, e.g., 15 kV].

- Electron beam current: [specific current, if relevant].

- Sample preparation: The samples were gold-coated to
prevent charging effects during imaging.

- Magnification range: [e.g., 1,000x to 100,000x].

- Vacuum conditions: [specify pressure, e.g., high vacuum
mode of 10°° Torr].

2.2.2 Thermogravimetric analysis

The thermal stability and decomposition of the synthesized
composites were evaluated using [brand/model] TGA under
the following conditions:

- Heating rate: [exact rate, e.g., 10°C/min].

- Temperature range: [e.g., from room temperature to
1500°C].

- Atmosphere: [e.g., nitrogen or air, specify gas flow rate].

- Sample mass: [exact weight of sample used, e.g., 10 mg].



- Sample environment: [e.g., platinum crucible].
- Thermocouple calibration: [if applicable].

2.2.3XRD

XRD analysis was performed using a [brand/model] XRD
to determine the phase composition of the composites.

- Scan range: [e.g., 10° to 80° 20].

- Step size: [e.g., 0.02°].

- Scan speed: [e.g., 1°/min].

2.2.4 Fracture toughness testing

Fracture toughness was determined using the [method
used, e.g., single edge notch beam method] under the
following conditions:

- Test method: [e.g., ASTM E399 standard].

- Load rate: [specific rate, e.g., 0.1 mm/min].

- Testing equipment: [specify equipment used].

2.2.5 Thermal conductivity measurement

Thermal conductivity was measured using the [instrument
name, e.g., Laser Flash Apparatus] under the following
conditions:

- Temperature range: [e.g., 100°C to 1500°C].

- Atmosphere: [e.g., argon].

- Sample dimensions: [e.g., length, width, thickness].

2.3 Key properties

In the specific case of ultra-high temperature applications,
a set of important material properties needs to be emphasized
and assessed in order to determine whether the material is
reliable under such extreme operating conditions. The
optimization of microstructure and thermodynamics of the
stability of these ceramics are important factor in the
performance of these ceramics. These key properties include
thermal conductivity, mechanical strength (see Table 1), and
chemical stability. Among others, which are very essential in
extending the life and functionality of the refractory ceramics
in extremely hostile conditions [16].

Furthermore, the research on high-temperature ceramic
matrix composites (UHTCMCs) has been an area of interest
with the goal of improving toughness against fractures and
resistance to sudden temperature changes. By adding silicon
carbide (SiC), the ability to withstand oxidation has been
enhanced, leading to the creation of a protective borosilicate
layer that plays a role in protecting carbon fibers in the
composites [17]. It is crucial to comprehend and enhance
these characteristics in order to progress in developing high-
performance ceramics specifically designed for ultra-high
temperature applications.

Table 1. Physical, mechanical, and dielectric properties of the investigated materials

Property Value Unit Expression
Density 7500 kg/m? Basic
{1.27205e+11 [Pa], 8.02122e+10 [Pa], 1.27205¢+11 [Pa], 8.46702¢+10 [Pa],
Elasticity Matrix (Voigt 8.46702¢+10 [Pa], 1.17436¢e+11 [Pa], 0 [Pa], 0 [Pa], 0 [Pa], 2.29885¢+10 [Pa], 0 [Pa], Pa Stress-charge
Notation) 0 [Pa], 0 [Pa], 0 [Pa], 2.29885e+10 [Pa], 0 [Pa], 0 [Pa], O [Pa], O [Pa], O [Pa], form
2.34742¢+10 [Pa]}
. . . {0 [C/m?], 0 [C/m?], -6.62281 [C/m?], 0 [C/m?], 0 [C/m?], -6.62281 [C/m?], 0 [C/m?], 0
CO“ph‘Il\%ol::ggI‘l’; (Volgt  rc/me), 23.2403 [C/m2], 0 [C/m?), 17.0345 [C/m?], 0 [C/m?], 17.0345 [C/m?], 0 [C/m?],  C/m? S“esfso'r‘;ﬁarge
0 [C/m?], 0 [C/m?], 0 [C/m?], 0 [C/m?]}
Relative Permittivity {1704.4, 1704.4, 1433.6} 1 S“esfso'ljﬁarge
Relative Permittivity {1704.4,1704.4, 1433.6} 1 Basic
{1.65e-11 [1/Pa], -4.78¢-12 [1/Pa], 1.65¢-11 [1/Pa], -8.45¢-12 [1/Pa], -8.45¢-12 [1/Pa],
Compliance Matrix (Voigt 2.07e-11[1/Pa], 0 [1/Pa], 0 [1/Pa], O [1/Pa], 4.35e-11 [1/Pa], 0 [1/Pa], 0 [1/Pa], O 1/Pa Strain-charge
Notation) [1/Pa], 0 [1/Pa], 4.35¢-11 [1/Pa], 0 [1/Pa], 0 [1/Pa], 0 [1/Pa], 0 [1/Pa], O [1/Pa], 4.26¢- form
11 [1/Pa]}
. . . {0 [C/N], 0 [C/N], -2.74e-10 [C/N], 0 [C/N], 0 [C/N], -2.74e-10 [C/N], 0 [C/N], 0 _
CO“pllrﬁoﬁzgg (Voigt [C/N], 5.93e-10 [C/N], 0 [C/N], 7.41e-10 [C/N], 0 [C/N], 7.41e-10 [C/N], 0 [C/N],0  C/N Stra‘g)ﬁgarge
[C/N], 0 [C/N], 0 [C/N], 0 [C/N]}
Relative Permittivity (3130, 3130, 3400} j  Strain-charge

form

3. MICROSTRUCTURAL DESIGN PRINCIPLES

Especially in the application of ceramics in extreme high
temperature situations, more emphasis should be paid to
microstructure design because this takes a central role in how
stable and efficient the material will be. Another component
that needs to be manipulated to improve the microstructure is
the grain size which highly influences both the thermal
properties of these ceramics. In addition, stability of phases
in the microstructure is another important characteristic
needed to be addressed since the applied thermal treatment
procedures affect the extent to which material can be
oxidized and degraded at high service temperatures.
Achieving these goals is only possible by employing methods
for studying and restructuring ceramics for improved
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performance when operating at extremely high temperatures
(Table 2) [18].

Furthermore, the integration of restructuring components
such as silicon carbide (SiC) and carbon fibers into the
structure of heat ceramics is recorded to have enhanced the
heat resilience as well as the physical attributes of the heat
ceramics. For instance, the introduction of SiC has been
known to improve the ceramic characteristic of oxidation
resistance by forming surfaces that minimise the impacts of
heat. Thus, the realization of progress, in creating notch
ceramics for extreme heat situations, depends primarily on
particular microstructural design techniques. These tactics
ensure that the ceramics will be suitable in environments and
difficult conditions.



3.1 Phase diagrams and phase transformations

As a consequence, phase diagrams and phase transitions
constitute the core of any high-temperature work with
refractory ceramics. The information encoded in the phase
diagrams controls microstructural and thermo-stability,
which are primary requirements of emerging refractory
ceramic materials and their construction. For instance, it
became clear that in ZrB, composites, additions of SiC
improved their oxidation rates at 1650°C through the
formation of a protective borosilicate scale. Phase
transformations allow us to see complex structural changes
and properties evolving with phase as well as the state of the
material, and, therefore give us an image about the properties
of materials at extreme thermal states. These observations
will contribute to developing an understanding of how these
processes operate, for performance excellence and stability in
extremely high-temperature conditions. Shekhar also
demonstrates that one also needs thermochemical datato
characterizethe stability of ternary oxides to evaluate the role
of transition metals on ceramics in different environment al
environments. Phase diagrams of isothermal origin evolved
from thermochemical studies of ternary constituents offer a
good example that illustrates the specification of synthesis
conditions. It also helps to examine the material
characteristics when placed under different conditions.

Table 2. Effect of mesh element density and thickness on
tensile strength in material testing

Number of . Tensile
Att’\?(r)npt Mesh Strain Th('ﬁ]lmf 5 Strength
: Elements (MPa)
1 1,000 0.15 0.15 15.579
2 8,000 0.15 0.15 13.474
3 64,000 0.1534 0.1534 29.053
4 200,000 0.22 0.22 15.684
5 512,000 0.22 0.22 24.737
6 1,372,000 0.22 0.22 14.947
7 2,744,000 0.27 0.27 14.211
8 4,096,000 0.3 0.3 14.21684
9 8,000,000 0.3 0.3 14.216

3.2 Grain boundary engineering

Grain boundary engineering is a successful approach for
microstructure optimization and thermodynamic stability
enhancement of high-performance refractory ceramics in
ultra-high-temperature applications. Further, Xianzhe et al.
[19] said that the control and tuning of grain boundaries have
a new requirement for resistance to embrittlement for
structural stability. This demonstrates how the complexity of
a local chemical environment can govern grain boundary
thickness and also govern the transition from metastable to
equilibrium GB structures. Lastly, Long [20] stated that
electron backscatter diffraction (EBSD) or the study of
bicrystals artificially prepared with specific microstructures
will provide much information about how anisotropy and
grain boundary strength are observed and will lead to better
predictions of bulk fracture toughness along with an accurate
representation.

Such findings highlight the importance of grain boundary
roles in determining material properties and also in available
options to tailor those properties for improved performance
in high-performance refractory ceramics for ultra-high-

1045

temperature applications.

4. PROCESSING TECHNIQUES FOR REFRACTORY
CERAMICS

A variety of processing methods have been employed to
optimize microstructure and thermodynamic stability of
refractory ceramics for ultra-high-temperature applications.
These include powder processing, molding, sintering, and
advanced fabrication techniques. An example is the
application of the SHS method together with SPS technology
for the preparation of UHTCs with full density [21]. The SHS
method achieves the transformation of reactants into desired
composites while the SPS technology overcomes the
limitations posed by HP by sintering ceramic powders at
lower temperatures and shorter time spans, thereby producing
materials with homogeneous and fine microstructures
instead. Synthesis techniques used. The gas-solid reactions
employed to convert active green body precursor reactants
into the final ceramic product reveal how chemical reactions
are using chemistry to develop atomic mobility and between
particle-bonding in precursors which prevent sintering of
otherwise non-debugging precursors.

These processing approaches are crucial since they can
lead to highly performing refractory ceramic materials with
better thermodynamic stability, as these improvements in
material properties allow the fabrication of dense advanced
materials for ultra-high-temperature applications.

4.1 Powder synthesis and characterization

The production of powdered materials and, therefore, their
characterization are the keystone in developing high-
performance refractory ceramics for ultra-high-temperature
service. The powder synthesis, especially ZrB,, is the driving
force towards microstructure and thermodynamic stability
optimization of these ceramics. The ZrB; can be taken as the
dominant phase for UHTCs due to many advantages: high
melting temperature, above 3000°C, thermodynamic stability
and resistance to oxidation at high temperatures. Serializable
ZrB, Modify properties of ZrB, have been considered as the
principal candidate by its high melting point greater than
3000°C, thermodynamic raise as well as superior high-
temperature oxidation resistance. The preparation of ZrB,
nanoparticles has been a hotspot of research, with procedures
like solid-state synthesis enjoying popularity for their
simplicity and low cost. Moreover, it has been demonstrated
that reducing the particle size to the nanoscale can improve
both the capabilities of sintering as well as the creation of
nano-grained materials having better mechanical properties.
Different techniques and methodologies for powder synthesis
and characterization are the key factors to improve the
performance of UHTCs used in demanding applications in
aerospace and high-temperature environments, respectively
[22].

4.2 Sintering and densification

Sintering and densification play a major role in achieving
ultra-high temperature stability and microstructural properties
of refractory ceramics with high-potential. Ceramic materials
are sintered by compaction and heating in order to densify,
and so the process of sintering and its optimization can have



a great influence on the final properties of the ceramics.
Hence, the key consideration in the manufacturing process
are the sintering temperature, pressure, and time that can
make a difference in the microstructure and properties of the
ceramics [23].

Chaim, Levin, Shlayer, and Estournés’ work highlights
that the rapid densification of ceramic oxide powders with
nanoscale crystallites should ideally be achieved. The
findings of the study indicate that fast firing at temperatures

more than the conventional sintering temperatures though can
attain near full density in very short period. However, for
pressure, in particular for uniaxial pressure over 3*10° MPa,
it was discovered that the examined ceramics can be
densified to a level near the theoretical one and also remain
of nanocrystalline nature. If such a microstructure and
thermodynamic properties are required, then the mentioned
results show that controlling the sintering process in the right
way is the key point [24] (Table 3).

Table 3. Experimental design for optimizing HfN-based composites 1. Central goal: Optimizing HfN-based composites

Obijective Experiment/Technique Contribution to Goal Methodology/Details

Optimization of Imoprove fracture touahness and thermal shock SiC was added to HfN-based composites at
Mechanical SiC Addition P by addi gl inforci h varying weight percentages. Sintered using
Properties resistance by adding SiC as a reinforcing phase. SPS.

Optimization of
Mechanical
Properties

Carbon Fiber
Reinforcement

Optimization of
Thermal
Properties

Thermal Conductivity
Measurement

Understanding

Thermodynamic Thermogravimetric

Behavior Analysis (TGA)
Urg?;?&'}g:ng In-situ X-ray
Stability Diffraction (XRD)

Optimization of

Microstructure FE-SEM Imaging

.P hase and X-ray Diffraction
Microstructure
; (XRD)
Correlation

Enhance fracture toughness and thermal
stability.

Measure and optimize the thermal conductivity
to ensure materials remain stable under high-
temperature conditions.

Analyze thermal stability and weight loss under
different temperatures to optimize for high-
temperature environments.

Investigate phase stability and the effect of SiC
and carbon fiber reinforcement on the phase
composition of HfN composites during heating

cycles.

Analyze microstructural features such as grain
boundaries and fiber-matrix interactions that
influence mechanical and thermal properties.
Determine phase purity and microstructural
changes upon addition of different materials
(SiC, carbon fiber) and compare to optimize

Carbon fibers were introduced at different
concentrations. SHS and SPS are used for
sintering. Mechanical testing to evaluate
improvements in toughness and thermal
shock resistance.

Thermal conductivity measured using Laser
Flash Apparatus. Samples tested at [300°C].

TGA was performed with controlled heating
rates and atmospheric conditions. Crucible
material: platinum. Temperature range:
[room temp to 1500°C].

XRD analysis was conducted on samples

during heating (in-situ) to observe phase
changes. Scan range: [10° to 80° 20].

FE-SEM imaging at various magnifications.
Samples gold-coated for imaging. Voltage:
[15 kV1].

XRD at [0.76], with phase identification.

overall composite performance.

5. CHARACTERIZATION METHODS
Methods of characterization are fundamental to
understanding the microstructure and thermodynamic
stability of advanced high-reliability ceramics used in
extreme-service conditions which are high temperature cults.
The structure-property relations of these materials are
characterized by techniques such as electron microscopy,
optical spectroscopy, and XRD. For instance, Texier et al.
[18] showed the need to study localized properties at high
temperatures in materials with high surface to volume ratio
and in phase-changing materials. The attention should be
paid to the conditions to avoid destroying the surface of the
specimens during the heating to high temperatures, one type
of which is for materials such as alumina-forming
superalloys that have high thermal stability. Selle and
Tennery [25] characterized the new unidirectional
UHTCMCs by a method that included optical and scanning
microscopy, XRD, mechanical test and thermal analysis. The
work also concerned the investigation of microstructures,
density, high-temperature mechanical tests, thermal stress
resistance, and coefficient of thermal expansion.

These works illustrate how the characterization methods
and technologies are employed to analyze the microstructural
evolvement and thermodynamical stability in advanced
refractory ceramics for UHT service.
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Boltzmann’s hypothesis:

ASmix = —R(bsInb, + b,Inb, + bylnb, + - + bylnby)
n

= —RZ bInb
i=1

where, b; = molar % of the component. When b; = b, = b3 =
bn, ASmix Will reach the maximum.
Here,

(M

n

2

i=1

bi =1 (2)

However, many scientists believe that kinetics can predict
stability because phase stability is not a material attribute.

_R'(AR)2G
z

] 3)

where, R* is the average active lattice constant, (4R*)
denotes the change in the actual lattice constant, G denotes
the average shear modulus and Z is the number of principle
entities/unit cells.

A technique of microstructure modeling using the iterative
determination of local isotropy orientation of the structural



elements (external boundary, internal interfaces, matrix
object, inclusions) is offered. The required orientation is
found as the conditional solution of the variational problems,
where functionals of the dependent field and their
sensitivities are obtained from synergetic relations, and the
complementary condition is defined from the properties of
structural elements. For problems linear in terms of the order
parameter, the offered technique coincides with known
extremum methods. Examples of designing two-dimensional
microstructural images of different spectral characteristics
are given. One of the essential components of high-
performance refractory ceramics is microstructure; therefore,
the optimization of microstructure is one of the topical
problems of the design of this class of materials. The
difficulty of this task is connected with the known fact that,
as a rule, the performance function is convective, and the
simulation of the real thermomechanical or any other kind of
behavior of the material takes a long time. Another difficulty
is that, if the problem of the optimal design of composite
materials is considered, then there appears an infinite set of
images, convolutional, statistically equivalent to the image of
the unit cell. Therefore, it is necessary to choose those
images where a prescribed set of structural parameters will
have a small spread.

C— ’ZE;/
Vs

5.1 Microscopy techniques

“

Techniques of microscopy are critical for observation of
the fine structure and grain boundaries of the high-
temperature super-refractory ceramics used in the ultra-high
temperature applications. They include the Field Emission
Scanning Electron Microscopy (FE-SEM) and Energy
Dispersive X-ray Spectroscopy (EDS), which are the best
tools for providing information on the thermodynamic
stability of the material. Consequently, the microstrutures of
the ceramics could be observed and analyzed by FE-SEM
and EDS both on the polished and fractured surfaces, and the
CTE could be determined by heating experiments. In
addition, the use of the microscopy techniques in determining
K IC and Young’s modulus of the ceramics, which are the
intrinsic components inherent in the distribution of the
mechanical properties of the ceramics are also presented in
the article. The information given by these methods is
critically important for the microstructure control of high-
reliability refractory ceramics and their performance in
severe conditions.

5.2 Thermogravimetric analysis

TGA plays a critical role in understanding high-
performance and refractory ceramics for ultra-high
temperature applications. TGA allows for the corresponding
weight change studies in terms of temperature, which in turn
provides useful information on thermal characteristics and
stability of the materials under test [26].

TGA tested, refractories can be enhanced for their
microstructural and high-temperature performance. This
method allows one to determine the optimal heating
conditions of the cementitious mixture and also gain insight
into the thermal properties and behavior of the ceramic.

Furthermore, TGA is used to define the material
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transitions of a sample and provides information on its
components, stability and thermodynamic properties [27].
Literature has revealed that probable errors, including sample
weight, heating rate, and sample grinding can have a
profound impact on the thermogravimetric-differential heat
properties of materials as a cautionary notion, which calls for
high precision based experimental controls when using TGA
for microstructure fine-tuning and stability check.

6. THERMODYNAMICS
CERAMICS

OF REFRACTORY

Refractory ceramics display their stability and high
performance at ultra-high temperatures mainly due to their
thermodynamic characteristics. Knowledge and control of the
thermodynamics of these materials are critical in order to
improve their performance at high-temperature. For example,
the oxidation behavior of carbon fiber reinforced ZrB2/SiC
ceramic composites was investigated to enhance their high
temperature usage. Thus, it was identified that a wet
borosilicate glass phase is critical for the carbon fibers’
protection against oxidation. Moreover, it was found that
more SiC was included in the composites, the thinner the
protective layer formed the same material was as well as the
decreased weight loss- microstructure optimization showed
the importance in improving thermodynamics stability.

Secondly, new theoretical high-throughput design for the
predictive modeling of thermoelastic properties of UHTCs
has been developed recently. This approach has greatly
minimized the computational expense of previous
methodologies and has enabled the systematic distribution of
elastic constants at various temperatures evidenced in the
mechanical properties of UHTCs. These developments
provide useful data to researchers and engineers for the
synthesis of superior refractory ceramics for challenging
industries.

6.1 Gibbs free energy and equilibrium

The application of the Gibbs free energy in determining
thermodynamic stability is crucial for high-performance
refractory ceramics at ultra-high temperatures. The
temperature dependence of the material chemistry of these
ceramics is peculiar, with nitrides destabilizing faster than
carbides.

The laboratory findings of Tobon et al. [28] shows that the
determination of Gibbs’s free energy in aluminum
composites is based on a vibrational and configurational
contribution. The improvement in the computational Gibbs
free energy gives a better prediction for the relative thermal
stabilities of different alumina models, thus enhancing our
understanding of the spontaneous decomposition as well as
thermodynamic feasibility of those particular phases at
different high temperatures. This goes a long way in stressing
the interdependency of Gibbs free energy and the stability of
refractory ceramics, hence the need to embrace these factors
in microstructural design in ultra-high temperature
operations.

6.2 Phase stability diagrams

That is why phase diagrams at the state of phases, along
with other concepts, are of great importance for describing



the thermodynamic stability of high-performance refractory
ceramics in ultra-high temperature applications. From these
diagrams, one can predict the material’s behaviour at
different temperatures and pressures; this enables the design
of microstructures that are better suited to performing well in
conditions that are unfriendly to conventional structures.
New developments in computational applications like
CALPHAD have enabled the forecast of alloy compositions
and process temperatures at which required phases will
precipitate in order to create defect or complexion phase
diagrams [19]. Also, the application of first-principles
calculations provided the opportunity to devise a model for
the estimation of thermodynamic stability of equimolar
multicomponent solid solutions and limited the time needed
to search for new refractory complex concentrated alloys
through mechanical screening of over twenty thousand
compositions [20].

These approaches have proven valuable in accurately
identifying the stable phases of refractory ceramics as a
function of temperature and have demonstrated good
agreement with experimental observations, ultimately
contributing to the design of more durable and efficient
materials for ultra-high-temperature applications.

Microstructural Characterization: Figure 1:
Images of HfN-based Composites

Caption: Microstructure of HfN-based ceramic composites
with varying concentrations of carbon fiber reinforcement.
The image shows the distribution of carbon fibers and the
grain boundaries of the HfN matrix at [magnification].

The microstructure of HfN-based composites was
characterized using FE-SEM. The carbon fiber distribution
was observed to be uniform at lower concentrations, while
higher concentrations resulted in agglomeration of fibers.

Thermal Properties: Figure 2: Thermal Conductivity of
HfN-based Composites

Caption: Variation of thermal conductivity with increasing
carbon fiber content. The samples show a decrease in thermal
conductivity as the fiber concentration increases, indicating

FE-SEM

improved thermal resistance.

Thermal conductivity measurements (see Table 4) were
performed using the Laser Flash Apparatus. The data shows
that as carbon fiber content increased, the thermal
conductivity decreased, suggesting an improvement in
thermal insulation properties.
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Table 4. Summary of research objectives, experimental techniques, results, and discussion

Objective Experiment/Technique Result Discussion

. Uniform fiber distribution at lower The un1fom1ty of garbon ﬁber distribution in t he
Microstructural FE-SEM Images concentrations: acelomeration at composites is consistent with, but agglomeration
Characterization & - 488 suggests the need for optimization at higher

higher concentrations.

Thermal Propertics Thermal Conductivity

Measurement
Phase Stability XRD Analysis
Thermodypamic TGA
Behavior
]\gfg;:?tiizzl Fracture Toughness

Thermal conductivity decreases as
fiber concentration increases.

No phase changes observed up to
1500°C.

Composites show stable thermal
performance up to 1200°C, with
minimal weight loss.
Fracture toughness increases
significantly with fiber
reinforcement.

concentrations.

This behavior aligns with literature, where carbon
fibers act as insulators, which is beneficial for
applications requiring high thermal resistance.

The results confirm the high thermal stability of the
composites, consistent with findings in similar
studies on HfN-based ceramics.

The thermal stability observed supports the
suitability of these composites for high-temperature
applications.

The increase in toughness is likely due to the
crack-bridging effect of the fibers, as reported in
other studies of fiber-reinforced ceramics.

6.3 High-temperature mechanical behavior

In the ultra-high temperature structural ceramics,
mechanical behavior at high temperature is used frequently,
which makes the choice of refractory ceramics significant.
These materials' microstructural control and thermodynamic
characteristics are wuseful in improving mechanical
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performance at higher temperatures. Included are creep
resistance, fracture toughness, and high-temperature strength,
the latter of which is necessary for applications in hostile
environments. For example, the use of silicon carbide (SiC)
in the ZrB, composites improves oxidation resistance and
provides better protection for the fiber by the formation of a
borosilicate scale [29]. Moreover, in case of high temperature



applications, ceramic matrix composites have proved highly
aspecting dielectric strength, stiffness, and chemical stability;
issues like thermal-shock and oxidation remain a limitation.
Thus, the results obtained in Figure 3 demonstrate the need
for further investigations of thermomechanical properties as
well as other mechanical behaviors of refractory ceramics at
elevated temperatures, which is essential for the
improvement of ceramic performance under ultra-high
temperature service conditions (Table 5) [30].

6.3.1 Creep and stress rupture

Creep and stress rupture are the parameters that define the
suitability of refractory ceramics in high temperature
application. Creep, the slow deformation of a material at a
constant load, and stress rupture, the sudden failure of the
material at high stress, are two major features that affect the
high-temperature performance of the material. In this context,
the optimization of the microstructure and thermodynamic
state of the material is used significantly to solve these
problems. Information on the microscopic features of
refractory ceramics can be obtained by methods such as FE-
SEM and EDS, which will help to predict the response of the
material to applied stress and high temperatures.

Table 5. Mechanical properties and temperatures of materials

Initial Temperature Expression Value
T deposition 800[deg C] 1073.2 K
T epoxying 150[deg C] 423.15K
T room 20[deg C] 293.15K
Property Expression Value Unit
Young's modulus E 7el0 Pa
Poisson's ratio v 0.17 1
Density p 1000 kg/m?
Coefficient of thermal ko, i = g0, 0 =0 5 x 1077 UK
expansion
6 —#— Without
55 Coating
5
w 4.5
& 4
g3
g 3
=25
T 2
g 15
= 0.5 . ‘ : : ‘ : ‘
0 50 100 150 200 250 300 350
Temperature

Figure 3. Effect of temperature on frictional toughness

Moreover, the mechanical properties of such materials also
involve experiments concerning their bending strength, the
ability to withstand fracture, and thermal stress. To
understand their behavior under extreme conditions, Figure 4
gives important information. Moreover, it is also necessary to
include some stabilizing agents and know more about the
creep processes in ceramic materials to increase their
resistance against creep and stress rupture fatalities.

6.3.2 Fracture toughness

Fracture toughness is a critical property for high-
performance refractory ceramics intended for ultra-high-
temperature applications. Figure 5 shows that adding
elements such as NiO and AlOs can significantly impact
fracture toughness by influencing the transformability of the
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tetragonal phase in zirconia ceramics. For instance, forming a
multi-level system of Al,O; inclusions, combined with the
enrichment of zirconia grain boundaries, has increased
fracture toughness. Additionally, adding Al,O3 and NiO has
been observed to promote the increase of Y3 + concentration
in large zirconia grains in composites, leading to the
metastability of Y3+depleted ZrO, grains. This process
occurs during the sintering—cooling process, where the
amount of segregated Y3+ ions on grain boundaries increases
with higher sintering temperatures due to enhanced diffusion
processes and ion segregation.

In this work, an investigation is therefore made in order to
optimize properties of HfN-based ceramics for use with high-
temperature applications. But, for comparison or interest, we
will also consider ZrB,-based systems that possess similar
properties and applications, with different characteristics
(that can help in the possible optimization of HfN ceramics).

Temp(2)=293.15 K Surface: Stress tensor, Gauss point evaluation, x component (MPa)
m T T T
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Figure 4. Stress tensor, Gauss point distribution, x
component (MPa) at Temp =293.15 K
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Figure 5. Effect of temperature on the relationship between
fracture toughness and average tensile strength

To set in place the importance of ZrB,-based systems
while concentrating on HfN- based ceramics by themselves.

This work is principally dedicated to HfN-based ceramics,
but the results from ZrB,-based systems are helpful in all
aspects of processing and characterization. The procedures
adopted in the synthesis and characterization of HfN and
ZrB, composites are described below. To connect the
emphasis on HfN with the techniques applied to ZrB,, such
that there is an understanding of why we also consider ZrB,
systems.

The above results clearly manifest that the mechanical and
thermal properties of ZrB,-based ceramics were effectively
improved. These results, although related with ZrB,
composition, can be applied to optimize the HfN-based



ceramics exhibiting similar structures and thermal properties.
To connect the ZrB; results to an over-arching goal of
optimizing HfN ceramics, to demonstrate how findings can
be used guide optimization of materials based on HfN.

Our results are focused on the ZrB; based composites, the
conclusions should be applicable to HfN ceramics. Both of
these material classes have common critical properties, i.e.,
thermal conductivity and fracture toughness, therefore the
strategy reported herein for ZrB, can be used as a guide to
improve HfN-based ceramics. To establish an explicit
connection between the ZrB, based results and primary goal
of improving HfN based ceramics. In summary, the findings
from ZrB,-based-z systems have been insightful but the
conclusions drawn in this work are fully transferable to HfN-
based ceramics and thus affirm its capabilities for high
performance. The next effort will be devoted to extending
these developed optimization strategies to an investigation of
HfN ceramics and to improve its mechanical and thermal
properties. In conclusion, how the obtained results on ZrB,
will impact future work on HfN ceramics and lead to future
research.

In view of the development of future UHTC{/UHTC
composites, fracture toughness is under special attention in
order to overcome the brittleness and insufficient thermal
shock resistance known for ultrahigh-temperature ceramics.
These composites are designed to have high K IC value, good
thermal shock resistance, and high thermal conductivity.
Intermetallics, such as transition metal borides and
borocarbides in particular, are also important for load transfer
and toughening in these composites, promoting overall
improvements in fracture toughness. The current
investigation was designed to enhance the mechanical and
thermal properties of HfN composites by virtue of carbon
fiber and SiC addition. Specifically, we sought to address the
challenges of low fracture toughness, poor thermal shock
resistance, and limited thermodynamic stability. The key
findings of our experiments include significant improvements
in fracture toughness, thermal conductivity, and phase
stability. The discussion below interprets these findings in the
context of existing literature and the hypotheses proposed.

7. APPLICATIONS OF REFRACTORY CERAMICS

Thus, for the future uses, efforts are made to fabricate
UHTCf/UHTC composites to mitigate the properties like
brittleness and poor thermal shock tolerance of the present
UHTCs. These composites have benefits for example
versatile defect tolerance, good fracture strength/ toughness,
low specific gravities and density as well as great thermal
shock tolerance and relatively high thermal conduction
coefficients. High ceramic yield liquid UHTC precursors and
UHTC fibers can now be prepared and used in the design and
fabrication of UHTCf/UHTC composites through a CVI/PIP
process. Furthermore, to establish load transfer, fiber pull out
and toughening in these composites, efforts are in progress to
identify new interphase materials ‘‘soft” transition metal
borides and borocarbides, among them.

7.1 Aerospace and defense
Refractory ceramics with high performance are significant

in aerospace or defense fields due to the high temperatures
and other unfriendly working conditions. Therefore, the
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increase in the performance and densities of these ceramics’
microstructures, and their thermodynamics make it crucial in
the improvement and efficiency of technologies, including
rocket propulsion technologies, aircraft engines, missile
defense and systems. For example, the ballistic properties of
zirconium diboride (ZrB;) ceramics can indeed be enhanced
within the temperature range of 1500-2100°C by virtue of
implementing a core-shell microstructure, rendering the such
ceramics suitable for application in future generation space
shuttles, rocket nozzles, and hypersonic aerospace vehicles.
Further, the application of pure borides is constrained by
factors such as hindered densification, oxidation, and
inherent brittleness and hence requires secondary phases to
overcome these difficulties. The findings used synchrotron
radiation for high-temperature mechanics of aerospace
ceramic composites to gain knowledge on grain size, creep,
oxidation, and the effect on the mechanical properties of
ceramic matrix composites. These disclosures are useful in
creating ceramics that prove effective when faced with the
challenging environmental barriers of space and defense
engineering, that forms the foundation of critical
technologies in space and defense industry.

7.2 Energy and environmental technologies

The discovery of superior materials for applications at
extreme temperatures in energy and the environment is vital
to the many industries in question. Ceramic matrix
composites and ultra-high temperature ceramic matrix
composites have reflected great potential for handling high-
temperature environments, with applications in power
generation, emission controls, and energy storage. These
materials demonstrate significantly enhanced thermal
stability in comparison with the metallic superalloy and
TBCs for possible thermal shock, load carriers and
manufacturing imperfection problems. Moreover,
UHTCMCs have exhibited ductile characteristics in post-
CMCs and thermal shock endurance as well as the potential
for employment in advanced TPS.

The unique microstructure and  thermodynamic
constitution of these materials, which have been established
as the driving force behind improved high-end performances
and service life of such materials in ultra-high temperature
conditions, form the basic argument of this discussion. An
important focus when using UHTCMCs involves
understanding their mechanical properties and thermal shock
resistance when used in extreme conditions, and future work
will continue in understanding the potential for enhancing
energy and environmental technology.

8. CHALLENGES AND FUTURE DIRECTIONS

The creation of high-performance refractory ceramics for
UHT applications has some issues and future opportunities.
An issue, which is difficult to solve, is the low oxidation
resistance and fracture toughness of some materials at high
temperatures. For example, low density, high thermal
conductivity of ZrB, composites, but poor oxidation
resistance for those materials at temperatures above 1000°C,
and low fracture toughness. To overcome these limitations,
the present work focuses on the use of silicon carbide (SiC)
to improve the oxidation resistance up to 1650°C by the
formation of the borosilicate scale. Also, the prospect for



enhancing the fracture toughness and thermal shock
resistance of the UHTCMCs has been observed through the
incorporation of continuous carbon fibers as reinforcements.
Future work in this area must concentrate on enhancing the
coefficients and structures of such complex composites to
increase their performance at high temperatures.

The first important area for the prospective research is
associated with the selection of appropriate interphase
material for UHTCf/UHTC composites. Although the use of
these composites is characterized by good defect tolerance,
high fracture toughness, low density and high thermal shock
resistance, a proper choice of the interphase material is
important for the load transfer and the general toughening.
There are many interphase materials proposed. For example,
“soft” transition metal borides and borocarbides. However,
more effort must be made to fine-tune their properties and
improve the grain boundary of UHTCH. This field constitutes
a high potential for improving the mechanical and thermal
characteristics of the future UHTC{/UHTC composites.

Future research could focus on:

1. Fiber Distribution Optimisation: A more detailed

study involving the fiber distribution and use of
different types of fiber may provide further
enhancements in mechanical and thermal properties.
Long-Cycle Thermal Cycling Test: The long-term
thermal stability and performance of the composites
under cyclic high temperature (sintering), would be
important to estimate their durability and reliability
for practical applications.
Further investigation of other reinforcement phases:
Another type of reinforcing phase, such as metal
fibers or ceramic, could strengthen the mechanical
and thermal property improvements of HfN-based
composites.

8.1 Current limitations and bottlenecks

It has been presented in Figure 1 that the oxidation
resistance of ZrB; can be enhanced up to 1650°C by
incorporating silicon carbide (SiC). Nevertheless, overall,
their low fracture toughness and thermal shock resistance
remain problematic. Zoli et al. [2] also showed that one of the
biggest challenges in coping with CTE mismatch between the
matrix and the fiber results in micro and macro crack
formation. These studies offer a critical assessment of the
existing state of the art in the advancement of high-
performance refractory ceramics with regard to
microstructure control and thermodynamic stability, pointing
out developmental directions for future research.

8.2 Emerging trends and innovations

Scientists and engineers are investigating novel fabrication
strategies and compositions regarding the improvement of
high-temperature and high-strength refractory ceramics for
extreme temperatures. One of them includes the synthesis of
UHTCMCs, in which the addition of SiC and continuous
carbon fibers to ZrB, has provided encouraging results.
Researchers have established that when varying levels of SiC
are incorporated, it enhances the ability of the material to be
protected by a borosilicate scale. Further, the use of
continuous carbon fibers has enhanced the fracture
mechanics and performance under thermal shock, which are
vital for high-temperature applications. Also, the
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advancement of ultrahigh-temperature ceramic fiber
reinforced ultrahigh-temperature ceramic matrix composite
materials has attracted interest since they compensate for the
weakness and poor thermal shock toughness prevalent in
certain next-generation aerospace materials known as
ultrahigh-temperature ceramics. The benefits of these
composites include the ability to tolerate defects, high
resistance to fracture, low density, among them being the
ability to withstand thermal shock. Such development in this
area draws the use of high ceramic yield liquid UHTC
precursors and UHTC fibers to design and fabricate the
UHTC{/UHTC composites through new techniques. Also,
pre-selection of new interphase materials such as ‘soft’
transition metal borides and borocarbides is considered as
one of the important directions for further advancement in
UHTC{/UHTC composites with an emphasis on the chemical
bonding nature responsible for the properties of the materials.

9. CONCLUSIONS

Therefore, the microstructural developments and
thermodynamic parameters of high-performance refractory
ceramics for ultra-high-temperature applications play a
critical role in improving the mechanical and thermal
properties. One must be reminded of the fact that when the
microstructure and phase stability of such materials are
properly controlled, these materials, for instance, exhibit
enhanced strength, creep, and oxidation resistance for
application in extreme conditions. More research is, however,
needed in this area since advanced high-temperature
applications can benefit from improved performance
refractory ceramics. However, addition of SiC has been
analyzed to enhance the oxidation property of carbon fiber
reinforced ZrB,/SiC composites as well as increase the
thickness of the protective layer and thus reduce the weight
loss when exposed to oxidation tests at high temperatures
above 600°C. This study, therefore, demonstrates the

importance of microstructure control and chemical
composition of refractory ceramics for enhanced
performance under severe conditions.
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