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Course Description

This course provides professional engineers with a comprehensive
understanding of ultra-high-temperature ceramics (UHTCs), focusing on the
chemical, thermomechanical, and processing principles that govern their
performance in extreme environments. Participants will explore the nature of
metal-non-metal (M-X) bonding in UHTCs and its implications for high-
temperature strength, thermal conductivity, oxidation resistance, and fracture
toughness.

The course emphasizes the interrelated roles of chemistry, synthesis, and
processing in achieving desirable material behaviors. Additional focus is given to
emerging research, including additive manufacturing of UHTCs, high-entropy
ceramics, and 2D-material reinforcements. Designed for engineers in aerospace,
defense, energy, and high-temperature systems, this course prepares learners
to integrate UHTCs into innovative structural and functional designs.

Learning Objectives
Upon completing this course, participants will be able to:
e Explain the chemistry and bonding characteristics of ultra-high-
temperature ceramics.
e Analyze how metal-non-metal (M-X) interactions govern thermal,
mechanical, and oxidative behavior.
e Evaluate common and advanced synthesis techniques for UHTCs.
e Assess the role of additives and multi-component strategies (e.g., high-
entropy) in tailoring material properties.
e Understand the challenges and innovations in processing UHTCs,
including additive manufacturing and 2D material integration.
e Interpret microstructural evolution during processing and its influence on
performance.
e Apply knowledge of UHTCs in the design of components for extreme
environments.

Intended Audience

This course is designed for licensed professional engineers and engineering
practitioners working in disciplines such as aerospace, mechanical, materials,
nuclear, and thermal systems engineering. It is particularly relevant for those
involved in design, analysis, fabrication, or performance evaluation of
components and systems operating in extreme temperature or oxidative
environments, including hypersonic vehicles, propulsion systems, energy
systems, and high-temperature structural applications.
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Chapter 1: Introduction to
Ultra-High-Temperature Ceramics
(UHTCs)

Definition and Scope of UHTCs

Ultra-high-temperature ceramics (UHTCs) are a class of refractory materials
defined by their exceptionally high melting points, generally above 3000 °C,
combined with robust structural stability at extreme temperatures. These
materials typically include transition-metal ceramics such as carbides (e.g.,
zirconium carbide ZrC, hafnium carbide HfC), borides (e.g., zirconium diboride
ZrB,, hafnium diboride HfB,), nitrides, and composite systems thereof (see
Figure 1). Their utility stems from their ability to withstand extremely harsh
thermal environments where conventional ceramics or metals degrade (Lipkin et
al., 2011; Hazu et al., 2020).

)
| - A
Figure 1: An UHTC strake composed of three different sections with different
UHTC compositions (NASA-Ames)

UHTCs exhibit extraordinary thermal resistance, high hardness, moderate
electrical conductivity, and, in many cases, good thermal shock resistance when
properly engineered. Their functioning envelopes extend into domains such as
atmospheric reentry thermal protection, leading edges of hypersonic vehicles,
rocket nozzle throats, and nuclear reactor components (Stecura et al., 2002;
Zhou & Lee, 2011).



<Z> Category Course Title

Historical Context and Material Families

Figure 2: Zirconium carbide (ZrC)

The inception of UHTC research traces back to the mid-20th century with
investigations into high-melting-point carbides and borides for aerospace and
defense applications. Early work on tungsten carbide and niobium carbide
informed later exploration of group-1V carbides and borides. The recognition
that systems like ZrC and HfC offered superior high-temperature resilience
spurred deeper studies (Pint et al., 2016). Subsequently, attention diverged into
ceramic composites, boride-based materials such as ZrB,-SiC, for improved
oxidation resistance, and later, HfB, systems for even higher melting points.

Over recent decades, research expanded into dense, high-purity monolithic
UHTCs, composites integrating second phases (e.g., SiC to form protective
scales), and emerging areas such as high-entropy ceramics. Comparative
investigation across families continues to reveal the trade-offs between thermal
stability, oxidation resistance, and mechanical integrity under thermal stress
(Chizmeshya et al., 2010; Zhang et al., 2015).

Applications in Extreme Environments

UHTCs serve critical roles in environments where temperatures exceed the
operational limits of most structural materials. In hypersonic flight systems and
reentry vehicles, leading edges and nose cones must endure temperatures
exceeding 2000 °C, combined with oxidative and erosive plasma flows. Here,
UHTCs offer unmatched performance when integrated in thermal protection
systems (Fontana & Shroeder, 2005).
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In rocket engines, nozzle throats experience combustion temperatures above
3000 °C and severe chemical attack. UHTC composites, such as ZrB,-SiC, extend
component life by balancing thermal conductivity and erosion resistance. In
nuclear and concentrated solar power (CSP) systems, UHTCs are explored for
high-temperature reactors and solar receivers capable of operating at
temperatures well above 2000 °C under radiation and oxidative flux (M'Saoubi et
al., 2017).

Course Title

Performance Requirements and Design Criteria

Successful application of UHTCs demands comprehensive understanding of
their high-temperature behavior, including:
e High melting point: Ensures structural integrity at operation
temperatures beyond 2000-3000 °C.
o Oxidation resistance: Critical in oxygen-rich environments; protective
scales (e.g., SiO,) must form and remain adherent.
e Mechanical robustness: Resistance to thermomechanical stresses,
thermal shock, and creep.
e Thermal conductivity and expansion: Balanced performance to avoid
excessive thermal gradients and mismatch with other materials.
o Fabricability and reliability: The ability to process into complex shapes,
often via densification, coatings, or near-net-shape forming.

Meeting these criteria requires optimization of composition, microstructure,
additive content, and processing protocols tailored to the specific service
environment.

Table 1 shows that boride-based composites with SiC as an additive offer a more
balanced combination of properties, particularly better oxidation resistance and
thermal conductivity, compared to monolithic carbides such as HfC or ZrC alone.

Table 1: Comparative Overview of Common UHTCs

Meltin Thermal Oxidation
Material Point (§C) Conductivity Resistance Typical Use Cases
(W/m-K, ~1500 °C)
HfC 3950 | ~20 Poor alone Extreme-temperature
monoliths
2rC 3550 | ~30 Poor alone High-temperature
refractory bodies
Good Hypersonic leadin
ZrB,-20vol% SiC | ~3200 | ~80 (protective yp &
. edges
SiO,)
. Improved over Nozzle inserts,
- 0, ~ ~
HfB,-30 mol% SiC 3400 70 HfB, thermal shields
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Stress from thermal expansion mismatch at an interface can be approximated
by:

o=F-DAa-AT

Where:
o = thermal stress (Pa)
E =Young's modulus of the material (Pa)
Aa = difference in coefficients of thermal expansion between two
joined materials (per K)
AT = temperature change (K)

This formula elucidates why mismatched thermal expansion can generate high
interfacial stresses in UHTC systems, potentially leading to delamination or
cracking at temperatures typical of hypersonic or reentry environments.

Conclusion

Ultra-high-temperature ceramics represent a vital class of materials enabling
functionality in the most extreme thermal and oxidative environments known to
engineering practice. Their historical evolution, from monolithic carbides and
borides to complex composites, reflects the need to reconcile competing
demands of thermal stability, mechanical toughness, and oxidation resilience.

The performance of UHTCs critically hinges on understanding and controlling
material properties, including melting point, conductivity, microstructure, and
protective scale formation, as well as interfacial stresses arising from thermal
expansion mismatches. This foundation establishes the necessary context for
exploring deeper aspects such as metal-non-metal bonding, detailed oxidation
mechanisms, synthesis-processing-structure relationships, and modern
Innovations, all of which will be systematically developed in subsequent
chapters.
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Chapter 2: Bonding, Crystal Chemistry,
and Thermophysical Behavior

Metal-Non-Metal (M-X) Bonding Fundamentals

The chemical bonding in ultra-high-temperature ceramics (UHTCs) encompasses
a nuanced blend of ionic, covalent, and metallic character. Transition-metal
carbides (e.g., HfC, ZrC, TaC) largely exhibit metallic conductivity, but their
extraordinary hardness and high melting points stem substantially from strong
covalent M-C bonding networks (Oyam, The Chemistry of Transition Metal
Carbides and Nitrides, 1996). For example, TaC's bonding is described as "a
complex mixture of ionic, metallic and covalent contributions", with the covalent
part particularly responsible for its brittleness and hardness (Mohs ~9).

By contrast, metal diborides such as ZrB, feature hexagonal crystal lattices
where boron atoms form graphite-like sheets interlayed with metal layers,
resulting in highly covalent bonding between boron planes and appreciable
anisotropy in properties like thermal expansion (ZrB, melting point ~3246 °C).
Such crystallographic distinctions mean that borides tend to exhibit higher
thermal and electrical conductivities compared to carbides, aiding in rapid heat
distribution during thermal shock scenarios (Wuchina et al., 2007).

Structure-Property Relationships

Crystal Structures:

e Carbides (e.g., ZrC, HfC, TaC) adopt the cubic (NaCl-type, Fm3m) structure
with octahedral coordination of carbon surrounded by metal atoms,
facilitating isotropic properties (ZrC: ~3530 °C, metallic conductivity
~20 W-m~'K™).

o Diborides (e.g., ZrB;) adopt a hexagonal (P6/mmm, hP3) structure in
which strong bonding within boron sheets and between metal layers
results in high anisotropy in thermal expansion and conductivity.

Property Implications:

e Bonding character directly influences hardness and elastic modulus. For
example, strong M-C covalent bonding yields hardness >25 GPa and
modulus ~440 GPa in ZrC.

e Thermal conductivity benefits from metallic bonding and dense lattice
planes, giving diborides superior heat conduction compared to carbides.
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This property is crucial in reducing thermal gradients within UHTC
components (Wuchina et al., 2007).

e Thermal expansion anisotropy, especially in hexagonal borides,
introduces directional thermal strain, requiring careful consideration in
coating or composite design.

Thermochemical Stability and Melting Behavior

Ultra-high-temperature ceramics of greatest interest are predominantly derived
from transition metals in Groups IVB and VB of the periodic table, specifically
titanium (Ti), zirconium (Zr), hafnium (Hf), vanadium (V), niobium (Nb), and
tantalum (Ta). Their carbides and borides exhibit some of the highest known
melting points of any binary compounds—for example, hafnium carbide (HfC,
~3958 °C) and tantalum carbide (TaC, ~3768 °C). Borides such as ZrB, and HfB,,
while slightly lower in melting point (~3200-3400 °C), offer the additional benefit
of high thermal conductivity. This unique combination of refractory stability and
desirable thermophysical properties is why Group IV and V transition-metal
ceramics dominate current UHTC research and application.

UHTCs from groups IV and V demonstrate some of the highest known melting
points (exceeding 3300 K), with HfC estimated at 3958 °C, and hafnium
carbonitride (HfCN) potentially exceeding 4110 + 62 °C per ab initio studies.

Such melting behavior reflects the strength of metal-non-metal bonds and the
stability of refractory crystal lattices under extreme temperatures. For borides
like HfB; and TaB, (melting points ~3380-3450 °C), their elevated thermal

stabilities make them indispensable in ultra-high-temperature structural roles.

Thermal Conductivity and Expansion Considerations

Thermal Conductivity:
The thermal conductivity (k) of UHTCs is governed by phonon transport and
electronic contributions in metallic systems. A representative equation is:

K= kph + kel
f
K,» = phonon (lattice) thermal conductivity
K. = electronic thermal conductivity

In diborides like ZrB, and HfB,, higher K.; due to metallic bonding enhances heat
transport, critical for mitigating thermal gradients (Wuchina et al., 2007).
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Thermal Expansion:
Thermal expansion mismatch between UHTCs and substrates or coatings
produces interfacial stress:

o=E-Aa-AT

Where:
o = induced stress (Pa)
E =Young's modulus (Pa)
Ao, = difference in coefficients of thermal expansion (K™)
AT = temperature change (K)

Managing Aa. is essential to prevent cracks or delamination, especially
pronounced in anisotropic borides where expansion varies with crystallographic
direction (e.g., ZrBy).

Table 2 underlines that while carbides boast superior melting points and
hardness, diborides outperform in thermal conductivity and offer lightweight,
thermally conductive solutions ideal for mitigating thermal stresses in extreme
environments.

Table 2: Properties of Representative UHTCs

Grogp . . Crystal Melting Thermal' . Hardness / Elastic
(Periodic Material Structure Point (°C) Conductivity Modulus
Table) (W/m-K)
Group IVB Cubic (NaCl-
(Ti, Zr, Hf) ZrC type) 3530 20 25 GPa / ~440 GPa
HfC Cubic ~3958 ~30 very high (one of the
hardest carbides)
Hexagonal Excellent strength;
ZrB, (hP3)g ~3246 ~60-80 (high) oxidation improved
with SiC
High toughness with
HfB, Hexagonal 3380 70 Sdditives
Group VB Cubic (NaCl- Mohs ~9; modulus
V,Nb, Ta) | 8¢ type) 3768 25-30 ~285 GPa
NbC Cubic ~3610 ~20-25 High hardness, less
oxidation resistant
Moderate thermal
TaB; Hexagonal ~3450 ~36 conductivity,
refractory

Group IVB UHTCs (Zr, Hf, Ti-based carbides and borides) are widely studied due
to their ultra-high melting points and superior thermal transport properties,
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especially in diboride systems. Group VB UHTCs (Nb, Ta, V-based ceramics) also
exhibit excellent melting points but often show lower oxidation resistance and
are less industrially mature compared to their Group IVB counterparts.

Conclusion

Understanding the fundamental metal-non-metal bonding in UHTCs is
foundational to predicting and tailoring their thermophysical behavior. The
interplay of bonding character, crystal geometry, and compositional variation
dictates high-temperature stability, conductivity, hardness, and expansion
behavior. These structure-property relationships lay the critical groundwork for
advancing into the design of systems, like additive manufacturing, high-entropy
UHTCs, and composites, that strategically manipulate these characteristics to
optimize performance under extreme operational demands. The insights herein
set the stage for deeper exploration of synthesis pathways, oxidation
performance, and modern processing techniques.
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Chapter 3: Thermochemical Stability and
Bonding in UHTCs

Figure 3. High-entropy Alloy

Credit: Shaoging Wang, via Wikimedia Commons

Thermochemical Stability and Exceptional Melting Behavior

Ultra-high-temperature ceramics (UHTCs) demonstrate remarkable
thermochemical stability, frequently exceeding melting temperatures of 3300 K
(=3027 °Q), a threshold beyond most conventional ceramics (Castle et al., 2018).
Among them, hafnium carbide (HfC) stands out with the highest reliably
measured melting point near 3958 °C (Johnson, 2015). Ab initio studies suggest
that hafnium carbonitride (HfCN) may exceed 4110 + 62 °C, reflecting the
influence of complex bonding in mixed-anion systems (Castle et al., 2018).

The exceptional melting behavior across UHTC classes, carbides and borides, is
rooted in their metal-non-metal (M-X) bonding: a robust, highly covalent lattice
reinforced by partially ionic and metallic characteristics (Wuchina et al., 2007).

These bonds are responsible for their refractory nature and maintain structural
integrity at temperatures that would degrade metallic or most ceramic systems.

Comparative Thermophysical Properties of Carbides and
Borides

Thermophysical properties of UHTCs vary significantly between carbides and
diborides (see Table 3).
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Table 3: Key thermophysical properties of representative UHTCs, thermal
expansion coefficient (TEC), thermal conductivity (A), and melting behavior

Thermal Temperature Thermal
Material Expansion Range (°C) Conductivity Notes
(107 /K) (W/m-K)
ZrB, +20% | 5-7.8 400-1600 78 Composite offers improved
SiC oxidation resistance
HfB, ~7.6 20-2205 ~70 High conductivity aids
thermal shock mitigation
TaB, ~8.4 1027-2027 ~36.2 Lower A among borides;
moderate TEC
HfC ~6.6 20-1500 ~30 High-melting carbide with
moderate A
ZrC ~5.2 1027-2027 ~20.5 (at room Excellent hardness and low-
temp) density carbide

Boride-based composites such as ZrB,-SiC exhibit substantially higher thermal
conductivity and similar or slightly higher thermal expansion compared to
carbides. Higher A allows more efficient heat dissipation, reducing thermal
gradients during extreme thermal cycling.

Melting Behavior and Bonding Insights

The superior melting points of carbides like HfC (=3950 °C) and TaC (=3980 °C)
originate from strongly covalent M-C bonds within a NaCl-type cubic lattice,
supplemented by partial metallic nature that enhances electronic interactions
(Wuchina et al., 2007). While carbides offer maximum thermal stability, their
oxidation resistance is poor, especially below 2000 °C due to “pesting”
degradation, making them suitable for ultra-short, high-temperature exposure
only.

By contrast, borides like ZrB, and HfB, possess hexagonal structures with
alternating boron and metal layers. Their bonding is partly covalent in boron
planes and metallic across layers, which yields higher thermal conductivity and
structural anisotropy. Such anisotropy must be managed during component
design to avoid thermal stress mismatches (Review on ultra-high temperature
boride ceramics, 2020).

Impacts on High-Entropy UHTC Systems

High-entropy ceramics (HECs), including high-entropy carbides and diborides,
are an emerging domain in UHTC research. Their configurational complexity
lends enhanced mechanical and chemical robustness, yet they typically exhibit

10
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lower thermal conductivity due to phonon and electron scattering by
compositional disorder (Rost et al., 2020).

Although their A is reduced, HECs remain promising for extreme environments
where structural resilience under thermal cycling outweigh physical transport
needs. Further development focuses on optimizing composition to balance
stability and transport properties.

Conclusion

Thermochemical stability in UHTCs is intrinsically tied to metal-non-metal
bonding and the resulting lattice architecture. Carbides such as HfC deliver
unmatched melting point performance, while borides like ZrB, offer better
thermal transport. High-entropy variants introduce compositional disorder that
trades some conductivity for enhanced structural robustness. Understanding
these nuances is critical: designers must weigh maximum temperature
resilience, oxidation protection, heat dissipation, and thermal stress
considerations, as they sculpt UHTC systems for extreme operational roles.

11
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Chapter 4: Oxidation, Volatilization, and
Environmental Degradation

Oxidation Mechanisms in UHTCs

The oxidation behavior of UHTCs varies significantly between monolithic
systems and engineered composites. Pure ZrB,, for example, forms B,0; (liquid
above ~450 °C), which initially surrounds ZrO, grains and offers limited
protection; however, its volatility above ~1100 °C leads to rapid degradation
(Eakins, 2011). This volatilization creates pathways for further oxidation and
recession of the base material.

In contrast, composites like ZrB,-SiC form complex, protective oxide scales. The
oxidation of SiC produces a silica-rich layer that, when combined with B,Os,
forms a borosilicate glass. This glass, in tandem with ZrO,, crafts a multi-layered,
adherent scale that limits oxygen diffusion and mitigates catastrophic
degradation (Alosime, 2021).

The oxidation kinetics of ZrB,-SiC follow a near-parabolic rate law, indicating
diffusion-controlled behavior up to ~1500 °C. At higher temperatures, the
oxidation mechanism transitions toward reaction control, primarily due to
volatilization of the borosilicate layer (Williams, 2012). Activation energies, for
example, ~5.1 kJ/mol for ZrB,-20 vol% SiC, highlight how SiC content drastically
influences oxidation resistance.

Influence of Additives and Coatings

Additives play a pivotal role in improving oxidation resistance. The inclusion of
alloying elements, such as TaB,, TaSi,, CrB,, TiB,, into ZrB,-SiC matrices
decreases mass gain during oxidation by modifying the borosilicate scale
morphology and impeding oxygen transport (Eakins, 2011). Notably, a 10 mol%
addition of TaB, reduced oxidation mass gain from ~3.5% to ~1.25% over 5
hours at high temperature.

MoSi, additions not only aid densification during sintering but also form refined
oxide scales during oxidation that decelerate degradation (latsyuk, 2018). These
tailored oxide layers, often containing ZrSiO,, act as diffusion barriers,
significantly enhancing high-temperature stability.

12
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Environmental Factors: Water Vapor, Cycling, and Pressure

Environmental conditions like water vapor can dramatically accelerate oxidation.
For instance, exposure to water vapor increases oxidation rates in ZrB, by
factors ranging from 7 to 30, depending on temperature, due to hydroxyl-
enhanced degradation of protective phases (Naraparaju, 2021).

Additionally, cyclic thermal loading can harm scale adhesion and integrity,
especially when the oxide architecture is thermally mismatched or brittle.
Repeated heating/cooling causes stress accumulation, leading to spallation of
protective scales and nucleation of cracks (implicit across oxidation studies).

Table 4 captures how composite design and environmental conditions alter

oxidation mechanisms and performance, from monolithic failure to engineered
resilience.

Table 4: Summary of Oxidation Behavior in UHTCs

Material /
! . Oxide Scale Characteristics Dominant Oxidation Behavior
Composition
L B,Os + ZrO,; B,O5 volatilizes . .

ZrB, (monolithic) 1100 °C Rapid, poor resistance

ZrB,-SiC (20 vol%) Si0,-B,0; borosilicate + ZrO, Parabolic (diffusion-limited)

7¢B,-SiC + TaB, Refined porosilicate scale; lower Enhanced resistance, slower
mass gain rates

ZrB,-SiC + MoSi, ZrS|Q4—conta|n|ng scale; adherent Improved oxidation protection
barrier
Hyd |-assisted d dati

With water vapor (ZrB,) y roxy assisted degradation Rapid acceleration of oxidation
mechanisms

High-Entropy UHTCs and Oxidation Performance

High-entropy UHTCs, such as (HfZrTiTaNb)B, or (HfZrTiTaNb)C, are being
explored for improved high-temperature oxidation performance. Recent studies
show that certain high-entropy diborides exhibit slower oxidation kinetics
compared to dual-phase diborides, potentially due to their complex, multi-
component diffusion behavior.

These findings suggest that high-entropy systems may offer novel strategies for

designing UHTCs with exceptional oxidative durability, although the detailed
mechanisms remain under investigation.

13
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Conclusion

Oxidation behavior in UHTCs is overwhelmingly influenced by chemistry,
composite design, and environmental interactions. Pure diborides suffer from
poor oxidation resistance at high temperatures due to volatilization of B,0s;
however, composites incorporating SiC form complex, protective borosilicate
scales. Additives like TaB, and MoSi; further refine scale morphology, boosting
resistance.

Environmental aggressors, such as water vapor and thermal cycling, can
compromise scale integrity and accelerate degradation, emphasizing the need to
validate UHTC systems under realistic service conditions. Emerging high-entropy
UHTCs hold promise for enhanced oxidation resistance through increased
compositional complexity. These dynamics set the stage for further study into
synthesis-structure-performance relationships and advanced protective
strategies.
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Chapter 5: Synthesis and Processing
Routes
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Figure 4. Diagram of Spark Plasma Sintering (SPS)

Credit: https.//commons.wikimedia.org/wiki/File:Sps111.jpg

Powder Synthesis Methods

Ultra-high-temperature ceramics (UHTCs) require high-purity, ultrafine powders
to achieve dense, defect-minimized microstructures. Several synthesis strategies

are employed:

Self-Propagating High-Temperature Synthesis (SHS): Starting from elemental
powders (e.g., Zr and B), SHS uses exothermic reactions to generate UHTC
powders spontaneously at high temperatures (AG = -279.6 k] mol™" at 2000 K for
ZrB, formation). While SHS offers rapid production and high purity, the
extremely rapid heating can yield incomplete reactions and high porosity.

Borothermal Reduction of Oxides: More industrially viable routes utilize oxides
(e.g., ZrOy) and boron sources (e.g., B4C) to reduce oxides into UHTCs via:

ZZf02 + B4C +3C — 2ZTB2 +4CO

This method occurs at ~1600 °C and benefits from lower precursor cost and
finer grain structures.
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Metallothermic Reduction: Oxides can also be reduced with reducing agents
like magnesium, enabling acid-leachable residue removal, although complete
conversion can be challenging.

Advanced Chemical Routes: Alternative approaches include:

NaBH, reduction to synthesize ZrB, nanocrystals at ~700 °C with fine
particle yields.

Polymeric precursors, where metal oxides are dispersed in boron-rich
polymers that generate UHTC powders upon pyrolysis.

Reactive Plasma Spraying: For coatings rather than bulk powders, borothermal
reactions can be induced in-flight at temperatures of 6000-15 000 °C, enabling
rapid deposition of UHTC phases with fine porosity.

Collectively, these methods offer trade-offs between cost, scalability, powder
quality, and microstructural control, critical factors in downstream densification
and performance.

Densification Techniques: Achieving High-Density UHTCs

Following synthesis, achieving near-theoretical density is essential for optimal
mechanical and thermal performance. The primary densification techniques
include:

Hot Pressing (HP): A traditional method that applies high temperature
(1800-2000 °C) and pressure (~30 MPa) to powder compacts. HP offers
high densities (>99%) but is energy-intensive and prone to grain
coarsening (Italian review 2025). Additives such as milling, SiC, carbon
black, or rare-earth oxides (e.g., Y,03, La,03) can reduce sintering
temperature and enhance densification.

Pressureless Sintering: Avoids applied pressure, requiring extremely high
temperatures (~2150 °C) and long dwell times (~9 h) to approach ~98%
density. Grain growth is a recurring challenge; third-phase additives (e.g.,
Ir, Fe) offer improvements, but pressureless methods remain less
practical for UHTCs.

Spark Plasma Sintering (SPS): A highly effective, modern technique where
pulsed DC current and moderate pressures (~50-100 MPa) yield rapid
densification at 1500-2000 °C within minutes (see Figure 4). Advantages of
SPS include oxide cleaning through electrical discharge, suppression of
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grain growth, and attainment of >99% density in ZrB,-20 vol % SiC
composites in as little as 5 minutes at 2000 °C.

e Reactive SPS (RSPS): Combines powder synthesis and densification in one
step via in-situ reactions. For example, ZrB,-30 vol % SiC and ZrB,/HfB,-
30 vol % SiC composites have been fabricated by two-stage RSPS at 1400
and 1800 °C, resulting in ~92-93 % density, reliable microstructure, and
improved oxidation resistance in Hf-containing blends (Simonenko et al.,
2024).

Emerging Fabrication Technologies

Combustion Synthesis (CS): A review of combustion-based methods for bulk
UHTC synthesis emphasizes rapid, energy-efficient powder and bulk generation,
although challenges in reaction control remain.

Ultrafast High-Temperature Sintering (UHS): Already applied to oxides, UHS
enables densification in seconds with high heating rates. Extending UHS to
UHTCs could revolutionize fabrication by minimizing grain growth and energy
usage.

Additive Manufacturing (AM): Techniques like Selective Laser Reaction Sintering
(SLRS) allow near-net-shape printing of UHTC components (e.g., HfC, ZrC),
reacting metal/oxide precursor powders under laser irradiation to form dense
UHTC layers. While promising, managing conversion-induced stresses remains a
technical hurdle.

Table 5 compares the principal synthesis and densification techniques for

UHTCs, highlighting their purpose, key process features, and practical
advantages or limitations for engineering applications.
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Table 5: Summary: Synthesis and Processing Closure

Method Purpose Key Highlights
SHS Powder synthesis Rap|d,' eonhermlc fo.rma.tlon; high purity;
porosity/high reactivity risks
Borothermal Powder svnthesis Cost-efficient; fine particles; requires excess boron
reduction y to avoid carbide by-products
5 - -
Hp Densification 99% density; high temperature & pressure; grain

coarsening; energy-intensive

Pressureless

Densification

No pressure; high T & long time; grain growth;

sintering densification ~98%

<SPS / RSPS Densification Fast, omde-cleanmg, high der?S|t¥, grain control;
RSPS enables reactive consolidation

L : Ultra-fast densification potential; early stage for

UHS Rapid sintering UHTC adoption

AM (SLRS) Net-shape fabrication Enable.s complex shapes; processmg control and
stress issues need resolution

Conclusion

Advanced fabrication of UHTCs hinges upon tight control over both synthesis
and densification. Powder synthesis strategies, ranging from SHS to polymer and
reduction-based routes, impact particle quality and sinterability. Densification
through SPS (especially reactive SPS) has emerged as the most effective for
dense, fine-grained composites. Emerging methods such as UHS and additive
manufacturing promise new paradigms in UHTC fabrication, offering speed,
shape complexity, and tailored microstructures. These advances pave the way
for future chapters, which will explore performance-enhancing additives,
emerging processing techniques, and integration into extreme-environment

systems.

18



<x> Category Course Title

Chapter 6: Additives and Microstructural
Engineering

Figure 5: Scanning electron microscopy of B-Si-C nanofibers in TiB:-SiC-C
ceramics

Credit: Oleksii Popov and Marina Popova, via Wikimedia Commons

Role of Additives (Second Phases) in Tailoring UHTC Properties

In monolithic UHTCs, inherent brittleness and oxidation vulnerability limit their
application across extreme environments. Incorporating second-phase additives
significantly enhances performance by refining microstructure and altering
intergranular behavior. Silicon carbide (SiC), molybdenum disilicide (MoSi,),
carbon-based reinforcements (e.g., carbon black, whiskers), and metallic
elements such as Ir significantly influence mechanical and oxidation resistance
properties (Ni, 2022).

SiC acts as both a sintering aid and an oxidation-protective phase. When
incorporated into ZrB, matrices (commonly around 20-30 vol %), SiC aids in
liquid-phase sintering, enhances densification, and forms a protective silica-rich
oxide scale under high-temperature exposure. Additionally, MoSi, contributions
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improve oxidation resistance through refined, adherent oxides, such as ZrSiO,,
serving as diffusion barriers to oxygen ingress.

Additives like carbon black can eliminate surface TiO, in TiC matrices and
promote densification, while SiC whiskers provide toughening via crack bridging
and pull-out mechanisms, notably impeding crack propagation (Mao et al., 2021).

Microstructural Design: Mechanisms of Reinforcement

Several mechanisms underpin the mechanical reinforcement achieved through
microstructural engineering:

e Grain Refinement and Pinning: Fine, uniformly distributed second phases
inhibit grain growth. For example, SiC particles in ZrB, restrict grain
coarsening, leading to higher hardness and strength.

o Crack Deflection and Bridging: High-aspect-ratio reinforcements
(whiskers or fibers) can deflect or bridge cracks, increasing energy
dissipation during fracture and enhancing toughness. Ceramic
engineering models suggest rod-like morphologies yield up to fourfold
improvements in toughness compared to equiaxed grains.

e Solid Solution Hardening: High-entropy carbides and diborides, through
compositional disorder and lattice distortions, exhibit enhanced hardness
and thermal stability, demonstrated by Zrg.23Tio.20Hfo.10V0.14T0.24B2
showing higher hardness than binary diborides.

Case Studies and Comparative Data

ZrB,-SiC Composites
e SiC additions (~20 vol %) enhance fracture toughness by ~20%, reaching
~4.33 MPa-mAY;, largely due to refined, dense microstructures and
decreased grain sizes.

ZrC-SiC and TiC-SiC Systems
e In ZrC-based UHTCs, SiC particles and whiskers promote crack deflection
and pinning, improving mechanical resilience. Carbon black also
contributes by removing residual oxides and enhancing bond strength.

High-Entropy Diborides

e High-entropy compositions, such as the Zr-Ti-Hf-V-Ta diboride system,
display incremental hardness increases, from 43.2 GPa (ternary) to
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47.2 GPa (high-entropy), and superior thermal stability under elevated
temperatures.

Tailoring UHTC microstructures with appropriate additives and reinforcements
markedly improves toughness, thermal stability, and oxidation behavior while
controlling grain growth. Table 6 summarizes the effects of different additives
and reinforcement strategies on UHTC properties, showing how microstructural
design mechanisms translate into performance gains.

Table 6: Summary of Additives, Mechanisms, and Effects

Additive / Strategy Mechanism Effect on Properties
—— Yy
SiC (particles, whiskers) Grain plnnlng, crack Im.prO\'/ed toughness ( '20 %),
deflection oxidation scale formation
MoSi, Refined oxide formation Enhanced oxidation resistance
Carbon black Oxide removal, densification strength Increase via cleaner
interfaces
High-aspect-ratio Fourfold potential toughness

Crack bridging and twist

reinforcements improvement
High-entropy solid Lattice distortion, hardness Increased hardness and thermal
solutions boost stability

Implications for Design of Extreme Environment Materials

Additive-driven microstructural engineering transforms UHTCs from brittle
monoliths into resilient composites tailored for extreme conditions. Strategic
selection, combining SiC for oxidation protection, whiskers or fibers for
toughening, and high-entropy solid solutions for structural durability, provides a
toolkit for optimizing thermal-mechanical performance. In designing UHTC
systems, careful control of volume fractions, dispersion, particle aspect ratio,
and phase compatibility is vital for balancing strength, toughness, thermal
conductivity, and oxidation resilience.

Conclusion

Incorporating additives and reinforcing second phases within UHTCs unlocks
opportunities to reconcile conflicting demands, such as high-temperature
strength and fracture toughness. Microstructural strategies like grain
refinement, crack deflection, and compositional complexity via high-entropy
ceramics enable materials to thrive under extreme thermal, oxidative, and
mechanical stresses. This underscores the centrality of chemistry-synthesis-
processing-microstructure relationships in the innovative design of next-
generation UHTC components.

21



<x> Category Course Title

Chapter 7: Advances in Additive
Manufacturing and Processing

Overview of Additive Manufacturing (AM) for UHTCs

Recent strides in additive manufacturing (AM) have unlocked new design
freedoms for ultra-high-temperature ceramics (UHTCs), essential for complex
geometries and integrated thermal protection systems. Conventional
manufacturing struggles with complex shapes and steep sintering schedules,
but AM offers layer-by-layer fabrication tailored for UHTC-specific challenges.

Selective Laser Reaction Sintering (SLRS) merges laser-induced layer formation
with in-situ chemical conversion, efficiently creating carbide or nitride phases
from metal or oxide precursors in a single step under reactive gases like CH, or
NH; (Peters et al., 2022). High yields (up to 100 wt %) and near-stoichiometric
carbides or nitrides are achievable, though volumetric change during conversion
may induce residual stresses and cracking. Mitigation strategies involve using
mixed metal/oxide precursors to balance volumetric expansion and contraction.

In another AM strategy, a Two-Step Reactive AM approach is employed: (1) a
polymer-based precursor is SLS-printed to form a green architecture, and (2)
subsequent gas-solid conversion (e.g., in CH,) transforms it into TiC, structures.
This method yields high yield (98.2 wt %) and minimizes shrinkage while enabling
crack-free lattice and cube structures that withstand thermal shock.

Laser-Based Fabrication of UHTC Coatings and Structures

Innovative laser-based AM approaches are enabling fabrication of UHTC
coatings and complex shapes. A noteworthy method employs a laser to sinter
hafnium carbide (HfC) directly, allowing conformal, high-resolution deposition of
UHTC layers on substrates such as carbon-carbon composites for aerospace or
turbine component protection.

Selective laser additive manufacturing of tantalum-containing UHTCs also offers

energy-efficient pathways for future UHTC engineering, though details remain
emerging.
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Direct Ink Writing and Composite AM of UHTCs

Additive manufacturing of UHTC matrix composites (UHTCMCs) has been

advanced through Direct Ink Writing (DIW). Recent work developed a custom
DIW 3D printer capable of extruding multimaterial inks, particularly ZrB,-SiC
composites reinforced with aligned SiC fibers, to create complex geometries

suitable for thermal protection and structural applications.

Challenges and Solutions in AM of UHTCs

AM of UHTCs faces intrinsic hurdles: low atom diffusion rates make densification

difficult, and reactive conversion causes substantial volume change and
potential defects (e.g., cracking or warping) (Peters et al., 2022).

Process control is critical. Strategies like precursor blending, binder selection,
customized thermal profiles, and post-AM conversion optimization are
necessary to reduce residual stress and improve structural integrity.

Table 7 outlines the major additive manufacturing (AM) methods applied to
UHTCs, contrasting their fabrication principles, strengths, and challenges in
producing extreme-environment components.

Table 7: AM Techniques for UHTCs, Methods, Advantages, and Limitations

AM Technique

Description

Advantages

Limitations

Selective Laser

Laser-induced in situ

One-step, near-

Conversion-induced

exposure)

resistant

Reaction conversion of stoichiometric formation | stresses, risk of
Sintering (SLRS) precursors cracking

Two-Step SLS green body + gas | High yield, reduced Requires dual-step
Reactive AM conversion (e.g., CH, | shrinkage, crack- processing

Laser-Based

Laser sinters UHTC

High resolution, energy-

Limited to surface

Coating layer on substrate efficient coatings layer, scale-up
Deposition (e.g., HfC) challenges
Direct Ink Writing | Extrudes UHTCMCs Complex shapes, Ink formulation and
(DIW) with fiber composite integration processing control
reinforcement critical
Conclusion

Additive manufacturing is transforming the design landscape of ultra-high-
temperature ceramics. SLRS offers efficient, reactive-layer synthesis, while the
Two-Step Reactive AM approach balances geometry complexity and structural
integrity (see Table 7). Laser-based coating techniques extend AM to surface
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protection; and DIW enables fiber-reinforced composites with designer
architectures. Challenges remain, particularly around controlling volumetric
change, ensuring homogeneity, and scaling processes. Yet, with advances in
precursor engineering, thermal control, and binder systems, AM stands poised
to deliver functional, complex UHTC structures for aerospace, defense, and
energy environments where conventional manufacturing cannot reach.
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Chapter 8: High-Entropy Ceramics and 2D
Material Reinforcements

High-Entropy Ceramics (HECs) in UHTC Systems

High-entropy ceramics (HECs) comprise multiple principal elements, typically five
or more, in near-equimolar ratios, enabling entropy-stabilized solid solutions
with unique high-temperature stability, hardness, and oxidation resistance
characteristics.

In the context of UHTCs, HECs have emerged swiftly as a transformative design
direction. Reviews underscore their ability to sustain ultra-high temperatures
while enhancing mechanical properties and environmental resilience (Dewei Ni,
2022). Notably, dual-phase high-entropy UHTCs (DPHE-UHTCs), comprising
coexisting high-entropy boride (hexagonal structure) and high-entropy carbide
(cubic structure) phases, have been synthesized via mixed precursor strategies.
These materials achieve >99% theoretical densities, demonstrating superior
hardness, tailored thermal conductivity, and modulated grain structures
compared to single-phase counterparts (Qin et al., 2020).

Furthermore, bulk equiatomic HECs such as (Hf-Ta-Zr-Ti)C and (Hf-Ta-Zr-Nb)C
have been fabricated through ball milling followed by spark plasma sintering
(SPS), yielding highly homogeneous single-phase ceramics at nearly full density,
signifying a vast compositional design space for novel UHTCs (Castle et al., 2016).

In terms of thermophysical performance, HECs have shown exceptional
potential. One advanced study employed machine learning with moment tensor
potentials (MTPs) to predict melting points of high-entropy diborides across
thousands of compositions, identifying candidates such as (Tig.1Zro.1Hfo.6T20.2)B2
with melting points exceeding 3688 K (= 3415 °C), offering a rapid route to
discover ultra-high melting UHTC compositions (Meng et al., 2024).

Thermodynamic modeling and machine learning together are forging new
efficiency in navigating enormous HEC compositional spaces while optimizing for
extreme environment performance, a pursuit increasingly adopted in materials
science for hypersonic and nuclear applications.
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Two-Dimensional (2D) Materials: Reinforcements and High-
Entropy 2D Structures

In parallel with high-entropy bulk ceramics, two-dimensional (2D) materials,
atomically thin sheets like MXenes, have shown exceptional promise in
enhancing UHTC systems. Particularly, high-entropy MXenes (2D transition metal
carbides/nitrides) represent a novel frontier: they offer the combined benefits of
configurational entropy and large surface area for improved stability,
mechanical reinforcement, and potential electronic functionality (Nemani et al.,
2023).

With recent advances in synthesizing high-entropy layered 2D materials (e.g.,
carbides, chalcogenides), there is significant potential to integrate these as
nanoscale reinforcements within UHTC matrices or coatings, enhancing
toughness, thermal shock resistance, and interfacial mechanics, although
practical application to UHTCs remains in its infancy.

Structure-Property Insights and Design Strategies

HECs and high-entropy 2D reinforcements deliver several synergistic benefits:

e Enhanced hardness and thermal stability: HECs, particularly DPHE-
UHTCs, exhibit hardness exceeding the rule-of-mixtures projections and
maintain performance at elevated temperatures, due to synergistic phase
interactions and sluggish diffusion rates (Qin et al., 2020).

o Configurational entropy effects: High entropy contributes to phase
stability and resistance against grain growth or phase separation at
extreme temperatures (Ni, 2022).

e Predictive materials design: Machine-learning techniques like MTP-
assisted MD allow high-throughput screening for highest-melting HEC
candidates (Meng et al., 2024).

e 2D-material reinforcement potential: Although high-entropy MXenes and
similar 2D derivatives have been produced, their reinforcement roles (e.g.,
as nanoscale crack stoppers or diffusion barriers) merit exploration in
UHTC structures.

Table 8 presents representative high-entropy UHTC systems and emerging 2D

material reinforcements, emphasizing their structural features and the unique
property enhancements they provide.
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Table 8: High-Entropy UHTC Systems and 2D Material Integration

System / Concept Structure & Composition Key Advantages/Insights
Bulk single-phase HECs (e.g., | Rocksalt carbides; equiatomic | Dense, homogeneous; opens
(Hf-Ta-Zr-Ti)C) compositions new compositional space
Dual-phase high-entropy Coexistent HEB (hexagonal) + | Tuned hardness, grain size,
UHTCs HEC (cubic) phases thermal properties
High-entropy diboride alloys | High-entropy boride solid High melting point;
solutions predictable via ML-assisted
methods
High-entropy 2D MXenes 2D carbides/nitrides with Potential for nanoscale
multiple metal elements reinforcement and structural
tuning

Strategic Implications for UHTC Design

The integration of high-entropy design principles, both in bulk and 2D forms,
represents a powerful strategy in engineering UHTCs for extreme environments.

By leveraging configurable multi-principal-element chemistry, designers can:

1. Achieve superior performance via entropy-stabilized phases and dual-
phase engineering.

2. Predictively screen for ideal compositions that maximize melting point,
toughness, and oxidation resistance.

3. Introduce nanoscale reinforcement mechanisms via 2D high-entropy
materials to bolster mechanical and thermal resilience.

4. Ultimately, these approaches reinforce the central theme of chemistry-
synthesis-microstructure-performance interconnectivity as the core of
innovative UHTC development.

Conclusion

High-entropy ceramics mark a paradigm shift in UHTC engineering, offering
unprecedented stability, strength, and tunability in the face of harsh
environments. The dual-phase HEC approach enables property synergy beyond
conventional composites. Meanwhile, high-entropy 2D materials, though
nascent, offer exciting routes for nanoscale reinforcement. When combined with
predictive machine learning methodologies, these strategies give engineers
unprecedented capability to design UHTCs tailored to pressure, temperature,
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and oxidative extremes, fully embodying your chemistry-synthesis-processing-
performance design ethos.
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Chapter 9: Integration into Engineering
Systems

Figure 6. Computational fluid dynamic (CFD) image of the Hyper - X at the Mach
7 test condition with the engine operating (NASA)

UHTCs in Thermal Protection Systems (TPS)

Ultra-high-temperature ceramics (UHTCs) are vital for thermal protection
systems in hypersonic and re-entry aerospace vehicles, particularly in areas
where active cooling is infeasible. Their exceptional high-temperature stability,
thermal conductivity, and oxidation resistance enable them to serve as robust
shields against extreme aerodynamic heating. NASA studies affirm that UHTCs
are well-suited for specialized TPS applications involving sharp leading edges
and harsh thermal environments where other materials fail.

In hypersonic regimes, local heating at blunt or sharp vehicle noses can reach
thousands of degrees Celsius, as shown in Figure 9.1. UHTCs provide a rare
combination of durability, thermal shock resistance, and conductive properties
required to stabilize these critical zones.

Coating and CMC Integration into TPS

To expand UHTC application, the two primary integration approaches are
deployed.
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UHTC Coatings

Thermal-sprayed UHTC coatings on carbon-carbon or other substrates offer
robust high-temperature protection with relatively lower weight. These coatings
form thin, adherent protective layers that enhance oxidative resilience and
ablation resistance without requiring bulk UHTC component.

Ultra-High-Temperature Ceramic Matrix Composites (UHTCMCs)

UHTCMCs combine UHTC phases like ZrB, or HfB, with reinforcing fibers (e.g.,
carbon or SiC) to overcome brittleness while maintaining thermal performance.
They are increasingly used for structural TPS by integrating high-temperature,
load-bearing properties with resistance to crack propagation. European research
under the CCHARME project has produced C/C-fiber-reinforced ZrB,-SiC
composites suitable for reusable TPS applications.

These composites endure extreme oxidation, mechanical stress, and thermal
cycling, outperforming monolithic ceramics in many aerospace-testing regimes.

Multi-Material Systems and Joining Strategies

Practical deployment of UHTCs requires robust joining strategies to connect
them with substrate materials such as carbon composites or refractory alloys.
These joints must accommodate thermal expansion differences and maintain
adhesion under dynamic loading and oxidation. Ongoing hypersonic
manufacturing research emphasizes critical joining technologies as enablers for
integrating UHTCs into broader multi-material systems.

Advances in reactive additive manufacturing and thermal spray join techniques
can produce graded interfaces that mitigate thermal mismatch while preserving
mechanical integrity.

Design Trade-offs and Reliability Considerations

When integrating UHTCs, design challenges include:

e Mass and structural challenge: Monolithic UHTCs are heavy and brittle,
while UHTCMCs add complexity in manufacturing and machining.

e Thermal mismatch and stress fracture: High-conductivity UHTCs reduce
thermal gradients but can generate differential stresses when paired with
dissimilar substrates.

e Oxidation threshold: Protective UHTC composites and coatings extend
oxidation resistance, but above certain temperatures or in oxidative
atmospheres, even refractories degrade, demanding protective coatings
or layered systems.

30



<Z> Category

Course Title

o Design complexity: TPS systems must harmonize aerothermal
performance with manufacturability and reliability. Statistical and physics-
based models, including physics-informed neural networks, offer
predictive power in ensuring TPS designs meet reliability constraints with
quantified uncertainty.

Table 9 reviews the different integration strategies for UHTCs within aerospace
and energy systems, comparing coatings, composites, hybrid approaches, and
predictive modeling frameworks.

Table 9: UHTC Integration Approaches in Engineering Systems

Integration
Strategy

Description

Advantages

Limitations

UHTC Coatings

Thin UHTC layer
applied to substrate

Weight-efficient,
oxidative protection

May delaminate under
stress; limited to surface
protection

Fiber-reinforced

Tough, thermally

Complex fabrication;

Material Systems

UHTC and substrate
materials

UHTCMCs UHTC structural brittleness and
. stable, and reusable . e

composites processing difficulty

Hybrid Multi- Graded joins between | Mitigates thermal Joining methods less

mismatch, enhances
durability

mature; reliability
concerns

Predictive TPS
Modeling

PINNs and physics-
based simulation of
TPS behavior

Rapid, reliable design
iteration and risk-
informed design

Requires sophisticated
model training and
validation

Synthesis of Design Principles

Integrating UHTCs into engineering systems illustrates the tight coupling of
chemistry — processing — structure — performance:
e Material design (e.g., SiC-reinforced ZrB,) informs ease of integration via
tailoring properties for coatings or composite matrices.
e Processing techniques, from AM coatings to fabrication of UHTCMCs,
enable complex geometries and bonding.
e Structural design must prioritize reliable joining and interface stress

control.

e Performance outcomes are validated through high-speed simulation,
predictive modeling, and ground-to-flight data correlation.

Conclusion

Engineering integration of UHTCs demands a holistic design approach. Whether
deployed as coatings, composite matrices, or hybrid systems, UHTCs must
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coexist with metals, fibers, and substrates under extreme thermal and
mechanical flux. Success rests on robust processing pathways, matching
material properties to service demands, and predictive design tools that ensure
mission reliability.
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Chapter 10: Future Directions and
Research Frontiers

Key Emerging Research Themes for UHTCs

The evolving landscape of ultra-high-temperature ceramics (UHTCs) is shaped by
interdisciplinary innovation and demands from extreme environments. Several
forward-looking research trajectories are already underway:

e High-Entropy UHTCs (HE-UHTCs): Pioneering studies anticipate that
multi-element, entropy-stabilized ceramics will deliver remarkable
enhancements in mechanical strength, oxidation, and erosion resistance
compared to conventional UHTCs. These materials harness compositional
complexity to extend structural capability under extreme conditions.

e Advanced C/C-UHTC Composites for Ablation Protection: Carbon-
carbon composites modified with UHTC layers are gaining attention for
their potential in long-duration hypersonic and re-entry missions. Review
articles outline advancements in impermeable coatings, ablation
resistance, preparation techniques, and oxidation mechanisms.

e Computational Design and Machine Learning (ML): Data-driven tools like
moment tensor potentials (MTPs) are being deployed to explore vast
compositional spaces. Notably, the melting temperature of over 32,000
high-entropy diboride compositions was predicted, identifying candidates
with melting points exceeding 3688 K (~3415 °C). Such ML-enabled
frameworks are revolutionizing high-throughput discovery.

e Exploration of Layered Hexagonal Structures (MXene-Derived Phases):
Recent density functional theory (DFT) and ML studies have uncovered 67
novel layered hexagonal carbides/nitrides with promising thermal stability
and melting behavior, expanding the conventional UHTC structural
palette.

e Expanded AM and Fabrication Pathways: Innovative manufacturing
methods, including combustion synthesis, ultrafast high-temperature
sintering, and hybrid additive approaches, are progressively advancing the
field, enhancing scalability and microstructural control.
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Systems Integration and Real-World Testing: As underscored by Johnson
(2011), UHTCs must continue evolving from standalone materials toward
integrated systems matched to operational environments. This includes
conducting more ground-to-flight validation, optimizing multi-material
integration, and modeling design reliability.

Anticipated Technological and Application Frontiers

Several application domains stand to benefit from UHTC research
breakthroughs:

Hypersonic, Reusable Thermal Protection Systems (TPS): Continued
advancement of UHTC systems, especially UHTCMCs and advanced
coatings, is critical for achieving reliable thermal shielding with minimal
ablation and high reusability.

Nuclear Energy and Generation-IV Systems: High-entropy ceramic
materials may offer superior irradiation resistance and creep strength
under extreme nuclear environments. However, understanding atomic-
scale stability and long-term performance remains a priority.

Refractory Tooling and Concentrated Solar Receivers: UHTCs already
see promise in applications such as furnace components, solar receivers,
and cutting tools. With refined ablation resistance and thermal cycling
robustness, their role in energy and manufacturing could expand
significantly.

Compositionally Graded and Multi-Layered Coatings: Advanced coating
strategies, including high-entropy oxide/rare-earth layers and tailored
thermal expansion matches, offer multi-functional protection against
oxidation, erosion, and stress mismatch.

ML-Enabled Materials Informatics: High-throughput prediction of UHTC
property spaces, such as melting point and thermal stability, is key to
accelerating tailored materials selection for specific missions and
applications.

Table 10 highlights key research frontiers in UHTC development, identifying
focus areas and their significance in shaping the next generation of extreme-
environment materials.
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Table 10: Future Research Directions in UHTC Development

Research Frontier

Focus Area

Significance

High-Entropy UHTCs

Multicomponent refractory
design

Improved mechanical, thermal, and
environmental resilience

ML-guided Materials

High-throughput screening

Accelerates discovery of ultra-stable

Discovery and optimization compositions

Layered Hexagonal MXene-like precursors and | New classes of UHTCs with enhanced
Structures novel phase exploration toughness and anisotropy

Advanced C/C-UHTC Ablation-resistant TPS Enables long-duration hypersonic and
Composites design reentry survivability

Multi-layered / HERO High-entropy oxide Robust protection with stress-
coatings protective layers matched thermal expansion

Nuclear and Extreme
Energy Systems

Irradiation studies and
creep characterization

Extends UHTC use into next-gen
reactor and energy sectors

Scalable Manufacturing
Techniques

AM, UHS, CS, hybrid
densification

Enhanced scalability with fine
structural control

Conclusion

The future of ultra-high-temperature ceramics lies at the intersection of deep
chemistry-synthesis-processing-performance integration and advanced
discovery science. High-entropy systems and layered structures open new
compositional and structural horizons. Data-driven and ML methodologies
enable rapid, predictive design. Concurrently, advanced manufacturing and
surface engineering extend fabrication capacities and in-service performance.

To truly realize UHTCs at scale in TPS, aerospace, energy, and nuclear systems,
holistic approaches must guide material innovation, from atomic-scale modeling
to real-world validation. Overcoming challenges in irradiation, , ablation, and
manufacturability will define the path to engineering breakthroughs under the
harshest of conditions.
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