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Abstract

The demand for materials that can operate reliably in extreme environments, includ-
ing rocket nozzles, re-entry heat shields, sharp leading edges, high-velocity impact, and
high-temperature energy systems, continue to drive advances in thermal-structural mate-
rials. Carbon/Carbon composites remain a leading baseline because of their low density,
high-temperature mechanical retention in inert atmospheres, and excellent thermal-shock
tolerance. However, long-term durability is constrained by rapid oxidation in air at ele-
vated temperatures, limited fracture toughness and elastic modulus in many architectures,
and high manufacturing cost driven by multi-cycle densification and stringent quality
assurance. Consequently, contemporary strategies increasingly rely on modifying Car-
bon/Carbon composites with ultra-high-temperature ceramics and adopting accelerated or
simplified manufacturing routes. This review synthesizes recent progress in the design,
manufacture, and application of high-performance modified Carbon/Carbon composite
systems for extreme aerospace environments, emphasizing composition/architecture selec-
tion, oxidation, and ablation protection, toughening concepts, and cost-aware densification.
Because extreme environments performance is governed by coupled aerothermal loading,
gas—surface chemistry, internal transport, recession, and thermomechanical response, the
review also consolidates the multiscale modeling and software toolchains increasingly used
to size thermal-protection systems, interpret experiments, and guide down-selection. Key
challenges and future directions are further discussed for reusable materials and validated
performances beyond ~2000 °C.

Keywords: ultra-high-temperature ceramic matrix composites; ultra-high-temperature
ceramics; Carbon/Carbon composites; extreme environments

1. Introduction

The development of advanced materials capable of sustaining extreme environments
(EEs) is a critical challenge in modern aerospace engineering. These environments are
characterized by severe thermochemical and mechanical loads, including temperatures
exceeding 1500-3000 °C, high heat fluxes (>100-1000 W /cm?), oxidative and ablative con-
ditions, and rapid thermal cycling during hypersonic flight and atmospheric re-entry [1-4].
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Such conditions impose stringent requirements on structural integrity, thermal stability,
oxidation resistance, and damage tolerance [5,6].

In this context, Carbon/Carbon composites (C/CCs), which consist of carbon fibers
reinforced within a carbon matrix, remain prime candidates for hot-structure and thermal
protection system (TPS) sub-elements because of their high specific stiffness and strength,
low coefficient of thermal expansion (CTE), and excellent thermal-shock tolerance at temper-
atures where metals and many ceramics fail (with the critical caveat that bare C/CCs require
oxidation protection in air) [1]. Contemporary reviews and NASA practice underscore two
complementary TPS pathways: (i) carbon-based ablators and woven carbon-phenolics for
entry systems (e.g., Phenolic Impregnated Carbon Ablator (PICA), Heatshield for Extreme
Entry Environment Technology (HEEET), 3D Mid-Density Carbon Phenolic (3MDCP), and
3D Multifunctional Ablative TPS (3D-MAT) [7-10]), and (ii) structural C/C upgraded via
ultra-high-temperature ceramics (UHTCs) or high entropy ceramics (HECs) additives or
coatings to resist oxidation and ablation under extreme heat flux [4,5,11]. C/CCs (often
coated or modified) have long been a TPS mainstay for the highest heat loads. The Space
Shuttle’s reinforced carbon-carbon (RCC) was a C/CC reinforced with carbon fibers and
reacted with silicon to form a C/C-SiC structure [12]. These low-density, high-temperature
structural materials can withstand ~1400-1650 °C, far beyond what aluminum or silica
tiles endure [12]. However, unprotected C/CCs oxidize rapidly in air above ~500 °C [1].
Even with coatings, any breach can lead to burn-through. At the same time, the limited
use of carbon-fiber (CF) fabrics and CF prepregs in industrial parts is also driven primarily
by cost, and by production speed or scale, certification and repair challenges, recyclability,
and prepreg handling constraints [13-15]. This also translates to C/CCs, with TPS being
expensive to fabricate and becom quasi-brittle under mechanical stress [16]. Therefore, it is
essential to develop C/CC-based TPS that meet extreme aerospace environment require-
ments while remaining lightweight and manufacturable through cost-effective, scalable,
and environmentally safe processing routes [17-19]. Table 1 shows the comparison of
the state-of-the-art TPS as well as their advantages and disadvantages. It represents a
significant step towards reusable heat shields; however, material constraints and limited
flight heritage remain key challenges. Reusable TPS today are limited to silica-based tiles
that tolerate about 1200-1260 °C with good thermal-shock resistance but become brittle
and crack at higher heat loads [20]. This prevents truly reusable orbital systems from
reaching the 2000 °C regime. Newer hybrids like the Toughened Uni-piece Fibrous Rein-
forced Oxidation-Resistant Composite (TUFROC) stretch reusability toward (~1590 °C),
but, beyond that, the design starts to look like a single-use one again [21]. Reaching higher,
the Shuttle-era RCC proved that load-bearing hot structures can ride through a ~1650 °C
reentry as long as their SiC skin remains pristine [20]. And, when missions truly survive
above ~2000 °C, we still pay in terms of consumed thickness (mass loss), rather than
through refurbishment, while using ablatives like PICA, HEEET, and 3D-woven systems
that char and erode by design.

UHTCs and HECs offer a pathway for usage as sharp leading edges past 2000 °C
without ablation due to entropy-stabilized lattices and more resilient oxide chemistry, but
brittleness, joints, and oxidation under real entry flows remain challenging, i.e., a material
that is strong in a furnace can still crack at very high Mach numbers, and an oxide scale
that protects in a lab can spall in flight.
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Table 1. Comparison of the state-of-the-art TPS for EEs.
TPS Composition Peak Capability Reusability Advantages Disadvantages References
Silicone
O . . Lower heat-flux
resin-impregnated . Flight heritage,
(SIRCA) rigid ceramic fiber Useql m low—moderatez No easily machined, epvelop e vs. [22]
heating < ~100 W/cm*. . high-capability
substrate good insulator. ablators
(silica-based) )
Phenolic Cold-wall peak heating Very mass-efficient Brittle: tiled
PICA resin-impregnated up to ~1200 W /cm? No at high heat flux; integration for 9]
Ablator (FiberForm class; widely used on broad flight large diameters
substrate) Stardust, Dragon. heritage. adds seams/gaps.
Quah:fled for Orion Tailorable 3D
Earth-return
3D woven quartz wedge/compression- weave; structural + Nich lication
3D-MAT fiber/cyanate ester ad environments N ablative; better Cde apphica Ot (8]
composite with Farc—'et tested: superior ° insulation than gz;leareeglon), no
ablative matrix \arcjet s Sup carbon-phenolic for ge-
insulation vs. pad duty.
carbon-phenolic).
. N 1
Dual-layer 3D woven  Tested to ~6500 W/cm?2, Very high cheavi\:'rtisllégp y
HEEET carbon/insulating ~5.5 atm; Venus/ No heat-flux/pressure integlfation [10,23]
layer tiles Saturn-class entries. capability. complexity.
Carb Extreme High density
f,gr on forced Very high-enthalpy/ environment (mass penalty);
3MDCP lhgﬁé’leilcnrggicr? matrix  pressure regimes No capability; material sustain- [24]
lgomp osite (carbon-phenolic class). carbon-phenolic ability /supply
heritage. issues historically.
High-temperature
Reusable Surface Ultra-low density & - PR
Shuttle Insulation (HRSI): Multi-use Yes corfgué)t‘i/\\]zit e.r151 y {Eﬂjﬁ;ﬁ:ﬁ:ﬁ:;_ [20]
LI-900/LI-2200) Silica fiber tiles with (1260-1480 °C). 100-flicht hy,'t spection / repair
Reaction-Cured Glass -right heritage. P pair.
(RCG) coating
Fibrous
Refractory AETB composite fiber Better
Composite tile substrate with AETB: up to ~2800 °F strength/durability Still seam/gap
Insulation (FRCI)  Toughened Uni-piece (1538 °C) single-use; Y lica tiles:  Systemy coating
. - . . es vs. pure silica tiles; . [20]
or Alumina- Fibrous Insulation HRSI-class multi-use modernized tile processing adds
Enhanced (TUFI) or RCG ~2300-2600 °F. baseli cost.
Thermal Barrier surface coatings aselme.
(AETB)
Bi-layer system:
oxidation-resistant Lightweight, .
carbonaceous cap Reusable ~2900 °F insulative, {:;lilit:dég e
TUFROC bonded to (~1590 °C); single-use Yes oxidation-resistant dutv: sgtill t%le d [21]
low-density fibrous >3100 °F (~1700 °C). leading edge option; . N y%
refractory insulation cheaper than C/C. intertaces.
substrate
Ceramic hexagonal Reusable acreage Tile durabil-
Starship ceramic tiles on stainless steel =~ Public numeric limits Yes tiling on metallic ity /attachment
tiles acreage; details not disclosed. structure; rapid challenges;
proprietary turn-around goal. limited open data.
Suborbital crew Suborbital entries, . . s
New Shepard TPS capsule with reusable ~ milder heating than Yes Ml,j}lltlp le flights Spetc1f.1c1 /limit [25]
¢ cpa TPS (details not orbital; TPS suited to xiurg;;ﬁ?rllient umr? d?;é?osseciml s
public) reusable regimes. ’ :
Carbon—carbon with ~3000-3220 °F Carries load (“hot 8&?3;:;%?1{ tl nlipact
RCC SiC/oxide conversion  (~1650-1770 °C) Yes structure”), very \erabiuty; [20]
. - . coating integrity
coating service. high temperature. critical
Very high melting Oxidation
Refractory >2000 °C . points, good management at
UHTCs monoborides, oxidation-resistant Po;enttlally thermal lower T for [26]
carbides, or nitrides service (composition & ats Ot conductivity; carbides; )
of Hf, Zr, or Ta atmosphere dependent. structure candidate for sharp processing
edges. complexity.
Lab results indicate Tunable properties; g 10 o0
Multi-principal car- high-T stability Ongoing promising -arly stage,
HECs . . . o . <1 limited flight [27]
bides/borides/nitrides  (>1800-2000 °C); active Research oxidation & creep herit
research. behavior. criage.
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Table 1. Cont.
TPS Composition Peak Capability Reusability Advantages Disadvantages References
Combines high-T
. capability of Oxidation/
Ultra-High- . . . o
Tempera%ure Cor};tmufp};ls Arc-jet exposures of Potentially UII_;TCS i?“th ‘I;gighgi?e?ﬂ
Ceramic Matrix car fon— ! dezr B,_SiC Cf/ZrB,-SiCbarsup to ~ reusable composite i a4 [28,29]
Composites reintorced Zrby—ol N o - hot toughness; better required;
P or HfB,-SiC matrices 2200 °C (~2 min). structure d 1 rocessin
(UHTCMCs) 2 amage tolerance P 8
than monolithic complexity.
UHTCs.
C/CCs substrate with
igh npy i mlerls,  Matiy/ale
s 5 : long-duration,
modifications Entropy-stabilized Potentially ~ chemistry and lclpdigr(;%( lizl:—rioc%
HEC-modified comprising diboride coatings on reusable entropy-stabilized ei osureysgan d (30]
C/CCs multi-principal carbon tested for hot single-phase thgrmal- adient :
carbides (HECCs), ablation up to ~2200 °C.  structure behavior can slow i &
borides (HEBs), oxidation and durability data

nitrides (HENSs), or

ablation. are still building.

oxides (HEOs)

So, at present, reusable heat shields are generally limited to surface temperatures
below ~1600 °C, whereas environments approaching and exceeding ~2000 °C are typically
addressed using ablative protection. This division reflects not a lack of ambition, but
the temperature and oxidation limits that current state-of-the-art materials can reliably
withstand. So, it is imperative to design and develop high-performance TPS that can
be reused above ~2000 °C by combining oxidation-resistant, damage-tolerant surface
architectures, robust matrices, and in situ inspection over low-mass insulating substructures,
thereby bridging the current performance gap between tiles reusable below ~1600 °C,
~1650 °C hot structures, and >2000 °C single-use ablators.

Figure 1 depicts potential TPS solutions for extreme aerospace environments: mapping
fracture toughness vs. elastic modulus. Figure 1 clearly illustrates how HECs, especially
High-Entropy Carbide Ceramics (HECCs) among others, as modifiers to C/CCs, can play a
role in developing next-generation TPS.

Although still in the early research and developmental stage, HECCs, compared to
other monolithic UHTCs and HECs, offer a compelling synergy between fracture toughness
(~15 MPa-/m) and high elastic modulus (~450-550 GPa), which is critical for maintaining
structural integrity under hypersonic and thermal shock environments. As shown, HECCs
are among the few systems approaching a key projected performance goal for extreme
aerospace applications and thus could justify their selection for further C/CC modification.
However, these projections are primarily based on laboratory-scale data, and validation
under coupled aerothermal environments remains limited. Figure 2 shows the evolution
and vision of composites trailing toward embedded sensor-modified C/CCs. Details of the
design and manufacturing methods for these materials are discussed in Section 3.

While numerous studies have investigated UHTC-based materials, C/CCs, or TPS in-
dividually, these topics are often treated separately in literature. However, the development
of ceramic-modified C/CCs for extreme aerospace environments requires simultaneous
consideration of material selection parameters, manufacturing feasibility, and predictive
modeling tools, particularly in the context of reusable TPS design. Integrating these per-
spectives remains an important challenge for advancing next-generation TPS. Accordingly,
this review evaluates current design strategies and modification architectures that retain
C/CCs as the structural substrate while enhancing their performance through surface
and matrix modifications. These include SiC-based variants, UHTC coatings, subsurface
damage-tolerant modifiers, and emerging UHTCMC systems, with particular emphasis on
their potential to enable reusable TPS that could operate beyond the ~2000 °C regime.
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Figure 1. Fracture toughness vs. elastic modulus material properties and roadmap on High Entropy
Carbide Ceramics (HECCs) [31-34], High Entropy Oxides (HEOs) [35-38], High Entropy Nitrides
(HENS) [39-42], High Entropy Borides (HEBs) [43-46], and UHTCMCs [47-50] materials for EEs.
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Figure 2. Evolution/innovation in composites and the vision toward materials for EEs.
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2. Materials for EEs: Modified C/CC Systems and Related UHTCMCs

Modified C/CCs refer broadly to C/C architectures whose baseline C/C (carbon
fiber and carbon matrix) is enhanced for extreme environments using coatings, dopants,
near-surface conversion, or infiltrated ceramic phases (e.g., UHTC matrix). By contrast,
UHTCMCs denote continuous-fiber-reinforced ultra-high-temperature ceramic matrix
composites. Here, the reinforcement may be carbon fiber embedded in a UHTC matrix
(carbide/boride/nitride-based) to improve damage tolerance relative to monolithic UHTCs.
Accordingly, the two terms are overlapping but not equivalent: many modified C/CCs
remain fundamentally C/C with added protective phases, whereas UHTCMCs represent
cases where a UHTC-rich matrix plays a dominant structural role [51]. Table 2 highlights
the fundamental trade-offs between oxidation resistance, mechanical integrity, and den-
sity. While UHTCs exhibit superior thermal stability, their low fracture toughness limits
structural use, whereas C/CCs offer excellent toughness but require oxidation protection.
Hybrid systems such as UHTCMCs aim to balance these competing requirements but
introduce processing and cost challenges.

Table 2. Comparative thermomechanical and environmental performances of candidate materials for
thermal protection systems (TPS) in extreme environments.

. . Thermal Fracture . .
Material Max Service = Density Oxidation Ke
o Conductivity =~ Toughness 3 . LY References
System Temp (°C) (W/m-K) (Mpa.m!’2) (g/cm?) Resistance Limitation
. Poor (>500 Oxidation
c/C ~2000 (inert) 4-35 10-20 1.6-1.9 “Cinam vulnorability [1,52]
. Coating
CIC-SIC  _1600-1700 5-20 8-15 18-2.2 Moderate damage [12,53]
(RCC-type) nag
sensitivity
szgcﬁl;ec;% >2500-3000 10-30 25 6-12 Excellent Brittleness [4,54]
UHTCMCs  ~2000-2200 5-25 10-20 2.5-35 Good Processing [50]
complexity
HECs ~1800-2200*  Variable 3-8+ 6-10 Promising Limited [34]
validation
Ablative TPS >2000 Excellent .
(e.g., PICA) (transient) Low N/A 0.25-0.9 (sacrificial) Single-use [9,55]

* Values vary widely depending on composition and maturity of system.

Table 2 shows that C/C remains the preferred structural core across all architecture
due to its unmatched toughness-to-density ratio but requires surface protection above
500 °C in oxidizing environments. C/C-5iC is the logical choice for reusable hot structures
up to ~1700 °C but, beyond this limit, UHTC coatings or UHTCMCs become necessary
despite their higher processing complexity and density. Monolithic UHTCs should not
be used as standalone load-bearing materials due to their low fracture toughness and
are better applied as surface coatings or conversion layers on a C/C substrate. HECs
show promise as oxidation-resistant phases but currently lack sufficient validation under
flight-relevant conditions, limiting their use to experimental surface modifiers. Ablative
TPS remains the most mass-efficient solution for high heat flux, single-entry missions
where reusability is not required. Overall, no single system satisfies all performance criteria
simultaneously, reinforcing the need for hybrid modified C/C architectures, as discussed
in the following sections.

2.1. UHTC-Modified C/CC Systems (C/C-UHTCs) and C/C-Derived UHTCMCs

Traditionally, single-piece C/CCs have been commonly acknowledged as the key base
material for designing and manufacturing hypersonic leading edges, as depicted in Figure 3.
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This reputation stems from their exceptional characteristics, including their low density
(1.60-1.98 g/cm3), low thermal expansion (—0.85 to 1.1 x 107%/K), high elasticity modulus
(200 GPa), impressive thermal conductivities (~4-35 W/mK), and the capability to sustain
their mechanical properties up to around 2000 °C in inert atmospheres [2,52,56]. Despite
the remarkable properties of C/CCs, they begin to oxidize at a relatively low temperature
of approximately 370 °C in air, and experience significant oxidation above 500 °C [1].

Figure 3. Space shuttle orbiter leading edge designed and manufactured with C/CCs [57].

Without protective measures against oxidation, using single-piece C/CCs in high-
heat and oxidative conditions can lead to disastrous failures. This oxidation issue has
significantly hindered the long-term and widespread application of C/CCs. As global
demands for ultra-high-temperature materials increase, developing methods to shield
C/CCs from intense heat-induced oxidation, material loss, and wear has become an urgent
necessity [58-61]. Figure 4 illustrates the energy management mechanism in ablative and
reusable Thermal Protection Materials (TPMs), essential for resisting oxidation, thermal
stress, material removal, and wear due to gas flow at elevated temperatures. Figure 4a
emphasizes chemical diffusion, mechanical erosion, and melt flow, highlighting the physical
and chemical interactions that occur during thermal protection. Figure 4b focuses on the
layered structure of thermal barrier coating and low conductivity insulation, emphasizing
material properties and heat resistance. Generally, these diagrams collectively provide a
comprehensive view of the TPS’ functioning, illustrating the different layers and processes
involved in protecting the structures from extreme heat conditions.

Free Stream
Chemical Diffusion Shock Layer

Shock Radiation flux in

Layer

Thermal Decomposition Gas
Reaction Products Convective Flux
Mechanical Frosion

Radiation flux out

orous carbon residue Coating
Heat Transfer Flux I
Low
Thermal Conductivity
Decomposition Zone TPS
Original Material
Support material i‘;lal:l::i:l

Figure 4. Energy accommodation process for (a) reusable TPMs and (b) ablative TPMs [22].
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2.1.1. Weight Factors for Modified C/CCs

For aerospace TPS (including sharp leading edges), lightweight is most meaningfully
evaluated as mass per protected area (TPS areal mass/areal density, kg/m?), because TPS
trade studies, as noted by the NASA HEET project, compare candidates after they have
been sized for a common trajectory and heating environment (i.e., compare TPS areal mass
for the same trajectory) [62]. Once the entry environment is established, material response
modeling is used to determine the TPS thickness required to keep the bondline/backface
temperature below a specified limit and to account for surface recession where applicable,
which is why thickness and not density alone becomes the key bridge between material
properties and mass [22].

Consistent with this practice, NASA sizing studies commonly report results in terms
of areal density after thickness sizing; for example, Fully Implicit Ablation and Thermal
response (FIAT)-based TPS sizing computations for aerocapture explicitly states size thick-
ness as a function of heat load and then summarize outcomes “in terms of areal density,”
highlighting that the areal metric is the basis for comparing mass efficiency across TPS
options [63].

Thickness is therefore the second, inseparable weight driver. NASA TPS sizing practice
illustrates that thickness depends strongly on the integrated heat load and the allowable
internal temperature limits; once thickness is set, mass is compared as areal density, and
further savings can come from spatially tailoring thickness (variable-thickness sizing) rather
than uniform layups [63]. This logic transfers directly to modified C/CC concepts because
coatings and graded surface architectures may add mass locally, but if they suppress
oxidation/recession or expand the usable temperature/pressure window, they can reduce
the total “consumed thickness and margin thickness” that must be carried, hence improving
net areal density. The X-43A leading edge material system is a useful illustration of how
modified C/CCs are often engineered for mass efficiency: the design retained a high thermal
conductivity, thermally biased C/C substrate and relied on a thin protective multilayer
coating stack to extend oxidation/temperature capability without converting the entire
volume to a denser ceramic composite. This is a weight-driven philosophy which preserves
the low-density, high-specific-performance carbon architecture for the load-bearing bulk
and places the mass-added functionality (environmental protection) where it is most
leveraged (at the surface) [64]. By contrast, integrated UHTC/HEC-modified C/CC routes
(e.g., particle impregnation into the preform followed by densification) move more of the
ceramic mass into the volume, which can raise bulk density but can also improve oxidation
resistance of the fibers and thermal-shock resistance at ultra-high temperatures. The correct
way to judge whether such routes are mass efficient would be to report the resulting sized
areal density for a given EE load case (including coating/substrate /adhesive/joint features
where relevant), rather than inferring advantage from higher performance or disadvantage
from “higher density” in isolation.

Density to areal density for modified C/CCs concepts (C/SiC, SiC-converted RCC,
C/C-UHTC/HEC hybrids, UHTC/HEC coatings, graded stacks) matter because they
change the weight factors in two competing ways:

a.  They often increase effective density because added phases (e.g., SiC, ZrC-SiC,
HfC/SiC coating layers) and reduced porosity raise mass per volume. For example,
heritage RCC is valued for relatively low density (reported around ~1.6-1.8 g/cm? in
a NASA overview), which is a key reason that it is historically attractive for leading
edge hot structures [53]. However, modified versions frequently densify the near-
surface or bulk. A representative UHTC-modified example reports C/C-ZrC-SiC
density ~ 2.74 g/cm3 (with open porosity ~ 8.6%), which is materially heavier per
unit thickness than baseline C/C/RCC-class densities. Another clear example of
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“bulk density is architecture and densification state” appears in the recent Reactive
Melt Infiltration (RMI) work that produced thick, reusable, ceramic-modified carbon-
based composites. Guo et al. [65] reported a 20 mm thick Cf/SiC-ZrC material (a
C/CC-derived UHTCMC class) fabricated by RMI with a density of 2.79 g-cm 2
and open porosity of 5.65%, designed specifically to improve through-thickness in-
tegrity and transport while retaining load-bearing capability after ablation exposure.
What matters for “mass efficiency” here is not that the material is denser than mono-
lithic/bare/heritage C/CCs, but it is that the design target is reusable under high
heat flux, where the allowable recession and retained mechanical margin can materi-
ally reduce the sized thickness (or reduce the number of sacrificial layers/allowances)
needed to meet EE constraints.

They can reduce the thickness that must be carried (and/or reduce recession al-
lowance), because improved oxidation and ablation resistance and higher tempera-
ture capability can reduce how much material is needed to survive the mission [55,66].
That is the central mass-efficiency trade where a heavier per mm stack can still be
lighter per m? if the design is thinner for the same environment. NASA's aerocapture
TPS sizing discussion captures this principle generally because material selection
choice changes thickness, and the correct comparison is the resulting areal density
after sizing [67].

At component/system level, the areal density of a modified C/CCs solution is best

thought of as a stacked sum of the mass of the substrate, conversion layers, coatings,

bondlines, and attachment penalties [68]. This breakdown is important because, for leading

edges, the non-carbon additions are often not “free” in mass terms:

a.

Surface conversion/seal/coating mass can be modest if coatings are thin, but it grows
quickly if thickness is increased for durability /crack tolerance [69]. Several recent
coating studies explicitly show the recession-rate leverage that drives thickness,
areal density, and even coatings, add mass [70]. Junshuai et al. [71] reports a linear
recession rate close to zero (~0.11 um-s~!) after two 120 s ablation cycles, illustrating
how a dense UHTC barrier can sharply suppress net material loss under repeated
EE-relevant exposures. In the same direction, recent high-/medium-entropy ceramic
coating studies emphasize that these multicomponent carbides/borides are being
pursued precisely because their oxidation products and phase stability can outper-
form simpler monocarbides/monoborides at ultra-high temperatures, i.e., their role
is to push the recession/oxidation boundary outward so the carbon-bearing structure
does not have to “pay” for protection through extra thickness [72].

Bulk densification route and porosity closure are major weight drivers. If a modified
route closes more porosity, density rises, which directly increases areal density for
a fixed thickness [73]. The C/C-ZrC-SiC example above (~2.74 g/ cm?) is a clear
demonstration that UHTC-containing modifications can push density well above
baseline C/C/RCC-class values [64].

Infiltration/modification depth matters. In a thesis-focused study on modified C/C-
5iC systems, adding 3-SiC nanoparticles and producing a modified near-surface
region (reported modification depth on the order of ~100 um scale) increased near-
surface density and altered oxidation behavior, which is exactly the kind of “small
thickness, real areal-mass” effect designers/researchers must track and consider
for material selection [74]. Crucially, multiple studies on ceramic modification via
infiltration show that “weight” changes are inseparable from how much ceramic
is introduced and where it ends up in the architecture [73,75-77]. Liu et al. [73]
prepared a porous C/C preform and noted that the preform’s porosity governs
how much melt can be taken up during infiltration and explicitly remarks that this
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plays an important role in increasing the density /weight of the modified composite.
Therefore, the mass penalty is real and measurable, but it is only unfavorable if
it does not translate into a larger reduction in required thickness (through lower
recession, lower oxidation-driven knockdown, reduced uncertainty margins, or fewer
protective sublayers).

d.  Geometry choices interact with weight. Leading edge design often faces a geometry
trade: blunting (larger radius) can reduce peak heating, but it can also penalize aero-
dynamic performance and can require more material volume (hence more mass) [78].
A recent ORNL technical chapter discussing X-43 materials explicitly frames the
historical blunt vs. sharp leading-edge choice as a coupled aero-thermal-materials
trade [53].

2.1.2. Thermal Conductivity Management in Modified C/CCs for EEs

Thermal conductivity in modified C/CCs should be treated as a design variable rather
than a fixed material property, because oxidation-protection strategies (UHTC/SiC-based
coatings, infiltrated carbides/borides, and nano/micro reinforcements) often change the
heat-flow pathways and therefore the near-surface thermal gradients that control ablation,
thermal shock damage, and coating integrity. For sharp leading edges, the classical rationale
for C/CCs is not only high-temperature strength, but also the ability to conduct heat away
from stagnation regions. The NASA thermal conductivity database emphasizes how widely
C/CCs conductivity can vary (and thus be tailored) with architecture and processing [79].
Recent work reinforces that conductivity tailoring can be achieved by engineering the
carbon network and then overlaying oxidation protection. For example, Li et al. [80]
designed a 3D C/C architecture using high-conductivity pitch-based fibers in selected
directions to achieve strongly anisotropic high thermal conductivity, illustrating a practical
path to heat spreading while retaining carbon’s low CTE advantage. In parallel, coating-
centric studies show that heat-spreading within the protective layer itself can be decisive.
In that regard, Zhang et al. [69] introduced a ceramic carbon core-shell concept (including
a graphene/carbon shell) in a ZrC-SiC/TaC coating and explicitly framed the benefit as
improved heat dissipation, which reduced surface temperature rise and helped suppress
ablation-driven damage accumulation.

Therefore, in modified C/CCs, the best-performing oxidation and ablation solutions
are unlikely to be insulating or conductive everywhere. Instead, they tend to preserve (or
deliberately build) directional heat-spreading pathways in the carbon skeleton and/or the
protective layer to lower peak temperatures and thermal gradients, while still maintain-
ing adequate through-thickness insulation where the backface temperature limit governs
design. The literature supports this co-optimization mindset where conductivity tailor-
ing is feasible at the architecture level, and coating designs can be explicitly engineered
to manage heat flow (not only oxygen diffusion) [80]. Many EE-driven modifications
(SiC/UHTC/HEC phases, hybrid matrices, coatings) can unintentionally reduce effective
conductivity or create thermal bottlenecks if they interrupt carbon heat-flow networks or in-
troduce high-resistance interfaces. Zhao et al. [81] study on C/C-ZrC-SiC explicitly framed
insufficient thermal conductivity as a practical limitation because it promotes surface
heat accumulation during ultra-high-temperature exposure, and it proposes mesophase
pitch-based carbon fibers as engineered heat-transfer channels to restore heat spreading
while improving ablation resistance. This heat-channel logic is consistent with earlier
ZrC-SiC-modified C/C demonstrations that intentionally use mesophase pitch fibers and
pyrocarbon to create continuous thermal diffusion paths and report very high in-plane
thermal conductivity to reduce ablation-driven thermal localization [82]. Wang et al. [83]
went further by introducing “active” thermal management concepts inside modified C/CCs
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(C/C-5iC-ZrC—Cu) composites presented as combining passive ceramic protection with
Cu-enabled heat dissipation during ablation, explicitly targeting reduced surface thermal
response temperature rather than treating conductivity as a passive byproduct.

2.1.3. Gradient Architectures in Modified C/CCs and Manufacturability

A practical way to manage thermal conductivity (and the thermal stresses created
by sharp property jumps) is to adopt gradient architectures, either as graded bulk modi-
fications (e.g., graded UHTC infiltration) or graded coating stacks (transition layers and
functional outer layers). Importantly, several studies show that gradients are not just
conceptual, but they are manufactured using scalable, C/C-compatible routes.

On the bulk side, Wang et al. [84] reported gradient structured C/C-ZrC-5iC compos-
ites fabricated via reactive melt infiltration plus Chemical Vapor Infiltration (CVI), and they
attributed the improved ablation performance to a synergy between a dense oxide layer and
heat transfer through a retained pyrolytic-carbon network within the gradient structure,
i.e., the gradient was used to satisfy competing needs (ablation resistance, mechanical
integrity, and lightweighting) rather than optimizing a single metric [84]. On the coating
side, gradient and transition-layer designs are repeatedly justified to mitigate thermal
mismatch and cracking. Here, a ZrSiy-SiC/SiC gradient coating study explicitly frames the
gradient architecture as a solution to coating densification and thermal-mismatch limita-
tions, implemented using a SiC transition layer and supersonic air plasma spraying of the
outer layer [85].

From a manufacturing standpoint, the feasibility of gradient architectures depends
strongly on where the gradient is located and how it is produced. Near-surface gradients
and multilayer/graded coatings are the most immediately manufacturable because they can
be created by staged deposition or staged conversion while keeping the interior architecture
unchanged; this reduces risk because only the near-surface region is compositionally
complex, and the carbon composite core remains process-familiar [86,87]. Volumetric
gradients—where the matrix composition and porosity vary through thickness—are also
feasible (as the recent RMI gradient UHTCMC studies show), but they are more sensitive to
scale-up because infiltration depth, local capillarity, reaction kinetics, and thermal gradients
can change across large parts, making gradient reproducibility and defect control (closed
porosity, unreacted phases, local brittle zones) more challenging [65,88]. Therefore, for
modified C/CCs, gradient architectures are technically well-motivated and increasingly
validated for modified C/CCs in EE-like ablation conditions, but the most “selection-ready”
pathways are those that confine complexity to engineered transition layers and near-surface
gradients (where stress and oxygen ingress are managed) while preserving an interior
carbon-rich architecture for compliance and damage tolerance. The limiting manufacturing
issues are not conceptual, but are repeatability, inspection/qualification of gradient quality,
and durability under cyclic thermo-chemical loading, which should be stated explicitly as
the next barriers to broad deployment [65,87,89].

2.1.4. Ablation/Oxidation Behavior of Modified C/CCs (UHTCMCs)

Modifying components in this context refers to the as-discussed HECs (HECCs, HENSs,
HEBs, HEOs), which are monolithic refractory ceramics of certain transition metals and
commonly include SiC ceramics. Notably, researchers are also exploring various strate-
gies to enhance the oxidation and mechanical properties of C/CC with more complex
reinforcements (e.g., SiCWs) for aerospace applications operating in exceptionally high
temperatures [90-92]. These components can create glassy phases upon oxidation. Within
the group of UHTCs, the refractory carbides HfC, ZrC, TaC, and SiC appear to have some
of the highest melting points. These temperatures are similar to or surpass the sublimation
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temperature of C/CCs, as well as the flame temperatures of most fuel-oxidizer combina-
tions [93]. Since HECs have been studied to show better performance than monolithic
ceramics, they can also be classified as good candidates for modifying C/CCs necessary
for EEs. A comparative overview of these oxidation protection strategies is presented in
Table 3.

Table 3. Comparison of oxidation protection strategies for C/C composites in extreme environments.

Temperature

P Oxidation Thickness o1 Key Key
Strategy C"‘I:é‘ gl)hty Protection Impact Durability Advantage Limitation References
. . B Low- Self-healing Glass-phase
SiC Coatings 1400-1700 Moderate Moderate Moderate oxide layer softening [11,94,95]
UHTC High .
Coatings >2000 High Moderate Moderate temperature Cralclkltl.lg/ [4,71,96,97]
(ZrB,, HfC) stability spatiation
. Limited
HEC . Low- Tailorable
Coatings ~1800-2200 Promising Moderate Moderate chemistry lonc%;zrm [72,94,98]
Multilayer/ Reduced :
Gradient 52000 High Moderate- High thermal Procelssu.‘tg [70,85-87,89]
Coatings & mismatch complexity
Modibestion 2000 High High High Integrated Increased [6,65,73]
(UHTCMO) & & & protection density e

Table 3 shows a clear progression in oxidation protection capabilities with increasing
system complexity and cost. SiC represents the simplest approach, appropriate when
surface temperatures remain below ~1700 °C where self-healing via silica formation is
effective. Beyond this range, glass-phase softening and volatilization limit their reliability.
UHTC coatings extend protection beyond 2000 °C, but their susceptibility to cracking and
spallation under thermal cycling restrict their use as single-layer systems. Multilayer or
gradient coatings address this limitation by reducing thermal mismatch, making them
the most suitable option for reusable structures exposed to repeated aerothermal loading,
albeit with higher processing complexity. HEC coatings offer tunable compositions but
currently lack sufficient durability data, limiting their use to exploratory applications.
Bulk modification (UHTCMCs) provides the highest combined temperature capability,
oxidation resistance, and durability, but at increased density and cost, and is therefore
reserved for cases where coating-based solutions are insufficient. The data from Table 3
supports a layered selection strategy: begin with SiC coatings where temperatures permit,
transition to UHTC or gradient multilayer coatings for higher-demand reusable applications
and adopt bulk UHTCMC modification only where coatings alone cannot provide the
required protection.

Notable researchers such as Tang et al. [97] investigated the ablation characteristics of
a ZrB,-SiC coated C/CC, produced using high-solid-loading slurry impregnation (HSLSI)
followed by Polymer Infiltration and Pyrolysis (PIP). The ZrB, slurry layer was maintained
on the substrate and subsequently densified with the substrate during the PIP process
to create the ZrB,-SiC-integrated C/CCs. The ablation performance of this composite
demonstrated significant reductions in mass ablation and in linear ablation rates after
exposure to the flame for 60 s, 120 s, and 300 s, respectively. Typically, the inner layer,
composed of ZrB,-SiC, functioned as a barrier against oxygen, heat, and flow, thereby
slowing down the oxidation rate of the substrate. This also indicates a robust adhesion
between the coatings and the substrates. Xu et al. [99] explored the combined oxidation and
mechanical properties of C/C-ZrC-SiC composites following laser ablation using a hybrid
method of isothermal CVI and RMI in air. The reinforcement for these composites consisted
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of a 2.5D needle-punched high-textured PyCF preform. In summary, the C/C-ZrC-5iC
composites demonstrated excellent resistance to ablation and preserved bending strength,
attributed to the oxidation of ZrC- SiC, evaporation of S5iO,, migration of liquid ZrO,-5iO,,
and the infiltrated and grown ZrO,. However, the ablation damage caused a transition
from pseudo-plastic to brittle rupture, which may be attributed to the combined effects of
rapid cooling, thermal stress, microstructure, and oxidation, which degrades the material’s
ability to undergo plastic deformation.

Silicon carbide whiskers (5iCWs) have also been used as a toughening mechanism for
C/CCs. Figure 5 summarizes the typical preparation processes and reinforcement mecha-
nisms of these SICWs-reinforced composites. This improved toughness is due to the SICWs’
ability to bridge cracks and undergo pullout and growth, mainly when the crack spreads
perpendicular to the whiskers’ length. As preparation techniques advance, several similar
studies [100-108] have been conducted on various kinds of SICWs-reinforced multiphase
and multilayer coatings to enhance the oxidation resistance of C/CCs. To address the issue
of sealing a loose structure using traditional HfC, ZrC, and HfC-ZrC coatings on C/CCs
against SiCWs, Li et al. [96] used a different reinforcing component (TiO) to tackle this. A
HfC-ZrC-TiC multiphase coating was developed through supersonic atmospheric plasma
spraying, then evaluated under Ees, such as a heat flux of 2.38 MW /m? and temperatures
exceeding 2100 °C. Experimental findings showed significant improvements as the mass
ablation rate dropped from 0.85 mg/s to 0.18 mg/s, and the linear ablation rate decreased
from 2.58 um/s to 0.71 um/s within a period of 30 to 120 s. The mechanism behind this
phenomenon reveals the self-healing properties of the HfC-ZrC-TiC coating and its en-
hanced ability to resist ablation at temperatures above 2100 °C, due to the active diffusion
of TiO.

C/C- composites SiC-based Mixture SiC-coated C/C
e composites

powder

SiC,, toughened
multiphase and
multilayer coating SiC - Whiskers

Slurry
method

Figure 5. Diagram of the standard process for creating silicon carbide whisker SiCW-reinforced
multiphase and multilayer coatings [109].

This performance was notably better than that of the commonly used SiC coatings and
their whiskers, which tend to form glassy phases at temperatures between 1100 °C and 1650
°C during ablation [94]. While more notable properties such as ablation time, temperature
and rate, and heat flux and strength have been reported on these composites, only a few
studies have been conducted on the fracture toughness of these composites at extreme
elevated temperatures, as evident in Table 4. It is therefore imperative to conduct detailed
experimental and computational studies on the fracture toughness of these composites with
consideration for the applications of accurate and cost-effective physics-based modeling,
simulation tools, and cost-effective manufacturing processes.
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Table 4. Key mechanical and thermal properties of UHTC-modified C/CC systems (C/C-UHTCs)

and related UHTCMCs.
. Ablation (Mass/Linear) Fracture
. Ablation Strength Heat Flux
Materials Methods . Rate Toughness _ References
Method Time (s) (mg s1/um/s) (MPa) (Mpa.ml 2 (MWm~—2)
20 0.71 - - 17
OAT 60 1.33 - - 17 [50]
) 300 3.17 - - 17
Cf/HfB,-C matrix CVI 20 0.81 : B 44
OPT 60 2.82 - - 44 [50]
300 7.84 - - 44
Cf/ZrB,-SiC (HCVI) AHWTT 650 - 148 5.6 - [110]
2D Cf/ZrB,-SiC CVI +SI OAT 20 8 237 - 4.2 [111]
3D-Cf/C-SiC-ZrC RMI OAT 60 1.21 143.5 - 4.18 [109]
3D-Cf/SiC-ZrC-TiC RMI OAT 60 0.008 - - - [112]
Cf/(Hf1/ 2%r1/ 3Til/6)  ppp g OAT - - 219.34 - 4 [113]
2D-Cf/C-HfB, PIP + CVI OAT 90 2.75 4.18 [31]
C/C-Zr-SiC PIP OAT 120 - - - - [113]
0.67
0.63
60 0.74
C-C/ZrB, 0.57
C-C/ZrB,-SiC 1.69
C-C/ZrB,-SiCLaBg CVI +SI OAT - - 2.38 [114]
C-C/HfB, 0.22
C-C/HfC 0.18
30 0.17
0.77
0.55
C/SiC-HfC (H1) 600 35
C/SiC-HfC (H2) 600 i i 35
C/SiC-HIC (H3) RMI PWT 60 H2>Hl 44 [115]
C/SiC-HfC (H4) 60 5.0
Cf/HfC-SiC SI + PIP OAT 0.33 3289 102 4+1.2
25D C/C-HfC-ZrC  PIP + RMI OAT 600 0.544 418 [116]
Cf/ZrB,-SiC-Y,03 60 —7.05
Cf/ZrBy-MoSi, HEBM.¥ S BuLF 60 —056 - - -
Cf/SiC-Y205 60 —4.51 [117]
Cf/ZrB, SI + SPS AJT 120 - - - - [118]
(PyC-Csh)/ZxBy-SiC- RSPS OAT 120 341 ; - 238 [119]
Cf/ZrB,-ZrC-SiC PIP + RMI OAT 120 6.67 - - - [120]
Cf/ZrB,-SiC-Y,03 SI + PIP APF 3000 0.33 um/s 354.1 - 2.7m3 h-1 [121]
3D-Cf/HfC-SiC PIP PWT 600 0.87 - - - [122]
SiC nanowire Pl 0.11
network-modified PIP tasn}lla 30 mg-cm 2571/ - - - [123]
C/C-ZrB,-ZrC-SiC ore 0.08 um/s
0.29 + 20.021
2.5D C/HIfC-SiC Isothermal mg-cm~--s— /2034 +268 /
(SiC/HIC ratio study) ~ CVI+ PIP OAT 60 0.003 + 0.0002 10.0+£05 - [124]
mm/s
. Plasma 0.12/-0.22
C/C-HfC-SiC RMI + GSI torch 240 um/s - - 4.9 [125]
. 3.10 £ 0.26
F““ét/lgnﬁl% gsrfédEd PIP + CVI OAT 120 pm/s (linear - - 42 [126]
- ol recession)
RMI 89 x 103
C/C-HfC-SiC (Hf-Si OAT 300 9 x 237 (flexural) - - [127]
alloy) mm/s

Note: Abbreviations for various method used as highlighted in Table 4: Air Plasma Flame (APF), Oxyacetylene
Torch (OAT), Oxypropane Torch (OPT), Heaterless CVI (HCVI), Arc-Heated Wind Tunnel Test (AHWTT), Vacuum-
Bag Infiltration (VBI), Arc-Jet Test (AJT), Plasma Wind Tunnel (PWT), Bottom-Up Loading Furnace (BULF),
Solid-Liquid Combination (SLC), Supersonic Atmospheric Plasma Spraying (SAPS), gaseous Si infiltration (GSI),
Reactive Spark Plasma Sintering (RSPS), Hot Isostatic Pressing (HIP), High Energy Ball Milling (HEBM).
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Despite the heterogeneity of the reported datasets, Table 4 supports three analytical
conclusions. First, among systems tested under comparable oxyacetylene or arc-jet condi-
tions, lower ablation rates are generally associated with denser microstructures and more
effective infiltration/densification routes, indicating that transport porosity control is a
primary determinant of survivability. Second, residual strength, where reported, tends to
remain higher in architectures with better microstructural closure and oxidation-resistant
multiphase matrices, suggesting that durability depends not only on chemistry but also on
crack-path management and pore connectivity. Third, the table reveals a major literature
gap: fracture toughness and post-ablation damage tolerance are rarely reported, preventing
rigorous ranking of reusability or structural reliability across modified C/CC systems.
Thus, Table 4 is interpreted not only as a performance summary, but also as evidence that
future materials selection should prioritize microstructure closure and stress-managed
architectures before chemistry-only optimization.

2.1.5. Material Selection Rationale for Modified C/CCs

The preceding subsections have rightly established that no single modified C/CC
system simultaneously optimizes mass efficiency, oxidation resistance, fracture toughness,
thermal management, and manufacturability. Material selection is therefore inherently a
trade-off governed by mission-specific requirements. To translate the preceding analysis
into practical guidance, a structured material selection framework is presented in Table 5.

Table 5. Decision framework for material selection in extreme TPS.

Mission/Environment Condition

Recommended Material System
Selection

Engineering Rationale

Peak surface temp < 1400 °C; single-use
acceptable

PICA or equivalent ablative TPS

Mass-efficient solution with extensive
flight heritage; ablation eliminates need
for oxidation resistance or thermal
cycling durability

Peak surface temp < 1700 °C; reusable;
moderate load

C/C-SiC (RCC-type) with SiC coating

Protective SiO; layer provides oxidation
resistance; proven reusable performance
below SiC volatilization threshold

Peak surface temp 1700-2000 °C;
reusable; moderate load

UHTC multilayer/gradient coating on
C/C (e.g., ZrB,-SiC, HfC-based)

Gradient architectures reduce thermal
expansion mismatch; UHTCs enhance
oxidation resistance at elevated
temperatures

Peak surface temp 1700-2000 °C;
reusable; high load (e.g., sharp
leading edges)

UHTCMCs (Cf/ZrB,-HfC via RMI or
PIP + CVI)

Integrated structure and protection;
improved fracture toughness enables
load-bearing under extreme thermal flux

Peak surface temp > 2000 °C; reusable
(emerging systems)

HEC-modified C/C or C/C-HECCs

Entropy-stabilized phases delay oxide
scale degradation; promising for
ultra-high-temperature regimes but
limited validation

Oxidation-free environment (vacuum,
inert atmosphere) up to ~2000 °C

Baseline C/C (unmodified)

Mass-optimal with highest
toughness-to-density ratio; coatings
unnecessary in absence of oxidation

Any temperature where coating breach
and thermal cycling are dominant risks

Gradient/multilayer coating architecture
(avoid single-layer UHTC)

Gradient layers relieve thermal mismatch
stresses and maintain protection despite
crack formation

Manufacturing scalability and cost are
primary constraints.

C/C-SiC (CVI or PIP) or UHTC-coated
C/C (plasma spray)

CVI/PIP routes are mature;
plasma-sprayed UHTC coatings offer
scalable protection; UHTCMCs provide
performance but at higher cost and
complexity
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Table 5 provides a practical screening tool for initial material selection. The framework
reflects the core finding of this review: material selection for extreme aerospace environ-
ments is not a single-parameter decision but a coupled trade-off between temperature
capability, reusability, structural demand, and manufacturing feasibility. Final design
decisions should incorporate additional considerations including component geometry,
thermal gradient profiles, manufacturing route constraints, and available validation data
for the specific operating environment.

3. Manufacturing of C/CCs

The manufacturing of C/CCs and their modified variants involves several densifi-
cation and infiltration techniques, each with distinct advantages and limitations in terms
of processing time, scalability, cost, and defect sensitivity [6,128]. The most widely used
methods include CVI, PIP, and RMI, among others, each discussed in detail in the following
sections. A comparative assessment of these manufacturing routes is summarized in Table 6.
Regardless of the densification route selected, all modified C/CC manufacturing pathways
share a common starting point: the design and fabrication of the carbon fiber preform,
which governs permeability, anisotropy, and damage tolerance throughout all subsequent
processing stages [5,129].

Table 6. Comparative assessment of manufacturing methods for C/C and modified composites in
terms of scalability, cost, and defect sensitivity.

Method %rgf: ssing Scalability Cost Level Defect Sensitivity ~ Key Advantage Key Limitation References
T i
PIP i Moderate  Moderate I8N homsiry e 0 16128]
RMI k/?c:é_erate High Moderate {E:l:n?ilcztag;isng/ Fast densification Fc?;c}iilgzi’f; ntrol [65,73]
ISrl&liliIration (SD) Moderate Moderate ]I:/?cm;zr ate Fsasﬂié(;le filtration E)ircr)lcilsesing Iﬁier;lleitigﬁon [77,97,128]
B Mowe Emews N prcescomplony Dot et
Isrilrfrilllzl}iaftiieoi—l:ree Low Emerging Low Limited validation Reduced Early-stage [133]

(SIF)

processing steps

technology

3.1. Build the Fiber Preform

C/CCs begin with a CF architecture chosen for the load path and through-thickness
needs: stacked 2D cloth, needled “2.5D,” or fully 3D braided/orthogonal weaves. These
preforms set permeability (how a matrix precursor flows), pore size/connectivity, and
anisotropy. A recent work by Tan et al. [134] detailed the comparison of 2.5D needled vs.
3D braided preforms as shown in Figure 6 and their pore structures, then densified them
by isothermal chemical-vapor infiltration (ICVI) at ~1100 °C using natural gas. Agarwal
et al. [5]’s review also summarized modern C/CCs architecture and processing routes.
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Fiber
Bundle

Fiber Fiber Braid
(b) (c)

Figure 6. Architecture of preform for C/C composites, (a) 2D C/C composites; (b) 2.5D C/C
composites; and (c¢) 3D C/C composites, respectively [133].

3.2. Resin Impregnation and Densifying the Carbon Matrix (Two Mainstream Routes)

The first mainstream route of impregnating and densifying the carbon matrix is
commonly known as Liquid /Polymer Infiltration and Pyrolysis (PIP or “LP1”). The major
advantages and disadvantages of these manufacturing processes have been outlined in
Table 7. These Carbon Fiber Reinforced Composite (CFRC) production methods could also
be applied for a controlled densification of C/CCs using a low-temperature polymeric
precursor. However, these processes do not provide completely adequate solutions for the
manufacture of C/CCs suitable for EEs because a higher temperature is usually needed for
obtaining porous structures that allow for further densification and improved properties.
Current advancements in CFRC production aim to align CFs’ benefits with the simpler
manufacturing of metallic parts [135]. In this regard, the carbon phenolic—prepreg route
allows for the rapid fabrication of complex shapes needed for initial carbonization, and
then re-impregnation with resin or resins embedded with ultra-refractory phases directly
into the carbon matrix. This yields a composite that still char-protects like classic C/CCs but
now has a ceramic-enhanced surface layer that resists oxidation and pining cracks. Because
it adds complexity and cost, the method is usually suited to high-value components (sharp
leading edges, nose cones, or re-entry vehicles) where weight and reusability are critical.

Table 7. Merits and demerits of key manufacturing methods for CFRCs [129].

Fabrication Methods Merits Demerits
Low Temperature Methods (Liquid Precursor Infiltration)
Uses affordable resin materials and allows .
RIDFT for simple management of 2D impregnation. It can make only formable geometries.
SCRIMP Maintain consistency across dimensions. Preforms with high permeability are required.
Achieve similar quality levels using an Production is limited due to constrained space,
RTM . .
autoclave. leading to batch manufacturing.
Quickstep Precise regulation of temperature. Finite duration of a flexible membrane’s presence.
VBO Many components are made during each Lesser heat transfer occurs compared to an
manufacturing phase. autoclave.
VARTM Simple management of 2D impregnation. Restrictions of resin to reach the desired amount of

fiber in a material.

Resin Film Infusion (RFI)

There is no necessity for repeated debulking
operations.

Placing resin film into a mold requires a lot of work.

Note: Resin Infusion Between Double Flexible Tooling (RIDFT), Seemann Composites Resin Infusion Molding
Process (SCRIMP), Resin Transfer Molding (RTM), Vacuum Bagging Operation (VBO), Resin Film Infusion (RFI).
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3.3. High-Temperature Heat Treatment: Carbonization and Graphitization

In most cases, the typical second mainstream in manufacturing porous C/CCs is
known as carbonization, where the CFRC created in the first stage is subjected to high
temperatures (typically 800-1100 °C) in an inert atmosphere (like argon or nitrogen). This
process tends to decompose the resin, leaving behind a carbon matrix around the CFs
and removing any volatiles in the formation of a porous C/C preform. The carbonized
composite, which typically still contains voids and pores, is then re-impregnated with
a precursor (such as pitch or resin, ceramic slurry/modified resins) using various high-
temperature techniques such as CVI, PIP, RMI, slurry infiltration (SI), hydrothermal reaction,
in situ reaction, HIP, and sol-gel methods, and then re-carbonized [128,136-148]. Figure 7
schematically illustrates high-temperature methods of fabricating modified C/CCs. These
manufacturing processes have been explained in detail in several research papers [128,139].
Hence, Table 8 highlights the key advantages and disadvantages of some of these methods.

Exhaust gas

Precursor +
solvent

R

Hydrolysis Condensation Aging and Drying Calcination

Vapor (reactant
Cold bottom gases) Water cooling

C/C preform —————p

Liquid M-5i
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Figure 7. Common fabrication methods for second stage modification of C/CCs: (a) magnetron
sputtering (MS) [140], (b) CVI[130], (c) sol-gel [141], (d) RMI [142], (e) hydrothermal reduction [143],
and (f) hot pressing (HP) [144].
Table 8. Advantages and disadvantages of key manufacturing methods for modified C/CCs [6].
Methods Advantages Disadvantages

PIP

A ceramic deposit can have a wide range of
compositions because of the varied chemistry of its ~ pyrolysis to achieve the desired density. This
precursor materials.

Low ceramic yields from the precursor
necessitate multiple cycles of infiltration and

process increases both the time and cost for
producing a component.
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Table 8. Cont.

Methods

Advantages

Disadvantages

The processing time is shorter compared to most
ceramic matrix composite manufacturing methods,
making it relatively inexpensive.

The reaction’s exothermic nature can raise the
temperature in the immediate area, leading to
increased damage.

Impregnation processes are simple, needing just
impregnation and drying, to moderately increase
the density of the green composite.

Limited penetration into fiber bundles happens
because the particles are too big compared to the
size of the fiber bundle openings.

Apparatus is the same used for sintering
monolithic ceramics.

The equipment used is identical to that
employed for sintering solid ceramics.

Pressure Sintering (PS)

Theoretically, lower pressure decreases the chances
of interaction between the matrix and fibers as
well as reduces the risk of fiber degradation.

For low pressures, higher sintering temperatures
and longer times are needed compared to Hot
Pressing (HP) and Spark Plasma Sintering (SPS).

The chemicals in question have relatively minor
health and safety concerns, especially when
compared to PIP and CVL

The equipment used in this process is costlier

HIP than traditional HIP and pressureless furnaces.

3.4. Post-Processing, Finishing, and Joining

After densification/heat-treatment, C/CC parts are precision-finished, which involve
trimming edges, milling profiles, and drilling holes under tightly controlled parameters
(feeds/speeds, backing, and dust control). The NASA process specification for composites
formalizes trimming/drilling practices; for delicate C/C geometries (e.g., grids), ultrasonic
drilling is often preferred over conventional cutting due to fiber pull-out and edge damage
risks [145,146]. Finishing also includes contamination control and safe handling (sharp-edge
removal, debris management) to protect both hardware and personnel [147]. For joining,
C/CCs structures can be mechanically attached (bolted interfaces, as on Shuttle RCC wing
leading edge panel sets) or metallurgically joined to metals using active-metal brazes (e.g.,
Ti, Cusil-ABA), which promote wetting and interfacial reaction; the design must manage
wetting behavior and CTE mismatch to avoid residual-stress damage [148,149]. The general
fabrication processes of C/CCs are depicted in Figure 8.
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Figure 8. General preparation steps for C/CCs.
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3.5. Oxidation Protection of Modified C/CCS via Thermal Spraying

Bare C/CCs oxidize quickly above ~450-500 °C in oxygen-containing environments,
and so external environmental barrier coatings are standard. The initial stage in developing
anti-oxidation strategies/coatings for C/CCs focuses on using refractory formulations
with monolithic ceramics [17,150] due to their high melting points and oxidation-resisting
capabilities [54,151-158]. These systems, when applied through thermal spray methods,
could shield C/CCs from oxidation at significantly higher temperatures [159]. Thermal
spraying provides scalable deposition routes for oxidation and ablation barriers on modified
C/CCs. For carbon-based TPS, the process choice is governed by whether the deposited
layer can achieve low connected porosity, robust adhesion, and a stable stress/crack state,
because any connected defect network (pores or cracks) becomes an oxygen/oxidant
pathway that undermines protection [95]. Table 9 briefly maps key thermal spraying
methods relevant to the selection of modified C/CCs. Within the thermal-spray family,
high-velocity methods such as HVOF and detonation gun tend to produce denser deposits
with higher adhesion and lower porosity than conventional flame spray, while plasma-
based routes are often necessary when depositing UHTC carbides/borides due to their
ultra-high melting points. However, plasma spraying also elevates residual-stress and
cracking risks due to rapid quenching and thermal gradients, which must be managed via
process control and architecture (e.g., graded layers, compliant interlayers, sealing) to avoid
through-thickness crack pathways. Cold spray is discussed primarily as a low-thermal-
impact interlayer/repair strategy (rather than a direct UHTC topcoat route) because it is
best suited to ductile materials and can introduce compressive stress states that can be
advantageous for interfacial integrity.

Table 9. Thermal-spray routes: relevance to modified C/CC oxidation and ablation coatings
(selection-oriented).

Oxidation and

Thermal Spray Coating Quality and  Residual Stresses  Ablation Scalability/Suitability References
Route Adhesion and Cracking Risk  Protection for Modified C/C
Relevance
Hioh velocit Dense, low-porosity ~ Lower thermal Bgﬁ%rtooleclga ts is High industrial
& y coatings with strong  input than plasma o maturity; scalable to [159,160]
oxygen fuel : more limited than
adhesion spray plasma routes. large components
. . Very scalable and low
: : Crack/porosity Higher connected -
. Higher porosity and connectivity is a porosity and lower cost, but typically not
Flame spraying lower bond strength key concern for adhesion preferred for EE [95,161,162]
than HVOF carbon substrates increase risk ox1d‘at10n and ablation
barriers on C/CC
Attractive where a
. dense barrier is
}Y.er}}i dgﬁse'coatmgs, Generate beneficial needed and where  Best positioned for
Detonation gun tlg ath e5121nl compressive chemistry can be high-value localized [163,164]
streng bag and low residual stresses deposited without  protection
porosity excessive
decomposition
Produces
. compressive . . Scalable and attractive
C;;: y%eld gf)%d residual stress Plﬁed spraying of but serve as an
Cold spra adhesion wit states due to u'y cetamic interlayer strategy, not [165-167]
pray minimal : - UHTC barriers is
heat-affected zone peening, with limited as a stand-alone UHTC
minimal thermal 1mite barrier route
mismatch
. Widely used for High industrial maturity
Most relevant when Egzglfl; gir?tresses UHTC barriers and scalability; often the
Plasma spray depositing very uenching and precisely because it  most realistic route for [168,169]
high-melting UHTCs fclhermal gm dients can process UHTC  UHTC topcoats on
& compositions C/CC
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3.6. Manufacturing Cost Impact

The two dominant obstacles to using C/CCs as structural TPS are (i) high, multi-cycle
manufacturing cost, and (ii) oxidation vulnerability of carbon at high temperatures—hence,
the widespread use of 5i/SiC-family and UHTC /HEC-containing coatings whose effective
temperature/ pressure windows remain bounded. On the cost side, classical PIP/CVI routes
demand many impregnation—pyrolysis cycles or long CVI times, plus high-temperature
carbonization/graphitization, and specialized tooling /non-destructive evaluation (NDE),
hence, driving labor and capital charges. NASA’s heritage summaries and handbooks
have long flagged C/CCs as time-consuming and expensive relative to metals or poly-
mer composites. Contemporary CVI reviews and program notes reiterate that ICVI can
require weeks (1000 h) to close porosity; in contrast, forced-flow /thermal-gradient CVI
(FCVI/TG-FCVI) and related variants reduce densification to hours (<1 day) for thick
sections by imposing pressure and thermal gradients, but at the expense of added fixtur-
ing/complexity [170].

Two newer, cost-focused approaches illustrate the state of the art (1) radio frequency
(RF)-assisted CVI (“inside-out” thermal gradient): Venkatachalam et al. [171] densified
2.5D carbon preforms pre-filled with ~30 vol% ZrB, via RF-CVI, producing Cf-UHTCMCs
rapidly and demonstrating order-of-magnitude cycle-time reductions relative to conven-
tional CVI; reports showed that standard CVI can “easily take ~1000 h,” while RF-CVI
enables near-net-shape pyrolytic carbon (PyC) fill at ~1000 °C and faster turnaround, with
arc-jet-style thermal qualification above 2000 °C. This directly targets CVI time/labor cost
in C/CC-derived UHTCMC parts. (2) SIF CMCs: Wei et al. [133] eliminated the infiltration
step by using an 84% high-char-yield preceramic resin with functionalized SiC particles
cured under vacuum/compression, then pyrolyzed in a controlled atmosphere, reporting a
manufacturing cost of ~$300/kg versus $500/kg for a 2-cycle PIP CMC, i.e., a >50% cost
reduction mainly from labor/time saved (fewer cycles). While their SIF route still needs a
separate high-T pyrolysis to reach a C/C or C/SiC-type matrix (and thus cannot avoid the
energy cost of carbonization), it shows how step count and handling dominate costs and
where novel precursors can help.

Beyond those demonstrations, alternative acceleration routes continue to mature.
Electromagnetic- or electric field-assisted CVI (E-CVI) has been used to fabricate thick
C/CCs and C/SiC in “dozens of hours” rather than weeks, indicating that field-assisted
mass transport can be a general lever on CVI cost [172]. RMI used for C/C-SiC remains
attractive for near-net-shape, and fast fabrication with lower cycle count (trading CVI
reactors for high-T melt handling and Si reactivity control). Parametric and review studies
describe RMI as “fast and economical,” provided porosity and capillarity are engineered
for complete conversion without choking [173].

Therefore, the current cost levers for modified C/CCs (UHTCMCs) are to reduce time
to densify, cut step count with high-char precursors or infiltration-free resin approaches
where applicable, and to integrate processes to minimize re-fixturing and scrap. The floor
on unit cost still reflects high-temperature energy demand, fiber and precursor prices,
finishing, coating operations, and NDE. Still, the emerging demonstrations above show
credible paths to faster throughput and lower labor content for TPS-relevant architectures.

It is worth noting that all modified C/CC concepts, including UHTCMCs- and HECs-
based variants share the same manufacturing workflow, i.e., selection of carbon fiber
precursor/architecture, fabrication of a 2D /3D preform, and subsequent densification (e.g.,
repeated liquid infiltration/pyrolysis) to build the carbon matrix and close porosity. In fact,
aerospace heritage RCC systems were fabricated from woven carbon-fiber layups that were
repeatedly infiltrated with carbon precursors, underscoring that fiber manufacturing and
preform design are foundational steps that directly control anisotropy, damage tolerance,
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Computational Modeling

Integrated Testing

and transport pathways in the final composite. However, the motivation to move from
baseline C/CCs to ceramic-modified C/CCs is not merely incremental property tuning but
fundamentally driven by environmental durability in oxygen-containing EE service.

4. Modeling/Tools Mapped to Selection and Certification

Materials for EEs face two coupled challenges: (i) intense thermal-mechanical loads
dictated by geometry and placement, and (ii) reactive, oxidizing flows that drive property
evolution (oxidation) and shape change (ablation). Modern NASA entry-systems works
explicitly treat design as a material-structure-environment triad, advancing multiphysics
ablation frameworks and micro-scale-to-macro-scale property upscaling so that screen-
ing windows (heat flux, strength, thermal conductivity, CTE, fracture/fatigue metrics,
stagnation temperature) can be populated with higher-fidelity predictions.

NASA'’s micro-scale method for porous TPS is illustrative of modernizing macro-scale
and maturing micro-scale ablation modeling tools, including shape-change coupling, and
porous-TPS workflows [174-176]. Figure 9 illustrates the application areas of computational
material modeling for composite structures.
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Figure 9. Domains of computational modeling software applications for materials design [3].

4.1. Nano-/Micro-/Meso-/Macro-Scale Material Modeling Tools

At the micro-scale, image-based modeling has become routine for fibrous carbons (e.g.,
FiberForm). NASA’s Porous Microstructure Analysis (PuMA) extracts effective thermal,
elastic, permeability, and anisotropy tensors directly from X-ray microtomography (XRCT),
providing inputs to macro solvers; new releases add immersed-boundary solvers and
broaden 3D /4D capabilities (tomography-to-properties) [131,132].

Recent Direct Simulation Monte Carlo (DSMC) advances in Stochastic Parallel Rarefied-
gas Time-accurate Analyzer (SPARTA) add an active-site framework that reproduces etch-
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pit nucleation and growth on carbon microstructures (e.g., FiberForm), thereby linking
reactive gas—surface chemistry to microstructural evolution and the resulting drift in
effective properties (quantified via PuMA) [133]. Together, these tools close the loop from
microstructure to component response in ablation/oxidation environments.

At the macro-scale (component/system level), the upscaled micro/meso descriptors
(effective thermal/elastic tensors, permeability, and evolving recession/pyrolysis kinetics)
are embedded in multidimensional TPS thermal-response and thermo-structural simu-
lations used for sizing and certification under mission-relevant entry environments. In
NASA’s TPS modeling toolchain, FIAT remains a widely used 1D thermal/ablation solver
for sizing, while Two-dimensional Implicit Thermal response and Ablation (TITAN) and
3D FIAT address cases where multi-D conduction and internal gas flow become important;
Icarus is being developed as a next-generation unstructured-mesh, HPC-oriented TPS
solver intended to enable large, full-scale heatshield analyses and to be seamlessly coupled
to modern hypersonic computational fluid dynamics (CFD) solvers for consistent boundary
conditions (BCs) on complex geometries [22,177-179].

At the nanoscale, Density Functional Theory/Quantum Mechanics (DFT/QM) calcula-
tions remain the gold standard for chemistry, energetics, and interfacial reactions; practical
exascale-oriented implementations (e.g., Quantum Espresso GPU ports) have lowered cost
and widened problem sizes relevant to ceramic/graphitic interfaces [180]. To bridge the
gap toward molecular dynamics (MD) while retaining ab initio accuracy, machine-learning
interatomic potentials (MLIPs), notably equivariant graph neural-network models such
as Neural Equivariant Interatomic Potentials (NequlP), deliver DFT fidelity at MD cost,
enabling the simulation of chemically complex, high-temperature interface phenomena
at relevant scales [181]. Interatomic Models (IMs) have also typically been integrated
directly into MD simulation software, such as the Large-scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS), Quantum Espresso, Parallel Dislocation Simulator
(ParaDIS), and Multiphysics Object-Oriented Simulation Environment (MOOSE). Nonethe-
less, this approach hampers reproducibility because both the simulation codes and IMs are
constantly evolving [182]. Ensuring reproducibility /portability of IMs across codes has like-
wise progressed: the OpenKIM ecosystem and its KIM-based Learning-Integrated Fitting
Framework (KLIFF) provide a standardized API, curated model repository, and learning-
integrated workflows with uncertainty quantification, which are critical for cross-platform
validation and auditability [183].

Crucially, the field is process-aware: models now propagate thermal history, pres-
sure/dwell schedules, and porosity /void evolution from densification routes (CVI/PIP/MI)
into structural property predictions and design envelopes. Recent studies demonstrate
full-scale, multi-physics CVI modeling for large C/C parts (@ ~ 1.2 m). At the same time,
related work updates Isothermal CVI transport/kinetics for robust optimization. These
resources could be well-suited to modified C/CCs screening workflow [184,185]. At the
same time, ablation/oxidation reviews for C/Si-based composites synthesize mechanistic
understanding at 1400-1700 °C, underscoring the need to couple gas—surface chemistry,
internal transport, and microstructural evolution in design-ready tools [186].

In summary, state-of-the-art nano-/micro-/meso-scale composites design for EEs
integrates: (1) ab initio accuracy where chemistry dominates; (2) MLIPs on standardized,
auditable infrastructures (OpenKIM/KLIFF) for scalable MD; (3) image-based micro-scale
ablation/oxidation modeling with property upscaling (PuMA + SPARTA); and (4) advanced
continuum damage mechanics (phase-field /cohesive, high-performance computing (HPC)
implementations) at component scale. Table 10 summarizes the significant applications of
these models to C/CCs as well as their advantages and disadvantages.
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Table 10. Modeling approaches and tools for C/CCs and TPS in EEs.
Category Model/Tool Major Ap%ii(?lzison to C/CC Advantages Disadvantages References
Atomistic .
energefics/reaction - ACE LI IORAIE e cost & limited
Quantum Espresso pathways for C/CCs veop 180 cOS [180]
interfaces and UHTC/HEC broadens problem time/length scales
oxidation chemistry S1zes.
. Near-DFT fidelity
NequlP with . Model o
Nano-/Micro-scale OpenKIM/KLIFF hifgrﬁo}?c'mui:: ngensarcnr:csk?iip ar.chiving 2 pcI)rtIiEiIlli:tg h%;l{a-lll”ti’r;lgl%i: s(;rtls [181]
workflow chemistry, mixed phases via KIM-APL/
SPARTA with iflz ;?ﬁi;e(tggpgﬂf)?rrg::;?? Bridges to effective Chemistry /kinetics for
active-site/etch-pit linking gas-surface pefr;()eziziliis/l‘or r;%rg\clgrkgéloge;én;;ces [187]
capability) Chemiigzptki)olfg;;—scale C/CCs. sparse
Requires accurate
From XRCT of Open source: meshes T-dependent
Image-based fibrou% / 1woven C/CCs ffo &psolvers tai.lore dto constituent data; does
Meso-scale ; permeability, anisotropy for O not by itself model [188]
upscaling (PuMA) input to macro material po(rlous lTPS’ acilve high-T oxidation/
response solvers evelopment. volatility of
UHTC/HEC scales
Multi-D ablators & hot Parallel unstructured Sensitivity to
Icarus (US3D) structures: in-depth heat ara Sa u;‘&ﬁ’;[lc ure property/chemistry [178]
Macro (material transfer & ablation p y libraries
response) Established FE Modernization &
CHAR Multi-D heat conduction &  framework for TPS; property libraries may [189]
charring with an FE core thermoelastic stress lag for next-gen
capability materials
Rapid generation of
aerothermal load envelopes Predicts heat-flux Often mispredict
RANS (VULCAN) as BCs for finite element peaks on C/CCs TPS heat-flux peak [190]
analysis (FEA)
Scale-resolving prediction Captures
of unsteady that drives low-frequency Higher computational
CFD (aero loads) LES/WMLES heat-flux/pressure peaks dynamics & bubble cost [191]
on C/CCs TPS size/location.
Reference for hypersonic . . Limited
Available mechanism- ; :
transition to calibrate : parametric/chemistry
DNS WMLES/RANS used in resolvggciaiz;sets at coverage for [192]
TPS design end-to-end design loop

Note: Abbreviations for various method used as highlighted in Table 10: Reynolds-Averaged Navier-Stokes
(RANS), Viscous Upwind Algorithm for Complex flow Analysis (VULCAN), Large Eddy Simulation (LES),
CHarring Ablator Response (CHAR).

This layered modeling/toolchain could enable credible, cost-aware screening and
down-selection of RCC, UHTCMCs, UHTCs, HECs, and HEC-modified C/CCs under cou-
pled thermal-mechanical-chemical loads. However, full, validated, cyclic-use prediction
for UHTC/HEC-based reusable TPS above 2000 °C remains an unsolved problem. The
limiting factors are high-T chemistry/phase data, micro/macro coupling under cycles,
and scarce validation datasets. On a larger scale, continuum constitutive models using
FEA-based computational modeling tools are effective at forecasting key properties like
deformation response and thermomechanical behavior [193]. This analysis can be ex-
panded to examine the contraction caused by polymerization or crystallization, the impact
of fiber wrinkling, and the temperature variations that occur due to varying coefficients
of thermal expansion between different materials. Nevertheless, accurately predicting
damage progression, including fracture toughness, remains a challenging task for these
models [22,177-179]. A more detailed overview of common computational modeling tech-
niques, such as CFD and FEA, with their respective applications in composite structures
design, are further discussed.
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4.2. CFD

CFD is included here strictly as a materials-relevant tool for defining and iteratively
updating the aerothermal BC that governs oxidation and ablation and in-depth thermal
response. In modern entry toolchains, CFD supplies surface pressure, heat-transfer co-
efficients/recovery enthalpy, shear, and radiative environments that are consumed by
material response solvers (e.g., PuMA /PATO/CHAR/Icarus) to predict temperature, py-
rolysis/blowing, oxidation, and recession. Conversely, material response modifies the
flow BC via surface temperature, roughness/recession, and pyrolysis blowing, motivating
iterative CFD-material coupling; NASA demonstrations integrate PATO blowing products
into Data-Parallel Line Relaxation (DPLR) via a blowing BC and iterate with radiative
heating to obtain consistent heating /temperature histories for TPS down-selection. Addi-
tionally, carbon-based TPS requires wall models that account for catalytic recombination
and ablation effects, which can significantly alter predicted heat-flux footprints relative to
inert-wall assumptions [194-196]. Some CFD roles to deliver the surface environment and
to model the wall physics that directly control C/CCs oxidation and ablation and response
are briefly discussed.

4.2.1. Coupled CFD-Material Response Workflows for Ablation/Oxidation and
Shape Change

In these workflows, CFD provides the time-dependent surface environment, i.e., con-
vective heating, pressure, species, and (when available) radiative contributions, while the
material response solver advances the in-depth thermal field, pyrolysis/blowing (if applica-
ble), oxidation and ablation, and recession; the resulting surface temperature, mass addition
(blowing), and surface state are then fed back to CFD to update the BC and close the loop.
This coupling is particularly important for carbon-based TPS because surface recession and
gas—surface chemistry can shift the local heating history in ways that a one-way (decoupled)
approach cannot reliably capture when the interface conditions evolve rapidly [176]. NASA
Ames’ recent coupled demonstrations provide a clear template for how this is implemented
in practice. In the PATO-DPLR-Non-Equilibrium Air Radiation (NEQAIR) loop, PATO
computes the internal response and produces pyrolysis/blowing products; these gases are
imposed in DPLR using blowing BCs, DPLR updates the aerothermal environment, and
NEQAIR supplies radiative heating, with iterations continuing until surface temperature
and heating histories are consistent [196].

4.2.2. Verification, Validation, and Uncertainty Quantification of CFD-Derived Loads for
C/CTPS Life Prediction

NASA Langley’s aerothermodynamic testing program continues to generate global
heating datasets (including phosphor thermography), explicitly noting their use for CFD
validation and for advancing mapping/reduction tools that convert measurements into
surface heat-transfer distributions suitable for comparison with simulations [197]. Recent
efforts also highlight improved diagnostic capability, e.g., quantitative infrared thermogra-
phy campaigns designed for validation-grade heat-transfer data in hypersonic facilities,
supporting a more robust experimental basis for bounding CFD wall heat-flux predictions
that are subsequently used as TPS BCs [198]. Recent NASA overviews treat modeling and
uncertainty as first-order requirements because inferring heat flux stagnation, pressure,
and shear (and relating them to flight-relevant heat loads) govern how confidently arc-jet
results can calibrate TPS material response models [199].

Therefore, the uncertainty quantification literature for hypersonic aerothermal pre-
dictions increasingly quantifies how parameter/model uncertainties propagate into wall
heating, and hence, providing a defensible basis for using load bands (rather than single
traces) when predicting recession, temperature margins, and life for carbon-based TPS.
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4.3. FEA

FEA is included here not as a generic strength simulation, but as a durability and
life-prediction framework that links mission aerothermal loads to thermomechanical dam-
age accumulation and environmental degradation (oxidation and ablation, recession, and
property drift) in C/CCs used in EE service. This focus is consistent with current hyper-
sonic/TPS priorities, where reusability and reliability under aggressive oxidizing heat-flux
environments are central sustainability metrics.

At the component level, FEA for EE-TPS typically couples (i) material response/thermal
solvers that predict in-depth temperature, pyrolysis/outgassing, and recession with
(ii) thermo-structural FEA that maps the evolving thermal field and geometry into stresses,
distortion, joint loads, buckling margins, and damage indices. Figure 10 depicts the com-
mon FEA steps to obtain approximate values for the field variables, that are then interpreted
and visualized, allowing engineers to analyze the behavior of the structure under the given
conditions and then make informed decisions based on the FEA output. In NASA’s predic-
tive material-modeling ecosystem, this is reflected by tool chains where porous/material
response models (e.g., PATO; validated against FIAT) are used alongside multi-D TPS
solvers that scale to full-system analyses. Importantly, FIAT-class tools are described as
extensively validated using arc-jet and flight data, underscoring that “useful” structural
simulations must be anchored in validated material responses [3].

~
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* Mesh and Nodes Generation

A\ J

Pre-Processor

~
* Loads Assignment

Processing  Constraints Assignment

K‘ Solve J
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* Stress/Deflection Diagrams
e Animation

Figure 10. Overview of FEA computer simulation setup [200].

Critically, this coupled view is directly tied to C/CC sustainability in EE service
because carbon’s structural reliability is often limited by oxidation- and ablation-driven
thickness loss and stiffness degradation, not by room-temperature strength. Recent thermo-
chemo-mechanical modeling directions explicitly aim to couple oxidation and ablation (and
internal transport/chemistry) with evolving stress states and damage, enabling life-aware
design rather than one-off strength checks [201]. EE-relevant FEA scenarios are further
discussed. These scenarios are explicitly tied to EE loads and to sustainability in the TPS
sense (reusability margins, reduced refurbishment risk, fewer test iterations, less oversizing,
and more reliable certification).
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4.3.1. Thermal-Oxidative Thermal-Shock

Thermal shock in air is a coupled EE-style threat because oxidation and rapid heat-
ing jointly degrade load-bearing capability and can increase refurbishment burden. In a
controlled thermal-shock study of 2D C/C exposed to 400-1000 °C in an oxidizing environ-
ment, compressive stiffness/strength decreased with increasing shock temperature, and
microscopy distinguished different oxidation morphologies (e.g., more uniform internal at-
tack at lower temperature versus more surface-dominated attack at moderate temperature),
motivating protective strategies to preserve structural integrity during high-T service [202].
A follow-on computational framework is positioned specifically to predict such thermo-
oxidative property loss and thereby support design decisions (architecture/coatings/safety
factors) aimed at extending service life rather than simply reporting strength.

4.3.2. Architecture-Resolved Multiscale Finite Element (FE) for Anisotropic
Thermo-Elastic Inputs

EE TPS components are strongly anisotropic, i.e., macro-level margins depend on
direction-dependent thermal conductivity, CTE, and stiffness, which are governed by
tow/bundle geometry, porosity, and matrix state. Multiscale methods now compute these
effective properties from micro/meso representations (including void morphology) and
propagate them upward [131,132]. A good example is the multiscale micromechanics/FE-
driven workflow for a 3D woven TPS material which reports how microstructural rep-
resentation at successive length scales changes predicted effective anisotropic thermal
conductivities and local thermal fields, which are exactly the quantities that drive ther-
mal gradients, thermal stresses, and recession uncertainty in EE sizing. Complementary
image-based FE approaches reconstruct realistic C/CCs microstructures from XCT and
use two-scale FE to predict effective CTE while explicitly retaining imperfections/voids,
which are critical for predicting thermal-stress-driven cracking under EE-like gradients and
cycles [203].

4.3.3. Moving-Boundary Recession and Coupled Aerothermodynamics/Material Response

A central EE challenge is that shape change (recession) feeds back into heating, pres-
sure, and shear. So, sustainability/reuse requires trajectory-consistent coupling rather
than isolated stress analysis. A representative approach couples CFD gas—surface physics
with a thermal/ablation FE solver and uses mesh movement to realize surface recession,
demonstrating how geometry evolution affects ablation for a wedge-type leading edge
under hypersonic conditions [204].

At the material scale, microstructure-based thermochemical ablation models for
C/CCs explicitly link microstructural evolution to predicted recession rates and surface
temperature in agreement with experiments, enabling microstructure-informed “what-if”
screening of architectures/coatings for longer life, as depicted in Figure 11b—d [205]. For EE
system integration, coupled material response/CFD demonstrations (e.g., Mars-entry style
analyses) highlight why this two-way coupling is used in certification-oriented workflows:
it reduces boundary-condition inconsistency and quantifies how material response and
flow co-evolve [206].
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Figure 11. Schematic diagrams of (a) hypersonic flow around a bluff body; (b) heat transfer and
ablation surface recession at the macro-scale; (c) changes in the surface morphology of vertical fibers
before and after ablation at the micro-scale; and (d) changes in the surface morphology of inclined
fibers before and after ablation at the micro-scale [205].

5. Challenges and Prospects

This review reinforces that C/CCs remain a uniquely mass-efficient thermostructural
platform for extreme aerospace environments, but its long-duration use in oxidizing flows
is still limited by a single recurring failure pathway;, i.e., oxygen access to carbon through
connected defects, whether those defects originate in the substrate (transport porosity) or
in protective layers (crack networks). NASA’s oxidation studies of SiC-protected C/CCs
show that even when the nominal coating chemistry is appropriate, craze cracks and
slots in the SiC act as transport pathways, driving subsurface carbon consumption that
can be quantified by weight change and X-ray CT scans. The technical implication is
that the central durability problem is not “adding a coating but engineering a protection
system whose microstructure remains non-percolating to oxidants under thermal cycling,
gradients, and erosion.

Across the literature surveyed, the most promising modified C/CCs strategies are
those that combine (i) stable, oxidation and ablation-resistant hot-face chemistry, with
(ii) an architecture that manages mismatch stresses and defect connectivity, and (iii) a man-
ufacturable pathway to low connected porosity. Recent gradient-layer concepts exemplify
this direction where a ZrB,-SiC coating system that incorporates a graded transition layer
(ZrB,-TiB,-SiC) fabricated via atmospheric plasma spraying and pack cementation was
reported to sustain repeated high-temperature ablation exposures while explicitly attribut-
ing performance to mismatch-stress relief and the formation of a protective glassy phase
with low oxygen diffusivity, i.e., the gradient is not aesthetic but a stress/transport control
strategy. Complementing these “barrier-first” coatings, high-entropy boride coatings are
emerging as credible candidates for ultra-high-temperature protection because compo-
sitional breadth can stabilize protective reaction layers and delay catastrophic surface
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breakdown; recent work explicitly suggested high-entropy borides as effective protectants
for C/CCs at ultra-high temperatures.

At the component level, the review also highlights an increasingly mature class of
C/CC-derived UHTCMCs produced by RMI and related hybrid densification routes. These
systems are “heavier per millimeter” because they intentionally close porosity and intro-
duce ceramic phases, but they target a different design objective, i.e., reusability under
high heat flux with retained load-bearing capability. A representative example is a 20 mm
thick reusable Cf/SiC-ZrC composite with a gradient-structured matrix produced by RMI,
reported with quantified density/open porosity and ablation response under MW-m~?2
heat flux, alongside post-exposure strength retention, and showed an explicit demonstra-
tion that microstructure-controlled ceramic modification can shift the design envelope
toward reusable thermal-structural components rather than sacrificial protection alone.
More broadly, recent synthesis reviews emphasized that RMI is attractive for fabricating
high-density continuous-fiber-reinforced UHTC composites, while also documenting prac-
tical limitations (e.g., residual metal phases and fiber/matrix compatibility issues) that
remain key down-selection constraints.

A consistent materials-design conclusion also emerges regarding thermal conductivity
management. In modified C/CC systems, conductivity must be treated as an engineered,
directional property because barrier layers, infiltrated phases, and densification routes
alter heat-flow pathways and near-surface thermal gradients that control thermal shock,
coating cracking, and recession stability. The practical implication is that the most effective
designs combine a hot-face region that is chemically stable and structurally continuous
with an interior architecture that limits through-thickness heat leak and preserves dam-
age tolerance—often implemented as graded layers or zoned architectures rather than
monolithic coatings. The gradient-coating literature supports this view directly by link-
ing cyclic ablation survivability to stress mitigation and stable reacted-layer formation in
graded stacks.

From a manufacturability and qualification standpoint, the literature converges on a
clear gate criterion, that modified C/CC systems become “selection-ready” only when the
process can reproducibly control the same transport pathways that dominate failure, i.e.,
connected /transport porosity in the substrate and crack connectivity in protective layers,
and verify that control using a component-relevant scale. NASA’s oxidation-through-crack
results provide a direct durability rationale for treating crack connectivity as a primary
manufacturing output, not a secondary defect. Likewise, the HEEET program documenta-
tion underscores that system maturation depends not only on material concept but also
on manufacturing, integration, and workmanship verification at the engineering-test-unit
scale, reflecting the broader aerospace reality that repeatability and thorough inspection
are as decisive as coupon performance. For modified C/CC infiltration routes (PIP/CVI
hybrids or RMI), this translates into reporting and controlling through-thickness infil-
tration uniformity and residual connected porosity (permeability /CT-based connectivity
metrics), while for sprayed/coated barriers it translates into controlling residual stress
and crack networks through graded transition layers and process windows that minimize
interconnected defects.

The modeling/software coverage in the review is justified because the state of the art
is increasingly toolchain-driven, as credible down-selection requires linking microstructure
to effective properties such as gas—surface chemistry to evolving morphology and coupled
aerothermal environments to internal response and shape change. NASA’s PuMA devel-
opments demonstrated image-based extraction of effective properties (e.g., anisotropic
conductivity, elasticity, tortuosity, permeability), which directly supports the review’s em-
phasis on connected /transport porosity and heat-flow pathway design. The SPARTA work,
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implementing an active-site framework for etch-pit formation on carbon microstructures,
illustrates how localized oxidation can be represented mechanistically rather than through
purely empirical recession rates. At the component scale, Ares couples flow (US3D) and
material response (Icarus) provide consistent BCs and shape-change workflows, aligning
with the review’s central thesis that EE performance is governed by the coupled thermal-
chemical-mechanical phenomena.

Finally, the review highlights the principal barriers to field-wide closure. The most
mature knowledge base concerns oxidation/transport-driven degradation mechanisms
and the need for stress-managed barrier architectures. The most active frontier involves
extending the protective performance of C/CCs above ~2000 °C with multicomponent
UHTC/HEC matrix/coatings and integrated UHTCMC architectures while establishing
robust cyclic validation datasets and uncertainty-aware sizing workflows. Advancing
reusable, high-performance modified C/CC systems will therefore require coordinated
progress in (i) defect-connectivity control as an explicit design and manufacturing require-
ment, (ii) standardized reporting of transport porosity and infiltration uniformity, (iii)
cyclic coupled validation under representative thermal-chemical-mechanical loading, and
(iv) integrated multiscale modeling toolchains that quantify uncertainty and enable credible
thickness sizing and down-selection.
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