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Abstract

Zirconium diboride-silicon carbide (ZrB,-SiC) composites are leading candidates for ultra-high temperature appli-
cations due to their exceptional thermal, mechanical, and oxidation resistance properties. This review critically
analyzes in-situ synthesis strategies — namely boro/carbothermal reduction, self-propagating high-temperature
synthesis (SHS), sol-gel, and polymer-derived ceramic (PDC) routes — and their impact on powder morphology, phase
homogeneity, and sintering behavior. Each method presents a distinct trade-off between scalability, purity, and nanos-
tructural control. The subsequent consolidation techniques, including hot pressing, spark plasma sintering (SPS),
and pressureless sintering, are evaluated in terms of their ability to preserve the fine features of the synthesized
powders. Particular attention is paid to the influence of sintering aids, grain growth inhibitors, and reactive sintering
in achieving dense, defect-free microstructures. The review highlights how synthesis-sintering integration, partic-
ularly leveraging rapid consolidation techniques, governs critical performance metrics such as maximum reported
hardness (up to 23 GPa) and fracture toughness (exceeding 6 MPa-m'/2). Specifically, these benchmark properties,
for instance, a hardness of 22.7 + 1.4 GPa and a fracture toughness of 6.3 + 0.3 MPa-m!/2, are achieved with highly
integrated processes such as Reactive Spark Plasma Sintering (R-SPS) of ZrC/B,C/Si precursors, which optimizes
phase homogeneity and microstructural refinement for superior performance, and oxidation behavior above 1500 °C.
Key microstructural determinants — such as SiC distribution and residual porosity -are discussed in relation to crack
deflection, thermal shock resistance, and borosilicate glass layer formation. The work concludes by identifying the
main scientific and technological barriers to industrial adoption, notably oxygen contamination, agglomeration, and
process scalability, and proposes future research pathways to enable the next generation of UHTC systems.
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I. Introduction imately 3245 °C and high hardness . However, its
practical application is severely hindered by two intrinsic
limitations: poor sinterability due to strong covalent
bonding and low self-diffusion coefficients 56, and catas-
trophic oxidation at temperatures above 1200 °C, where
the protective boron oxide (B,O3) layer becomes volatile.
The incorporation of silicon carbide (SiC) into the
ZrB, matrix is a cornerstone strategy developed to
overcome these deficiencies. The addition of SiC

serves a multifaceted purpose: it enhances oxidation

Zirconium  diboride-silicon  carbide  (ZrB,-SiC)
composites are a foundational material class within the
field of Ultra-High Temperature Ceramics (UHTCs),
engineered for service in some of the most extreme
thermal, mechanical, and chemical environments
conceivablel. The relentless pursuit of advanced
aerospace technologies, particularly hypersonic flight
vehicles, atmospheric re-entry systems, and rocket
propulsion components, has created an imperative for

materials that can maintain structural integrity at temper-
atures exceeding 2000 °C 2. These applications demand
a unique and challenging combination of properties,
including exceptionally high melting points, superior
hardness and strength at elevated temperatures, high
thermal conductivity to mitigate thermal shock, and
robust resistance to oxidation and ablation 3. Monolithic
zirconium diboride (ZrB,) possesses many of these
requisite attributes, such as a melting point of approx-
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resistance through the #n-situ formation of a stable,
viscous borosilicate glass layer that seals the porous
zirconia (ZrO,) scale; it improves sinterability and
microstructural refinement by inhibiting grain growth
of the ZrB, matrix; and it contributes to superior
mechanical properties, including strength and fracture
toughness 7. The conventional method for producing
these composites involves the mechanical mixing of pre-
synthesized ZrB, and SiC powders, typically by means
of ball milling. While straightforward, this approach
frequently leads to inhomogeneous phase distribution,
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particle agglomeration, and the introduction of impurities
from milling media, all of which can act as critical flaws
that compromise the performance and reliability of the
final sintered component 8.

This review advances the central thesis that m-situ
synthesis methods, wherein the ZrB, and SiC phases
are formed concurrently from molecular or fine-partic-
ulate precursors within a single, integrated process, offer
a superior pathway to high-performance composites.
By generating the constituent phases in intimate
contact, these techniques can achieve a level of chemical
homogeneity, microstructural refinement, and inter-
facial purity that is largely unattainable with mechanical
mixing. This intrinsic control over the powder‘s funda-
mental characteristics is paramount, as the properties of
the initial powder dictate its subsequent behavior during
consolidation and ultimately determine the performance
envelope of the final ceramic. The intimate relationship
between the initial powder synthesis and the final bulk
properties forms the critical linkage that this review seeks
to elucidate. The primary objectives of this review are
therefore threefold: first, to provide a critical and compar-
ative analysis of the principal in-situ synthesis routes
for producing ZrB,-SiC composite powders, including
solid-state reactions, combustion synthesis, and advanced
chemical methods. Second, to systematically examine
the crucial relationships between the distinct charac-
teristics of these in-situ synthesized powders such as
particle size, morphology, purity, and homogeneity —
and their consolidation behavior during subsequent
sintering via techniques like hot pressing, spark plasma
sintering, and pressureless sintering. Third, to establish
clear, evidence-based causal links between the complete
processing pathway (synthesis and sintering) and the
resulting microstructure, mechanical properties, and
high-temperature performance of the bulk composite.
This review proceeded by first evaluating the synthesis
methodologies, followed by an analysis of sintering and
consolidation techniques. Subsequently, it correlated
these processing stages with the final microstructural and
performance characteristics of the composites. The review
concluded with a summary of the current state-of-the-art,
a discussion of unresolved challenges, and an outlook on
future research directions poised to advance this critical
class of materials.

IL. A Critical Evaluation of In-Situ Synthesis Routes
for ZrB,-SiC Powders

The selection of a synthesis route is the most funda-
mental decision in the processing of ZrB,-SiC composites,
as it predetermines the intrinsic characteristics of the
starting powder and thereby sets the upper limit for the
performance of the final material. A fundamental trade-
off exists between process scalability and cost on one
hand, and the degree of microstructural control on the
other ?. Solid-state routes are generally more scalable but
offer less control, while chemical routes provide excellent
control at the expense of complexity and cost. This section
critically evaluates the primary in-situ synthesis method-
ologies, focusing on their reaction mechanisms, process
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control variables, and the unique characteristics of the
resultant composite powders. A comparative summary of
the four primary in-situ synthesis routes — boro/carboth-
ermal reduction, SHS, sol-gel synthesis, and the PDC
route — is provided in Table1, highlighting their key
process parameters, advantages, limitations, and typical
powder characteristics.

(1) Solid-State Boro/Carbothermal Reduction

The boro/carbothermal reduction of metal oxides is
the most established and widely investigated solid-
state route for the synthesis of ZrB,-SiC composite
powders, valued for its use of relatively inexpensive
and abundant precursors 14. The fundamental principle
involves the high-temperature reduction of a zirconium
source, typically zirconia (ZrO,) or zircon (ZrSiOy), in
the presence of boron and carbon sources. A common
reaction system involves the reduction of ZrO, using
boron carbide (B4C) as the boron source and elemental
silicon (Si) and/or free carbon (C) as the reductants
and SiC formers. A representative reaction is given by
Equation (1) 10:

27rO ,(s)+B4C(s)+3C(s)—2ZrB(s)+4CO(g) (1)

When elemental silicon is included to form the SiC
phase in-situ, the reaction stoichiometry can be adjusted
accordingly. Thermodynamic analyses confirm the feasi-
bility of these reactions, typically predicting onset temper-
atures above 1200 °C, with the evolution of carbon
monoxide (CO) gas as a significant byproduct that
helps drive the reaction to completion. An economi-
cally attractive variant utilizes zircon sand (ZrSiOy) as
the zirconium and silicon source, which reacts with
B,4C and C, although this often requires higher temper-
atures for the initial decomposition of the stable zircon
silicate 8. Control over the final powder characteristics is
achieved through careful manipulation of several process
parameters. The reaction temperature and holding time
are the most critical variables, directly influencing the
degree of reaction completion and the extent of particle
coarsening and agglomeration; temperatures are typically
in the range of 1400-1600 °C for several hours 15.
The choice of precursors has a marked effect on the
final microstructure. For instance, Jyoti et al. 10 demon-
strated that using amorphous carbon black as the carbon
source and elemental silicon as the silicon source resulted
in a finer, impurity-controlled ZrB,-SiC composite at
1500 °C, compared to using graphite and silicon, which
required 1600 °C. The stoichiometry of the reactants is
also crucial for achieving phase purity. Cao et al. 8, investi-
gating the synthesis from ZrSiOy, found that an excess of
boric acid (20-30 wt%) was necessary to compensate for
its volatility and ensure the complete conversion of inter-
mediate phases to obtain high-purity ZrB,-SiC powders
at 1650 °C. Furthermore, the morphology of the product
can be tailored. While equiaxed particles are common,
the introduction of catalysts like iron in a molten salt
medium has been shown to promote the in-situ growth of
SiC whiskers with high aspect ratios, which are desirable
for enhancing fracture toughness 16. The presence of the
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Table 1: Comparative analysis of in-situ synthesis routes for ZrB,-SiC powders.
Synthesis Typical Reaction  Key Process Advantages Disad- Typical Context/  Refer-
Route Precursors Temper- Character- vantages/ Powder Notes ences
ature (°C) istics Challenges  Character-
istics
Boro/ ZrO,, 1400-1650 Solid-state Low-cost ~ High temper- Micron Achieved 10
carboth- B4C, C, diffusion- precursors;  atures; coarse, to sub- at high
ermal Si; ZrSiOy, controlled  scalable; agglomerated micron sized temperature
reduction B4C,C reaction; relatively powders; particles; (1650 °C),
long holding simple low sintering  often demon-
times (hours) process activity; irregular strating
potential for  or equiaxed optimal
incomplete ~ morphology; reduction
reaction and  purity kinetics.
impurities depends on
(ZrO,, C) conversion
SHS ZrO,, Mg, >1800 Rapid, self- Highly Difficult to  Sub-micron Achieved 11

B,0s3, S1;  (transient) sustaining  energy control; can  to micron-  via water-

Zr, B,4C, Si exothermic efficient; lead to molten sized washing
reaction; very rapid  or heavily particles; (BRW)
combustion process sintered often refinement,
wave propa- (minutes);  product; sintered corre-
gation potential for inhomo- agglom- sponding to

high purity  geneous erates; purity high oxygen
microstruc-  canbe high  retention
ture; incom- (~1.98 wt%).
plete
conversion
Sol-gel Zr(OPr);, 1300-1500 Molecular-  Ultra-fine/  Expensive Nanopar-  Superior 12
synthesis  TEOS, (pyrolysis) level mixing nano-sized  precursors;  ticles ( purity

H;BO;, in liquid powders; complex <200nm);  attained due

Sucrose/ phase; high multi-step equiaxed/  to molecular-

Glucose formation =~ homogeneity process; low  spherical; level
of homoge- and purity; ceramic yield; high specific precursor
neous high significant surface area  mixing.
precursor gel sintering shrinkage;

activity difficult to
scale up
PDC Polycar- 1400-1800 Synthesis of a Unprece- Very complex Nanocom-  Consistent 13
bosilane,  (pyrolysis) single-source dented precursor posite particle

Cp,ZrCl,, preceramic  nanostruc-  synthesis; particles (e.g., refinement

TEAB polymer tural control; expensive and ZrB, nano- enhanced by
followed by ability to air-sensitive  inclusions in uniform SiC
pyrolysis form fibers/ precursors;  SiC matrix); dispersion.

coatings; true difficult morphology

nanocom-  stoichiometry dictated by

posites control; scala- polymer
bility is a architecture

major hurdle

SiC phase itself plays a crucial role in microstructural
development, acting as a grain growth inhibitor for ZrB,
particles during synthesis via a pinning effect, leading
to a finer composite powder than would be obtained
for monolithic ZrB, under similar conditions 10. Fig. 1
illustrates the conceptual difference between powders
produced by conventional mechanical mixing versus a

homogeneous in-situ synthesis route.

Despite its widespread use, the boro/carbothermal
reduction method presents a classic trade-off. Its primary
advantages are its operational simplicity, potential for
scalability, and reliance on low-cost oxide and carbide
precursors. However, the method is beset by significant
challenges. The high temperatures and long reaction times
required to overcome solid-state diffusion limitations

invariably lead to coarse, heavily agglomerated powders
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Fig. 1: Conceptual schematic illustrating the critical microstructural differences achieved by powder processing routes. (a) Conventional

mechanical mixing. (b) In-situ synthesis.

with low specific surface area and consequently poor
sintering activity 1°. Incomplete reactions are a common
problem, resulting in residual impurities such as unreacted
ZrO; or free carbon, which can degrade the mechanical
and thermal properties of the final sintered ceramic 3.
Achieving nanoscale homogeneity is inherently difficult,
as the process relies on diffusion between discrete solid
particles rather than mixing at a molecular level.

(2) Self-propagating high-temperature synthesis (SHS)
SHS, also known as combustion synthesis, is a highly
energy-efficient processing technique that harnesses the
heat generated by strong exothermic formation reactions
to sustain the synthesis process 14. Once initiated by a
localized external energy source (e.g., a heated filament
or laser pulse), a combustion wave propagates through
the reactant compact, rapidly converting it into the final
product without requiring further external energy. The
viability of an SHS process is often predicted by the
adiabatic temperature (T,4), the theoretical maximum
temperature the reaction can reach. A widely accepted
empirical criterion suggests that a reaction can be self-
sustaining if T,4 exceeds 1800 K14, Several reaction
systems have been explored for the in-situ SHS of ZrB,-
SiC. One approach is the magnesiothermic reduction of
oxides, such as a mixture of ZrO,, B,O; (or H3BO;3), S,
and Mg, where the highly exothermic reaction between
Mg and the oxides provides the energy to drive the
synthesis 1. Another prominent route involves the direct
reaction between more energetic precursors, such as
elemental powders (Zr, Si, B, C) or carbides (ZrC, B,C) 1.
For example, the reaction 2Zr+B,C+Si—2ZrB,+SiC is
sufficiently exothermic to be self-propagating.
Controlling the intense and rapid SHS reaction is the
primary challenge and the focus of significant research.
Uncontrolled reactions can lead to excessively high
temperatures, causing melting, severe grain coarsening,
and phase segregation in the product. A key strategy
for moderating the reaction is the addition of an inert

diluent, such as sodium chloride (NaCl) or a pre-synthe-
sized portion of the final product (ZrB,-SiC), to the
initial reactant mixture. The diluent acts as a heat sink,
absorbing some of the reaction enthalpy to lower the
combustion temperature and velocity, which in turn
leads to a finer and less agglomerated product powder 11.
Another sophisticated control strategy involves the use
of a metallic binder, such as nickel (Ni), in the reactant
system (e.g., Ni-Zr-B4C) 18. The metal serves multiple
purposes: it can form low-melting-point eutectics with
the reactants (e.g., Ni-Zr or Ni-B liquids), which facilitates
ignition and accelerates reaction kinetics by providing a
liquid medium for diffusion. The liquid phase also helps to
dissipate heat more effectively and can physically separate
the growing ceramic grains, thereby inhibiting coars-
ening. Studies have shown that increasing the Ni content
systematically decreases the combustion temperature and
results in a significant refinement of the final ZrB, and
ZrC particle size, from several microns down to the sub-
micron level 18. The characteristics of the precursors,
such as the particle size of B4C, also play a critical role,
with finer reactants leading to easier ignition and more
complete conversion. A schematic representation of the
SHS process is shown in Fig. 2.

The SHS method offers compelling advantages,
primarily its extreme rapidity, minimal energy
consumption, and the potential to produce high-
purity products, as the intense heat can vaporize
volatile impurities 11. However, the technique‘s primary
drawback is the inherent difficulty in controlling the
process. The high thermal gradients and rapid kinetics
can lead to microstructural inhomogeneity, broad particle
size distributions, and residual porosity. Incomplete
conversion is also a frequent issue, particularly in magne-
siothermic systems where reactant loss through vapor-
ization can occur. Khanra er 4l developed a “double
SHS” (DSHS) technique, where the product of a first SHS
reaction is mixed with additional reactants and subjected
to a second combustion wave to improve conversion and
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further refine the particle size 19. Thus, while SHS is a
powerful tool for rapid synthesis, significant process
engineering is required to produce powders with the
controlled characteristics needed for high-performance
ceramics.

Ignition 21800K

source * f *

ZrB,-SiC
Product

Exothermic
Reaction Zone

Reactant Compact Ni
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Grain refinement
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Fig.2: Schematic diagram illustrating the SHS process for ZrB,-
SiC powder. The reaction, initiated by a localized heat source, is
driven by the internal exothermic heat of formation, which sustains
a combustion wave through the reactant compact.

(3) Sol-gel synthesis

In stark contrast to the high-temperature, diffusion-
limited solid-state routes, sol-gel synthesis represents
a “bottom-up” chemical approach that achieves unpar-
alleled precursor mixing at the molecular level 20. This
method begins with the preparation of a colloidal
suspension (sol) of precursors in a liquid, which is then
induced to form a continuous, three-dimensional solid
network (gel). For ZrB,-SiC synthesis, this typically
involves the controlled hydrolysis and condensation of
metal-organic precursors, such as zirconium n-propoxide
(Zr(OPr)4) as the zirconium source and tetraethyl
orthosilicate (TEOS) as the silicon source. These are
dissolved in a solvent, commonly ethanol, along with
a boron source (e.g., boric acid, H;BO3) and a carbon
source that can be incorporated into the gel network, such
as a sugar (sucrose, glucose) or a polymer like phenolic
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resin 20, The key to the process is the formation of a
homogeneous gel wherein the Zr, Si, B, and C precursor
species are intimately and uniformly distributed on a scale
approaching the molecular. This precursor gel is then dried
and subjected to a carbothermal reduction heat treatment,
typically in an inert atmosphere, to convert it into the final
ceramic composite powder.

The success of the sol-gel route is critically dependent
on precise control over the solution chemistry and subse-
quent heat treatment. The hydrolysis rates of the metal
alkoxides must be carefully managed to prevent precip-
itation and ensure the formation of a homogeneous
gel. Chemical modifiers, such as acetic acid, are often
employed to chelate the zirconium precursor, thereby
reducing its reactivity and promoting co-condensation
with the less reactive silicon precursor, ensuring a uniform
distribution of elements in the final gel 21. The choice and
quantity of the carbon source are also vital. Sugars are
effective as they can be dissolved and integrated into the
gel, pyrolyzing to provide a highly reactive, amorphous
carbonsource thatis finely dispersed throughout the oxide
network 20, The molar ratios of the reactants, particu-
larly the boron-to-zirconium (n(B)/n(Zr)) and carbon-
to-metal (n(C)/n(Zr+Si)) ratios, must be optimized to
ensure complete conversion and achieve phase purity
in the final product 15. A significant advantage of this
approach is that the carbothermal reduction of the highly
reactive, amorphous, and intimately mixed precursor gel
can be accomplished at substantially lower temperatures
(e.g., 1300-1500 °C) and for shorter times compared to
conventional solid-state reactions 20.

The sol-gel method stands out because of its ability
to produce composite powders with exceptional charac-
teristics. The resulting powders are typically ultra-fine,
often with crystallite sizes well below 200 nm, and exhibit
high purity, a high degree of chemical homogeneity,
and large specific surface areas (~20 m2/g)15. These
properties impart excellent sintering activity, making the
powders highly desirable for fabricating dense ceramics.
Fig.3 shows representative morphologies of powders

Fig. 3: Representative SEM images comparing the resultant morphology and size distribution of ZrB,-SiC composite powders derived from
distinct synthesis routes. (a) Ultra-fine nanocomposite powder. (b) Coarse and agglomerated powder 1.
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synthesized with different methods, highlighting the fine,
equiaxed nature of sol-gel derived powders. However,
the sol-gel route is not without significant drawbacks
that have limited its industrial application. The process is
complex and sensitive to numerous variables, including
pH, temperature, and precursor concentrations, making
it difficult to control and scale up 20. The metal-organic
precursors are often expensive and air-sensitive, requiring
specialized handling. Furthermore, the process is charac-
terized by large volume shrinkage during the drying and
pyrolysis steps and generally suffers from a low ceramic
yield, meaning alarge portion of the precursor mass is lost
as volatile byproducts 8.

(4) Polymer-derived ceramics (PDC) route

The PDC route represents one of the most advanced
and versatile chemical synthesis strategies, leveraging the
processability of polymers to create ceramic materials
with unique compositions and tailored nanostructures 13.
The core of the PDC approach is the design and synthesis
of a preceramic polymer — often termed a “single-source
precursor® — that contains all the necessary elements (e.g.,
Zr, Si, B, C) chemically bonded within its molecular
backbone. This polymer can be shaped in its plastic state
(e.g., spun into fibers, cast into films) and is subsequently
pyrolyzed in a controlled, inert atmosphere. During
pyrolysis, the polymer decomposes, releasing volatile
organic fragments and transforming into an amorphous or
nanocrystalline ceramic material whose final composition
and phase distribution are a direct reflection of the initial
polymer‘s molecular architecture 22.

The synthesis of a suitable hybrid preceramic polymer
is the most critical step in the PDC process. For the
ZrB,-SiC system, this typically involves reacting a
silicon-containing polymer, such as polycarbosilane (a
source of Si and C), with organometallic zirconium and
boron precursors. For example, Yu et al. 22 successfully
synthesized a single-source precursor for ZrC-ZrB,-
SiC nanocomposites by reacting allylhydridopolycar-
bosilane (AHPCS) with bis(cyclopentadienyl) zirconium
dichloride (Cp,ZrCl,) and triethylamine borane (TEAB).
The resulting polymer, containing Si-C, Zr-C, and B-N
bonds, was then pyrolyzed at temperatures up to 1 800 °C
to yield the ternary ceramic nanocomposite. This route
provides a level of microstructural control that is truly
unique. It enables the formation of true nanocomposites
where one phase is finely dispersed within another on a
scale of nanometers. For instance, studies have reported
the synthesis of powders consisting of highly spherical
ZrB, nanoparticles (tens of nanometers in diameter)
uniformly embedded within a continuous SiC matrix 12.

The PDC route offers unparalleled control over the final
nanostructure and phase distribution, opening pathways
to novel composite architectures and functionalities. The
ability to process the material in a polymeric state before
ceramization is a significant advantage for fabricating
complex shapes such as ceramic matrix composite (CMC)
fibers or coatings 13. Furthermore, some single-source
precursors have been developed that exhibit high ceramic
yields (up to 85%), which is a notable improvement
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over many sol-gel systems 22. However, the PDC route
is arguably the most complex and least mature of the
synthesis methods discussed. The synthesis of appro-
priate, high-yield preceramic polymers is a significant
challenge in organometallic chemistry and is often costly.
Controlling the final stoichiometry of the ceramic can be
difficult, as different parts of the polymer may volatilize at
different rates during pyrolysis. Oxygen contamination is
a major concern, as many precursors are highly sensitive
to air and moisture, and any oxygen incorporated into the
polymer network will persist in the final ceramic as an
oxide impurity. Consequently, while the PDC route holds
immense scientific promise for creating next-generation
materials, significant challenges in precursor synthesis,
process control, and scalability must be overcome before
it can be considered for widespread application.

III. Consolidation and Sintering of In-Situ Synthe-
sized Powders

The successful synthesis of a high-quality composite
powder is only the first step toward fabricating a useful
engineering component 23. The subsequent consolidation
of this powder into a dense, fully ceramic body is
equally critical and presents its own set of challenges,
particularly for covalently bonded materials like ZrB,
and SiC. The characteristics of the powder derived
from the n-situ synthesis route — particle size, purity,
morphology, and homogeneity — have a profound and
direct influence on its sinterability and the selection of
an appropriate consolidation technique 24. A synergistic
relationship exists wherein advanced synthesis routes that
produce nano-structured powders are best paired with
advanced sintering techniques capable of consolidating
them without excessive grain growth, thus preserving the
unique benefits conferred during synthesis.

(1) The influence of powder characteristics on sinter-
ability

The driving force for solid-state sintering is the reduction
of the system's total surface free energy. Consequently,
powders with a smaller particle size and thus a higher
specific surface area possess a significantly greater driving
force for densification 14. This is a primary reason why
powders produced via chemical routes like sol-gel or
PDC, which typically have particle sizes in the nanometer
range, exhibit enhanced sinterability compared to the
coarser, micron-sized powders often resulting from
conventional boro/carbothermal reduction or SHS 14
The use of nano-sized starting powders can dramatically
lower the required sintering temperature and time needed
to achieve high relative densities 25.

Beyond particle size, powder purity plays a crucial role.
The surfaces of ZrB, and SiC particles are often passi-
vated by thin native oxide layers (ZrO,, B,O3, SiO,).
These oxide layers act as diffusion barriers, inhibiting the
formation of strong inter-particle necks and hindering
densification 26.

In-situ synthesis methods, particularly the chemical
routes, can produce powders with lower oxygen
content and cleaner surfaces, thereby improving their
intrinsic sintering activity. Conversely, powders from
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incomplete solid-state reactions may contain residual
oxide phases that impede full densification?’. Powder
morphology 28-30 and the degree of agglomeration 31,32
also impact sinterability. Hard agglomerates are difficult
to break down during compaction and can lead to large,
persistent pores in the final microstructure, whereas soft
agglomerates of fine, equiaxed particles lead to better
green body packing and more uniform shrinkage during
sintering.

(2) Comparative analysis of sintering techniques

The choice of sintering technique must be matched
to the characteristics of the in-situ synthesized powder
to achieve optimal densification while controlling
microstructural evolution.

Hot pressing (HP) is the traditional and most widely
studied method for densifying ZrB,-SiC composites. It
involves the simultaneous application of high temperature
(typically > 1900 °C) and uniaxial pressure (=30 MPa) to
a powder compact within a graphite die 33. The applied
pressure assists in particle rearrangement, promotes
plastic flow at contact points, and enhances diffusional
transport, thereby overcoming the inherently poor sinter-
ability of these covalent materials. While effective at
achieving high densities, the long dwell times, often
lasting 1 to 3 hours, required for conventional HP at
these high temperatures often lead to significant grain
growth, which can negate the benefits of starting with a
fine-grained or nano-structured powder.

Spark plasma sintering (SPS) has emerged as a trans-
formative consolidation technology for UHTCs and
other difficult-to-sinter materials. In SPS, a pulsed high-
amperage, low-voltage direct current is passed directly
through the graphite die and, in the case of conductive
materials like ZrB,-SiC, through the powder compact
itself. SPS processing utilizes extremely rapid heating rates
(typically 100-300 K/min compared to 10—20 K/min for

(a)Hot Pressing(HP)

High temperate ‘
>1900°C

Graphite
die

Long dwell time (hours)

>

Pulsed
current —
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conventional HP)34. The proposed mechanisms for
enhanced densification include plasma generation in
inter-particle voids, which cleans particle surfaces, and
intense localized Joule heating at particle contacts, which
accelerates diffusion 35. The primary advantage of SPS
is its ability to consolidate nano-structured powders to
full density while effectively suppressing grain growth,
thereby preserving the fine microstructure created during
advanced synthesis 3*. This synergy between nano-
powder synthesis and rapid consolidation is key to
producing high-performance, fine-grained UHTCs.

Furthermore, SPSfacilitates a processing strategy known
as reactive sintering, which represents the highest level
of process integration. In this approach, a mixture of
precursor powders (e.g., ZrC, B4C, and Si) is loaded into
the SPS die, and the synthesis reactions to form ZrB,
and SiC occur in-situ during the rapid heating cycle 17.
The applied pressure acts concurrently to consolidate the
newly formed, highly reactive product phases into a dense
body. Aguirre e al. 36 demonstrated this by reactively
sintering a B4C + 2ZrC + 3Si mixture, where a diffusion
reaction between B,C and ZrC formed ZrB,, while liquid
Si reacted with free carbon to form SiC, resulting in a
dense, interpenetrating composite within minutes. This
approach blurs the line between synthesis and consoli-
dation, offering remarkable efficiency by eliminating the
separate powder synthesis step and capitalizing on the
high activity of nascent reaction products. Fig. 4 provides
a schematic comparison of the conventional HP and
advanced SPS processes.

Fig. 4: Schematic comparison of two primary consol-
idation techniques: (a) Conventional HP, which uses
external heating and uniaxial pressure over long durations,
and (b) SPS, which uses a pulsed DC current for rapid
internal heating and consolidation under pressure, signif-
icantly reducing sintering time and temperature.

(b)Spark Plasma Sintering(SPS)

Rapid
densification

Lower
temp

/ Fine
Joule microstructure

heating
Short time (minutes)

>

Fig. 4: Schematic comparison of two primary consolidation techniques: (a) Conventional HP, which uses external heating and uniaxial pressure
over long durations, and (b) SPS, which uses a pulsed DC current for rapid internal heating and consolidation under pressure, significantly

reducing sintering time and temperature.
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Pressureless sintering is the most economically desirable
consolidation method as it eliminates the need for
expensive hot-pressing or SPS equipment. However,
achieving full density in ZrB,-SiC without applied
pressure is extremely challenging. Historically, it was
considered nearly impossible. Recent advances, however,
have demonstrated that near-full densification (>97 %)
can be achieved via pressureless sintering, but this success
is almost entirely predicated on two factors: the use of
highly sinter-active, ultra-fine, or nano-sized in-situ
synthesized powders, and the strategic use of sintering
aids 3. The high surface energy of the nano-powders
provides the necessary driving force, while the sintering
aids facilitate the material transport mechanisms required
for pore elimination.

(3) Therole and controversy of sintering aids

Sintering aids are often indispensable for achieving full
densification in ZrB,-SiC composites, particularly in
pressureless sintering and, to a lesser extent, in HP. Their
role is to enhance the material transport mechanisms that
lead to densification. A primary mechanism involves the
removal of surface oxide impurities. Additives like B4C
and free carbon (C), often derived from the pyrolysis
of a phenolic resin binder, are highly effective in this
regard 38. At high temperatures, they react with the native
ZrO; and SiO, on the powder surfaces, reducing them
to the parent boride and carbide and generating gaseous
byproducts (e.g., CO, SiO). This “cleans” the particle
surfaces, creating high-energy interfaces that promote
solid-state diffusion and neck growth 7. Another class of
additives functions by forming a transient liquid phase at
the sintering temperature. Metallic additives such as nickel
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(Ni), or silicides like molybdenum disilicide (MoSi,), can
form low-melting-point eutectics with the constituents of
the composite 7. This liquid phase wets the solid ceramic
grains and accelerates densification through a solution-
reprecipitation mechanism, which is significantly faster
than solid-state diffusion.

However, the use of sintering aids is a subject of signif-
icant debate and represents a critical processing trade-
off 39. While they are highly effective at promoting densi-
fication, they invariably introduce secondary phases into
the final microstructure 40. These phases typically reside
at the grain boundaries #! and can have properties, such as
lower melting points or lower strength, that are inferior
to the primary ZrB, and SiC phases 2. The presence
of these grain boundary phases can be detrimental to
the composite‘s high-temperature mechanical properties,
such as creep resistance, and can negatively impact
its oxidation behavior. Therefore, a central challenge
in the field is to balance the need for high density,
which often requires sintering aids, against the desire
for high compositional purity to maximize high-temper-
ature performance 43. The ideal sintering aid would be one
that is effective at promoting densification but is either
completely removed from the system after sintering or
forms a refractory and benign grain boundary phase.

A comparative summary of representative sintering
parameters, additive strategies, and resulting mechanical
properties for various #n-situ synthesized ZrB,-SiC
composites is provided in Table2, illustrating how the
interplay between synthesis route, sintering method, and
aid selection governs final densification and performance
outcomes.

Table 2: Representative sintering parameters and resulting properties of in-situ derived ZrB,-SiC composites.

Powder Synthesis Sintering Sintering Sintering  Final Rel. = Hardness Fracture Refer-

Route Method Parameters  Aid(s) Density (%) (GPa) Toughness  ences
(Mpa.ml/Z)

In-situ sol-gel/ Pressureless 2250°C,2h  B,C,Mo  96.6 13.9+03 - 37

carbothermal sintering

Boro/carbothermal =~ Pressureless 2100 °C C,B,C >97 14.7+£0.2 40105 44

reduction sintering

Reactive precursors ~ Reactive hot 1800°C, 1h, None 96.6 - - 45

(Zr, S1, B4C) pressing 20 MPa (reactive)

Reactive precursors ~ Reactive SPS 1800 °C, None >99 227+1.4 6.3£0.3 46

(ZrC, B4C, S1) 5 min, 30 MPa (Reactive)

Reactive precursors  Reactive SPS Not specified None 95 - 6.03+045 36

(B4C, ZrC, S1) (Reactive)

Pre-synthesized nano- SPS 1600 °C, None >99 23.0 5.4 33

powders 2 min, 55 MPa

Pre-synthesized HP 1750 °C MoSi, >99 >20 ~5.5 47

powders
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IV. Correlating Processing with Microstructure and
Performance

The ultimate goal of tailoring the synthesis and sintering
processes is to engineer a composite with a specific
microstructure designed to deliver optimal perfor-
mance 8. The properties of ZrB,-SiC composites are
governed by a hierarchy of structural features — ranging
from atomic-level purity and grain boundary chemistry to
micro-scale grain size and phase distribution, and finally
to macro-scale defects like pores and agglomerates —all of
which are direct consequences of the processing history.
This section synthesizes the preceding discussions to
build a comprehensive understanding of these critical
processing-microstructure-property relationships.

(1) Microstructural evolution and control

The final microstructure of a sintered ZrB,-SiC
composite is the cumulative result of the powder
synthesis and consolidation steps. One of the most
critical microstructural features is the grain size of the
primary ZrB, phase. The SiC particles, particularly
when finely and homogeneously dispersed by means
of in-situ synthesis, play a crucial role as grain growth
inhibitors. During sintering, the SiC particles located at
the ZrB, grain boundaries exert a pinning force (Zener
pinning), which impedes grain boundary migration and
thus restricts the coarsening of the ZrB, grains 19. This
effect is essential for producing fine-grained composites,
which generally exhibit superior mechanical properties.
The effectiveness of this pinning is maximized when
the SiC particles are small and uniformly distributed, a
condition best met by powders derived from chemical
synthesis routes.

The choice of sintering technique further refines the
microstructure. The rapid heating and short dwell times
characteristic of SPS are particularly effective at consol-
1dat1ng tine powders to hlgh density while minimizing
grain growth, thus preserving the nano-scale features
of the initial powder34. In contrast, the prolonged
exposure to hlgh temperatures during conventional HP or
pressureless s1nter1ng inevitably leads to more significant
grain coarsening.

Phase homogeneity is another critical attribute directly
linked to the synthesis method. Chemical routes like
sol-gel and PDC, which achieve molecular-level mixing,
yield an exceptionally uniform distribution of the SiC
phase within the ZrB, matrix20. This uniformity is
vital for ensuring consistent properties throughout the
component. In contrast, powders synthesized via solid-
state routes, and especially those made by conventional
mechanical mixing, are prone to the formation of SiC
agglomerates. These agglomerates not only lead to an
inhomogeneous microstructure but can also act as large,
strength-limiting defects in the final ceramic 4°. Finally,
the elimination of porosity and defects is a primary
goal of sintering. Incomplete densification leaves residual
porosity, which severely degrades mechanical strength.
Similarly, impurities from the synthesis process, such as
residual ZrO, from incomplete carbothermal reduction or
secondary phases from sintering aids, often concentrate at
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grain boundaries and can compromise high-temperature
strength and oxidation resistance 1.

The mechanical and thermal reliability of ZrB,-
SiC composites is intrinsically linked to the stability
of their microstructure, specifically the control of ZrB,
grain growth during high-temperature consolidation. The
inclusion of SiCis critical not only for enhanced oxidation
resistance but also as a structural stabilizer, enabling the
preservation of fine grain sizes necessary for superior
hardness and strength.

The primary mechanism governing this microstructural
refinement is Zener pinning (or Zener drag). During
sintering, the driving force for ZrB, grain growth arises
from the reduction of total grain boundary energy,
causing boundaries to migrate. When SiC second-phase
particles are strategically located at the ZrB, grain bound-
aries, they exert a retarding force (FZ) that impedes
boundary motion. The maximum pinning pressure (PZ)
exerted by the particles is fundamentally governed by
the Zener relationship, which dictates that PZ is propor-
tional to the volume fraction (f) of the second phase and
inversely proportional to the radius (r) of the pinning
particles. Therefore, achieving optimal grain growth
inhibition requires maximizing the SiC volume fraction
while minimizing its particle size.

The efficiency of SiC content in kinetic suppression has
been shown to be dramatic and non-linear. Studies inves-
tigating the influence of SiC volume fraction on densifi-
cation confirmed thatincreasing the content from 10 vol%
to 30vol% significantly enhances grain growth inhibition
and improves the final relative density. This relationship is
driven by a geometrical phenomenon: low concentrations
of the second phase are insufficient to cover all ZrB, grain
boundaries, leaving highly energetic, unpinned sections
that can migrate rapidly. Quantitative kinetic analyses
provide compelling evidence for this critical threshold
effect. High-temperature heat treatments showed that
the ZrB, grain growth rate in a ZrB,-30vol% SiC
composite was suppressed by a factor of 25 compared to a
ZrB,»-10vol% SiC composition during equivalent thermal
exposure. This extreme kinetic suppression factor under-
scores why higher SiC loadings (typically 20-30vol%)
are favored; the geometric increase in boundary coverage
at higher fractions efficiently saturates the grain bound-
aries, forcing grain coarsening to proceed through the
much slower processes of lattice diffusion or SiC particle
Ostwald ripening, effectively halting the migration of the
ZrB, matrix boundaries. This microstructural stability is
what allows the high temperatures necessary for full ZrB,
densification to be reached without suffering catastrophic
microstructural degradation.

(2) Mechanical properties

The mechanical performance of ZrB,-SiC composites is
a direct function of the microstructure established during
processing. Key properties such as hardness, strength, and
fracture toughness are intimately linked to features like
grain size >0, phase distribution >!, and the presence of
defects.

The hardness and flexural strength of ceramic materials
are typically sensitive to grain size, often following the
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Hall-Petch relationship, where strength increases as grain
size decreases. Consequently, composites fabricated from
fine-grained powders and consolidated using techniques
that limit grain growth, such as SPS, consistently exhibit
higher hardness and strength values 4. Hardness values
for dense ZrB,-SiC composites typically range from 18 to
25 GPa, while flexural strengths can exceed 1000 MPa in
optimized, fine-grained materials 4°.

Fracture toughness, a measure of a material‘s resistance
to crack propagation, is a critical property for struc-
tural applications. While monolithic ZrB, has a relatively
low fracture toughness (3 —4 MPa-m!/2), the addition of
a second phase like SiC significantly improves it, with
values for dense composites typically ranging from 5 to
7MPa-m!/2. This enhancement is attributed to several
toughening mechanisms that operate at the microstruc-
tural level. When a crack propagates through the ZrB,
matrix and encounters a SiC particle, it can be deflected,
forced to change its path, which consumes additional
energy. The residual stresses arising from the thermal
expansion mismatch between ZrB, and SiC can also create
a compressive stress field around the SiC particles, which
helps to close the crack tip. Other mechanisms include
crack bridging, where intact SiC particles span the crack
wake, and microcracking in the stress field ahead of
the main crack tip, which dissipates energy. The effec-
tiveness of these mechanisms is highly dependent on
the size, shape, and distribution of the SiC phase. For
example, composites reinforced with in-situ grown SiC
whiskers or fibers often exhibit superior toughness due
to the activation of whisker pull-out and bridging mecha-
nisms 2. However, the role of the SiC phase presents
a complex optimization problem. While SiC is a crucial
reinforcing agent, the same thermal expansion mismatch
that generates beneficial residual stresses can also be detri-
mental if not properly controlled. There exists a critical
SiC particle size, reported by Watts et al. to be approxi-
mately 11.5 um, above which the stored strain energy from
the thermal mismatch becomes sufficient to cause sponta-
neous microcracking within the composite during cooling
from the sintering temperature 4.

(3) Thermal properties and thermal shock resistance

For applications in hypersonic and re-entry systems,
the thermal properties and thermal shock resistance of
ZrB,-SiC composites are of paramount importance.
Thermal conductivity dictates how efficiently the material
can dissipate heat from leading edges, thereby reducing
thermal gradients and associated stresses. The thermal
conductivity of monolithic ZrB, is relatively high for a
ceramic (around 60 W/(m:K) at room temperature) and
tends to increase with temperature 4. The addition of SiC,
which has a higher thermal conductivity (~ 120 W/(m-K)),
generally increases the overall conductivity of the
composite at room temperature 33. However, the temper-
ature dependence is complex; studies have shown that
while the conductivity of pure ZrB, increases with temper-
ature, that of the ZrB,-SiC composite can decrease, poten-
tially due to increased phonon scattering at the numerous
ZrB,-SiC interfaces at higher temperatures 4.
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Thermal shock resistance, the ability to withstand rapid
temperature changes without catastrophic failure, is a
critical performance metric. Theoretically, good thermal
shock resistance is favored by a combination of high
fracture strength (og), high thermal conductivity (L),
low elastic modulus (E), and low coefficient of thermal
expansion () 3. Based on their higher strength, ZrB,-SiC
composites are predicted to have superior thermal shock
resistance compared to monolithic ZrB,. However, exper-
imental results often present a more complicated picture.
Water quench tests, a common method for evaluating
thermal shock, have in some cases revealed a similar critical
temperature difference (AT, the temperature drop
that causes a significant strength reduction) of around
400 °C for both monolithic ZrB, and the composite.
This discrepancy has been attributed to the large thermal
expansion mismatch between the ZrB, matrix and SiC
particles. During rapid quenching, this mismatch can lead
to high localized interfacial stresses and non-uniform
cooling, which can initiate microcracks and negate the
benefit of the composite‘s higher bulk strength. The
thermal shock behavior is further complicated by the
testing environment. In an oxidizing atmosphere, surface
oxidation can occur during heating, which may have
a “crack-healing” effect by filling surface flaws with a
viscous glass, thereby increasing the apparent thermal
shock resistance 56. Conversely, repeated thermal shocks
can lead to damage accumulation and degradation of the
oxide scale, ultimately reducing the material‘s perfor-
mance 7.

(4) Oxidation and ablation resistance

The primary motivation for adding SiC to ZrB, is to
improve its performance in high-temperature oxidizing
environments. The oxidation mechanism of ZrB,-SiC
composites is a complex, multi-step process that relies on
the synergistic behavior of the two phases. At tempera-
tures above 1500 °C, both components oxidize according
to the following reactions (2) and (3):

27rB,(s)+50,(g)—2ZrO,(s)+2B,05(l/g) (2)
2SiC(s)+30,(g)—2S10,(1)+2CO(g) (3)

The oxidation of ZrB, produces a solid, refractory
zirconia (ZrO,) skeleton and liquid/gaseous boron oxide
(B,0O3). The oxidation of SiC produces liquid silica (S10,)
and carbon monoxide gas. The key to the composite‘s
protective capability is the reaction between the liquid
B,05 and SiO, to form a stable, viscous, low-vapor-
pressure borosilicate glass. This glass phase permeates
the porous ZrO, skeleton, sealing cracks and pores and
forming a relatively dense surface layer that acts as an
effective diffusion barrier, limiting the ingress of oxygen
to the underlying unoxidized composite 58.

Despite this effective mechanism, a significant failure
mode has beenidentified, particularly at very high temper-
atures (>1800 °C) or under the high shear conditions
of ablation. The formation of the protective silica-rich
glass on the surface requires the consumption of SiC from
the layer immediately beneath it. This process, combined
with the outward diffusion of the glassy phase and the
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evolution of gaseous species like CO and SiO, can lead to
the formation of a porous and mechanically weak “SiC-
depleted layer” between the outer oxide scale and the bulk
composite 58. This depleted layer, consisting primarily of
a porous ZrB, (or ZrO,) network, is a critical struc-
tural flaw. It can act as a preferential site for crack initi-
ation and can lead to the spallation or delamination of the
entire protective oxide scale, catastrophically exposing the
fresh composite surface to the oxidizing environment. A
schematic of this multi-layer oxide structure is shown in
Fig.5.

The efficacy of the oxidation protection is strongly
dependent on the microstructure created during
processing 3% 60. A fine and homogeneous distribution
of SiC particles, as achieved through in-situ chemical
synthesis, is essential for forming a continuous and
uniform protective borosilicate glass layer. Composites
with coarse or agglomerated SiC particles may fail to
form a continuous glass seal, leaving regions of the ZrO,
skeleton exposed and leading to localized, rapid oxidation
and premature failure.
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Fig.5: Schematic cross-section illustrating the multi-layer oxide
scale formation on a dense ZrB,-SiC composite during high-
temperature oxidation. .

Table 3: Influence of SiC content and microstructure on mechanical properties of sintered ZrB,-SiC composites.

Composition Processing ZrB, Grain SiC Particle Flexural Fracture Hardness  Refer-
(vol%) Route Size (um) Size (um) Strength Toughness  (GPa) ences
(MPa) (MPa-m1/2)
ZrB, (monolithic) HP ~5.0 - 565 +53 3.6+0.7 ~22 61
ZrB,—-30% SiC HP - 4.4 1150 - 21.4 49
ZrB,-30% SiC HP - >11.5 <500 - <20 49
ZrB, - 30% SiC HP - 18.0 245 - - 49
ZrB,-20% SiC Pressureless - - 36144 4.0+0.5 14.7+£0.2 44
sinter

ZrB,—20% SiC R-SPS - - 760+ 19 6.3+0.3 227+1.4 46
ZrB,-30% SiC SPS - - - 5.4 23.0 33
7B, - 25% SiC  SPS . - i 8.3 . 3

-8% Ni

Table 4: Oxidation behavior of ZrB,-SiC composites at high temperatures.

Oxide Scale

Composition (vol%) Test Conditions

Key Observations on Oxide Layer Structure Refer-

Thickness
ZrB, —20% SiC 1500 °C, Air
ZrB,-30% SiC 1650 °C, Air Variable
ZrB,-10% SiC 1650°C, Air Variable

ZrB,-SiC-ZrC >2000 °C, Rapid -

Heating

~100um after 5h Formation of a protective borosilicate glass 33

layer over a ZrO, skeleton.

Three-layer structure: SiO,-rich top layer, 33
ZrO, rich middle layer, and a SiC-depleted

inner layer.

Single ZrO,-rich oxide layer observed; less 33
effective protection compared to higher SiC
content.

Addition of ZrC effectively reduced porosity in 62
the SiC-depleted layer due to large volumetric
expansion upon oxidation to ZrO,.
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Oxide Scale
Thickness

Composition (vol%) Test Conditions

Key Observations on Oxide Layer Structure Refer-
ences

ZrB,-SiC >1800°C, Air -

SiC content significantly affects structure 63
evolution; SiC-depleted layer formation
depends on SiC distribution and environmental
conditions.

V. Summary, Unresolved Challenges, and Future
Outlook

This review has critically examined the intricate relation-
ships between the in-situ synthesis of ZrB,-SiC composite
powders, their subsequent consolidation via various
sintering techniques, and the resulting microstructures
and properties of the final bulk ceramics. The state-of-
the-art demonstrates a clear progression from conven-
tional solid-state synthesis and hot pressing towards more
sophisticated chemical and reactive processing routes. The
central theme that emerges is the necessity of a holistic
processing approach, where the synthesis of highly pure,
fine-grained, and homogeneous powders is synergisti-
cally coupled with advanced, rapid sintering techniques
that can preserve these desirable features in the final
dense component. Chemical routes, particularly sol-
gel and polymer-derived ceramic methods, offer unpar-
alleled control over nanostructure and homogeneity,
yielding powders with superior sintering activity. When
paired with spark plasma sintering, these powders can
be consolidated into fine-grained ceramics with enhanced
mechanical properties. Reactive sintering further stream-
lines this pathway, representing a highly efficient method
that combines synthesis and densification into a single
step. The performance of these materials, particularly
their resistance to thermal shock and oxidation, is directly
governed by the microstructure — grain size, phase distri-
bution, and purity — which is itself a direct consequence of
this mtegrated processing chain.

Despite significant progress, several unresolved
challenges and scientific controversies remain, which
represent critical barriers to the widespread application
of these materials. The most prominent challenge is the
dichotomy between scalability/cost and microstruc-
tural control. While advanced chemical routes like PDC
provide exquisite control over the final nanostructure,
their complexity and reliance on expensive, air-sensitive
precursors make them currently unsuitable for large-
scale industrial production. A primary goal for future
research is the development of scalable, cost-effective
synthesis methods that do not compromise powder
quality. Concurrently, the control of impurities, especially
oxygen, remains a universal challenge. Oxygen contam-
ination, whether from incomplete precursor reduction
or atmospheric exposure, degrades both sinterability
and high-temperature performance, and robust, oxygen-
free processing chains are required. Even with in-situ
methods, achieving perfect microstructural uniformity
and eliminating defects like SiC agglomerates, which
act as performance-limiting flaws, remains difficult.
Finally, a complete mechanistic understanding of material
behavior at the extreme temperatures of intended
operation (>2000°C) is still lacking. Controversies
persist regarding the precise mechanisms of damage

versus healing during thermal shock and the exact kinetics
governing the formation and degradation of the critical
SiC-depleted layer during oxidation.

Looking forward, several promising research directions
can be identified to address these challenges and advance
the field. The development of novel, low-cost, high-yield
single-source precursors for the PDC route is a high-
priority area that could unlock the full potential of tailored
nanocomposite architectures. The exploration of hybrid
processing techniques, such as combining the energy
efficiency of SHS with the moderating environment
of a molten salt, or coupling field-assisted sintering
with conventional pressure-assisted methods, may offer
pathways to balance cost and performance. A crucial
enabler for progress will be the increased application
of advanced in-situ characterization techniques, such as
high-temperature environmental transmission electron
microscopy and synchrotron X-ray diffraction. These
tools allow for the direct observation of phase evolution
and microstructural changes during synthesis, sintering,
and oxidation, providing invaluable data to validate
and refine thermodynamic and kinetic models. This
experimental work should be increasingly coupled with
computational materials science. The use of CALPHAD
(calculation of phase diagrams) modeling to predict
phase equilibria in complex multi-component systems,
and finite element analysis to simulate microstructural
evolution and thermal stress distributions, will be indis-
pensable for guiding experimental design, accelerating
the discovery of new compositions, and optimizing
processing pathways for the next generation of ultra-high
temperature ceramics.
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