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A B S T R A C T

The success of modern hypersonic aircraft hinges on the development of insulative aerostructures capable of 
withstanding sustained aerodynamic heating at speeds greater than Mach 5. Sandwich structures with porous 
lattice-cores have become a promising area of research towards the development of lightweight, load bearing 
panels that offer enhanced insulative performance. The use of ceramics in structural applications has tradi
tionally been limited due to their brittle fracture behaviour, poor impact resistance and limited manufactur
ability. However, advancements in material science have improved the versatility of modern ceramics and their 
unparalleled thermal properties cannot be ignored for the design of ultra-high temperature aerospace structures. 
This literature review investigates the use of ceramic sandwich structures as integrated Thermal Protection 
Systems (TPSs) of emerging hypersonic aircraft, including current materials and manufacturing trends, the 
performance of distinct core designs, and the current state-of-the-art integration of advanced thermal manage
ment methods. Current challenges associated with the design, development, and progress of ceramic sandwich 
structures in the context of hypersonic aerospace applications are discussed and future avenues of research are 
proposed.

1. Introduction

Airbreathing hypersonic systems are an emerging class of ultra-high- 
speed aircraft capable of sustained flight at speeds greater than Mach 5, 
or five times the speed of sound. These vehicles are predicated on the use 
of advanced supersonic combustion ramjet (scramjet) engines that have 
the capacity to operate within a Mach number range of 4–12 using 
carbon neutral fuel sources [1,2]. Hypersonic aircraft are designed to 
maximise the functional potential of scramjet engines by providing a 
reusable and efficient vehicular platform that can offer extended oper
ation in the infamous hypersonic flow environment. At speeds greater 
than Mach 5, the severity of aerodynamic heating exceeds the opera
tional capabilities of most bulk materials traditionally used in mechan
ical design. Therefore, the development of novel hypersonic aircraft 
requires the integration of high performance insulative composites and 
cooling systems that can support continued exposure to hypersonic 
conditions [3,4]. Overcoming the challenges of hypersonic aero
dynamics with a reusable system is highly desirable for many ultra-high 
speed aerospace applications such as rapid global transport and shipping 
[5], cost-effect low earth orbit payload delivery [6], and highly 

responsive defence operations [2].
Aerodynamic heating is the combined result of specific aero

thermodynamic fluid phenomena, such as viscous dissipation and 
convective shock wave heating, that become increasingly severe in 
proportion to the vehicles flight speed [7,8]. Mechanisms of aero
dynamic heating are further aggravated by the sharp leading edges and 
slender airframe that characterise the design of hypersonic aircraft, 
allowing them to maintain high speed manoeuvrability and peak aero
dynamic efficiency [5,9]. Considering the constant heat source imposed 
on the vehicle through structural integration of the scramjet engine [2], 
hypersonic airframes are exposed to a nonuniform thermal profile that 
consist of immense heat fluxes congregating around key regions of the 
aerostructure [5]. Lightweight, cost-effective and minimally invasive 
Thermal Protection Systems (TPSs) that function continuously in the 
hypersonic environment have subsequently become an urgent need for 
the practical development of airbreathing hypersonic aircraft. The 
design of hypersonic TPSs is a significant challenge as thermal protec
tion must be provided within the stringent durability, weight, and 
reusability constraints required to maintain optimal vehicle function
ality [10].
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Current methods of hypersonic thermal management rely on the 
integration of passive, semi-passive, or active-cooling mechanisms into 
the load bearing aerostructure itself. Externally insulated material 
layers, embedded heat pipes, and regenerative fuel cooling are key 
strategies of hypersonic TPS design currently under development [10,
11]. Active cooling is the most effective form of thermal management 
and has been shown to offer a high degree of thermal protection when 
exposed to even the most severe magnitudes of aerodynamic heat flux. 
However, it is parasitic TPS that impose hefty constraints on the weight, 
complexity, and cost of the overall aircraft design which hinder general 
practicality [12]. Although not as detrimental, alternative methods of 
passive and semi-passive TPSs also present parasitic characteristics such 
as poor manufacturability, difficult maintainability, and limited mate
rial availability that impact the hypersonic design feasibility [5]. The 
apparent flaws of existing TPSs emphasises a need for cost-effective 
insulative aerostructures that can withstand aerodynamic heating as a 
function of intrinsic material properties enhanced through optimal 
structural design. To maintain aircraft functionality, these structures 
must be lightweight with compressive load bearing capabilities along
side providing a high degree of insulation [10].

Mirroring some of the challenges presented by modern-day hyper
sonic vehicle design, sandwich structures rose to prominence in the 
aerospace industry as a design-level strategy of replacing solid titanium 
structures with cost-effective stainless steel alternatives during the 
development of early supersonic fighters and bombers in the United 
States [13]. The Mach 3 XB-70 “Valkyrie” pioneered an outer skin 
comprised of stainless-steel honeycomb sandwich panels that combined 
the mechanical strength and availability of common metals with a 
reduced relative density to maintain high speed aerial efficiency. Not 
only did these structures significantly reduce the weight of the entire 
aircraft, but provided a high degree of thermal insulation towards 
aerodynamic heating in the supersonic flow regime [14]. Honeycomb 
sandwich structures subsequently became a staple in the design of 
experimental aircraft that pushed the limits of aeronautical flight, such 
as in the famed Mach 2.2 “Concorde” passenger jet [15] and the fastest 
manned aircraft in the world, the Mach 3.3 SR-71 “Blackbird” [16]. 
Advancements in the fields of advanced manufacturing and material 
science have only improved the capabilities of contemporary sandwich 
structures through internal integration of complex architecture, such as 
periodic lattices, into specialized structures manufactured out of 
high-performance materials, such as technical ceramics. The historical 
precedent set by sandwich structures in relation to enhancing the per
formance of cutting-edge aircraft uniquely positions them to tackle the 
immense problem of hypersonic aerodynamic heating [10].

Current research into hypersonic sandwich structures has focused 
heavily on the combination of high temperature refractory metals or 
superalloys with synergistic core architecture that offsets their adverse 
bulk material properties such as inherent high densities and thermal 
conductivities [10]. Whilst the superior high temperature mechanical 
strength of these metals is valuable, their poor functional applicability as 
lightweight insulators in the extreme hypersonic environment has 
motivated investigations into better suited material alternatives [3]. 
Polymers and High-Temperature Polymer Composites (HTPCs) have 
been studied as the primary constituent in sandwich structure configu
rations for ultra lightweight, high temperature aerospace structures 
designed to improve the thrust-to-weight potential of rocket engines 
[17]. However, their poor high temperature durability limits their use to 
temporary TPS systems such as ablators which are incompatible with the 
intended function of hypersonic aircraft [18,19].

Ceramics possess a suite of bulk material properties that are highly 
desirable in the design of lightweight, load bearing, insulative structures 
for aerospace applications including inherently low densities and ther
mal conductivities alongside high compressive strengths. However, 
characteristic brittle material properties been a limiting factor toward 
their adoption in many structural and dynamic applications [20]. 
Composite materials have become a mainstay in the modern aerospace 

landscape due to their ability to overcome the unique limitations posed 
by bulk metals, ceramics, and polymers by combining them with a more 
mechanically or thermally superior constituent. Carbon fibre (Cf) based 
composites such as Carbon fibre Reinforced Polymers (CFRP) and 
Ceramic Matrix Composites (CMCs) are the most common type of 
composite materials used in high temperature aerospace applications 
due to the incredibly high thermal and mechanical capabilities of carbon 
[20,21]. CMCs have largely replaced traditional metallic and ceramic 
materials in the design of ultra-high temperature aerostructures as they 
offer a significantly higher strength- and stiffness-to-weight potential as 
well as improved oxidation resistance and thermal resilience as a result 
of the embedded ceramic matrix. Compared to conventional monolithic 
ceramics, CMCs offer the significant advantage of quasi-ductile defor
mation behavior which greatly improves overall toughness, damage 
tolerance, and flexural strength which make them far more desirable for 
structural applications [23,24].

Each class of high temperature materials offer unique structural 
characteristics that make them advantageous to the design of hypersonic 
aerostructures, especially when combined with the multifunctional en
hancements gained through their integration in the form of a sandwich 
structure. The architectural design of a porous sandwich core governs its 
resultant effective material properties by altering the internal volume 
fraction of the structures bulk material [10]. It is therefore essential that 
the desired bulk material can be reliably manufactured into porous or 
cellular structures, an engineering challenge that has been streamlined 
by technological advancements in the field of Additive Manufacturing 
(AM). Ceramics have benefited immensely from the commercial intro
duction of AM as it offers the ability to accurately fabricate highly 
complex, near net shape solids that augment the bulk material proper
ties for high thermal and mechanical performance in a number of so
phisticated design fields such as medicine, automation, and aerospace 
[24,25].

Tuneability, accuracy, and complexity are key characteristics of 
ceramic AM that make it a desirable avenue for the manufacture of 
hypersonic sandwich structures. Core porosity governs the effective 
material properties of sandwich structures, such that having direct 
control of pore size and unit cell wall thickness is an invaluable tool 
during design and development [10]. Furthermore, the integration of 
complex core architecture can provide further performance enhance
ments to the structure. For example, Triply Periodic Minimal Surface 
(TPMS) lattices have been shown to exhibit highly insulative thermal 
properties [27] and superior strength-to-weight ratios at low porosities 
[28], but the sheer complexity of their geometry requires the use of AM 
technology for practical production [29]. The direct topological and 
rheological control provided by AM-based design methodologies per
mits the use of advanced structural optimisation techniques, such as the 
introduction of functional gradients. Controlled topological gradients 
are known to provide an effective method of targeted functional opti
misation over a structures volume [30]. Whereas emerging studies into 
functionally graded ceramics are identified as a promising strategy for 
improving the fracture toughness and flexural strength of the structure 
[31]. Despite these prominent advantages, ceramic sandwich structures 
often remain overlooked for structural applications due to crucial 
structural drawbacks including highly brittle failure, poor fracture 
toughness, and low impact resistance [32].

Amidst the current state-of-the-art hypersonic TPS design, research 
into the optimisation of sandwich structures is paramount to the suc
cessful development and production of airbreathing hypersonic aircraft. 
Although metallic sandwich structures currently dominate the field of 
study, research into ceramic sandwich structures has been ongoing and 
currently describes a range of structures uniquely equipped to offer 
incredibly lightweight, load bearing functionality with superior insu
lative performance [10,20]. As a result of being overlooked in favour of 
more conventional bulk materials, a comprehensive review into the 
design, materials, and performance of hypersonic ceramic sandwich 
structures as reported by current studies has yet to be conducted. The 
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scope of this review will therefore cover works investigating the design 
and evaluation of both monolithic and composite ceramic sandwich 
structures intended for use in ultra-high temperature hypersonic appli
cations. In light of increasing private and sensitive governmental in
terest in this field of research, much of the current state-of-the-art is not 
publicly available [5] thereby limiting this review to focus on 
peer-reviewed advancements published by the academic community, 
which represents the extent of reliable public knowledge in the field of 
hypersonic design.

2. Hypersonic sandwich structures

Sandwich structures are a group of multilayered composites con
structed by the “sandwiching” of an engineered core between two dense 
material layers, as described in Fig. 1. The internal core subsequently 
governs the performance of the structure as a function of material 
composition and topological design. Varying these parameters over the 
core volume provides a high degree of flexibility during the design 
process, allowing the fine-tuning of structural properties for high- 
performance applications [33]. For the purposes of this study, the 
term “sandwich structure” is analogous with structures composed of a 
topologically distinct core whose design extends to any given length 
scale by the repetition of a series of interconnected or freestanding ge
ometries that can be defined on the basis of an individual unit cell [10,
33,34].

Hypersonic aerostructures are designed to be as lightweight and 
thermally resilient as possible while maintaining a suitable mechanical 
strength to withstand dynamic aerodynamic load conditions without 
material degradation [5]. As core architecture governs the material 
composition and structural integrity of the overall structure, topology 
optimisation of the cellular core becomes a crucial step in the develop
ment of high-performance hypersonic sandwich structures [26]. General 
dimensional definitions for a cellular sandwich structure are described 
in Fig. 1 over a strut-based pyramidal core configuration. Here, the top 
and bottom face sheets are coloured red and blue, respectively, to 
highlight the typical load scenarios of high-performance aerostructures 
[4]. Cellular core designs are topologically defined using the dimensions 
and characteristics of the unit cell that is repeated, either in a planar, 
array or periodic lattice configuration, throughout the core volume [35].

Given a homogenous material profile through the sandwich struc
ture, the effective material properties become a function of the unit cell 

geometry. For example, the relative density (ρ*) of a cellular sandwich 
structure with homogenous material properties is determined by the 
volume of the face sheets (Vf ) and the unit cell or core (Vc) relative to the 
bulk material density (ρ) as described using the equation: 
ρ* = ρ

(
2Vf +Vc

)
. In the case of the pyramidal example provided in 

Fig. 1, the core volume is governed by the thickness (t) and length (l) of 
the struts used to construct the unit cell geometry [36]. With more 
complex unit cells, such as highly periodic lattices, it is more conducive 
to describe the relative density in terms of the bulk materials volume 
fraction within a unit cell of characteristic length, L, and height, Hc, as in 
Fig. 1 [37]. Additional geometric components of the unit cell play a role 
in characterising the mechanical response of the cellular core. In the 
ongoing example provided in Fig. 1, the inclination angle, ω, which 
denotes the angle of a unit cells strut relative to the face sheets, has been 
observed to have a significant impact on the specific strength and failure 
mode of a sandwich structure [38].

More importantly for the design of hypersonic aerostructures, 
cellular sandwich structures improve the passive insulation capacity of 
the bulk material, as the reduction of conductive material in the core 
correlates directly to a direct drop in the structure’s effective thermal 
conductivity. The internal voids of the sandwich core also act as a ver
satile housing for the integration of additional solid insulation or active 
cooling mechanisms to improve thermal performance and increase the 
effective service temperature of the overall structure [10]. Whilst 
additional TPS integration can aid in managing the operational tem
perature of hypersonic aerostructures and distinct core topologies can be 
used to optimize crucial functional properties, the overarching perfor
mance remains limited by the capabilities of the bulk structural mate
rial. This section will outline some of the overarching core designs, 
methods of TPS integration, and high temperature materials studied in 
the wider field of research surrounding hypersonic sandwich structures. 
The importance of material selection and the scope of the current study 
will be defined in the latter stages of the section.

2.1. Materials

The severity of aerodynamic heating experienced by hypersonic 
aerostructures limits the applicable range of multifunctional materials 
that can satisfy the thermal, mechanical, and weight requirements of its 
structural design. Primarily, the material selection process considers the 
bulk materials melting point, thermal conductivity, oxidation resistance, 

Fig. 1. Cellular sandwich structure design composition and general unit cell characteristics.
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density, bending properties and compressive strength as the de
terminants of suitability. Oxidation resistance is a significant concern as 
gas ionization induced by ultra-high surface temperatures expedites 
oxidative material degradation and ablation due to plasma formation 
[39]. The chemical reactivity of the material or the suitability of 
applying protective coatings for oxidation protection must therefore be 
considered during material selection. Secondary mechanical properties 
that are of significance to the design and performance of hypersonic 
sandwich structures include flexural and bending strength, ductility, 
thermal shock resistance, and fracture toughness [5].

The most common materials studied in the wider literature include 
refractory metals, metallic superalloys, monolithic ceramics, CMCs, 
polymers, and CFRPs. Of these, refractory metals and superalloys have 
been the subject of significant investigative efforts due to their highly 
advantageous mechanical strength and ductility at high temperatures 
[10]. Specifically, refractory metals suffer from incredibly high densities 
and metallic superalloys require the use of expensive, difficult to apply 
Thermal Barrier Coatings (TBCs) to withstand temperatures greater than 
1000 ◦C [40]. Moreover, metals possess inherently high thermal con
ductivities which prevent their effective use in an insulative capacity 
without additional thermal management [5].

Monolithic ceramics are sought after for their comparatively low 
densities, very low thermal conductivities, and superior mechanical 
strength. Although sparking the interest of researchers, work in this area 
has been dissuaded by the traditional drawbacks of monolithic ceramics 
that have limited their applicability towards dynamically loaded struc
tures. Current studies instead focus on the use of high-performance 
CMCs which combine the desirable thermal characteristics of mono
lithic ceramics with the superior mechanical strength and ultralight
weight density properties of fibrous reinforcement [20,40]. Most 
notably in comparison to their monolithic counterparts, CMCs have been 
shown to elicit quasi-ductile failure behaviour that provides a much 
higher overall toughness with superior damage tolerances, energy ab
sorption, reduced susceptibility to crack propagation, and far superior 
flexural capabilities under dynamic load conditions [23]. Carbon fibre 
reinforcement of a Silicon Carbide (SiC)-based ceramic matrix is one of 
the most common CMC configurations used in hypersonic aerostructure 
design as it provides significant high temperature oxidation and ablation 
resistance as a result of the SiC matrix [5]. Polymers and CFRPs are far 
more susceptible to heat than both metallic and ceramic materials but 
are incredibly lightweight with impressive ranges of plastic deforma
tion, fracture resistance, and ductility. For the purposes of hypersonic 
design, these lower temperature materials are mostly designed to 
function as lightweight core structures in ablative TPSs [41]. The ma
terials selection is a crucial step in the design process of a hypersonic 
sandwich structure, as the primary structural constituent will define the 
governing bulk material properties of the structure, available methods of 
manufacture, subsequent design complexity, and determine whether the 
integration of additional TPS mechanisms is necessary [5].

2.1.1. UHTCs
Compared to polymeric and metallic materials, ceramics possess a 

suite of promising characteristics for insulative aerostructure applica
tions such as very low thermal conductivities and excellent compressive 
strengths. These desirable characteristics are even more pronounced in 
Ultra High Temperature Ceramics (UHTCs), a class of borides (B), car
bides (C), and nitrides (N) of early transition metals such as Zirconia 
(ZrO2), Hafnium (HfO2), Tantalum (Ta), Titanium (Ti), and Niobium 
(Nb). UHTCs are classified by their capacity to maintain chemical sta
bility at temperatures greater than 2000 ◦C [20]. Whilst the applicability 
of many conventional technical ceramics in the context of hypersonic 
design is limited by the sheer extremity of its aerothermodynamic 
operating environment, UHTCs make ideal aerostructure design candi
dates as they able to withstand temperatures in excess of 3000 ◦C 
without material degradation. As a byproduct of their high temperature 
resilience, they also exhibit excellent thermal shock and wear resistance, 

hardness, and high thermomechanical strength [21,42]. However, their 
high temperature characteristics also makes UHTCs a difficult class of 
ceramics to process and manufacture, as the large sintering parameters 
and additives used to achieve densification often significantly influence 
the mechanical properties and microstructure of UHTC structures. 
UHTCs are therefore much more expensive to prepare for structural 
applications compared to conventional technical ceramics, and the dif
ficulty of their production limits component scalability [43,44]. As a 
whole, the suitability of all classifications of monolithic ceramics for 
dynamically loaded aerostructures is encumbered by their infamously 
brittle fracture mechanics, limited flexural capacity, and poor impact 
resistance [21].

Monolithic and composite UHTCs provide an important platform for 
the development of ultra-high temperature hot structures in hyper
sonics. Hot structures must resist oxidised aerothermodynamic heating 
at temperatures that can exceed 2500 ◦C without the use of thermal 
management, such as leading edge geometries and acreage airframe 
skins [5,9]. Zirconia Diboride (ZrB2), Zirconia Carbide (ZrC), Hafnium 
Diboride (HfB2), and Hafnium Carbide (HfC) have been the subject of 
significant research efforts into hot hypersonic structures as they have 
superior high temperature chemical stability and mechanical strength 
retention alongside advantageous thermal conductivities [3,42,45,46]. 
Although ZrC and HfC offer a service temperature above 2000 ◦C due to 
increased melting points [39,47], ZrB2 and HfB2 offer superior oxidation 
and ablation resistance [42,48]. The combining of ZrB2 and HfB2 with 
SiC has been thoroughly investigated for hypersonic design, as these 
composites are found to improve the oxidation resistance of the struc
ture compared to their monolithic constituents [49–52]. SiC further 
improves microstructure refinement during UHTC densification to 
simplify manufacturing and, in the case of HfB2-SiC composites, offers a 
reduction in thermal conductivity [53,54].

UHTC manufacture is a challenging process due to the strong atomic 
bonding and low diffusion that provides their superior high temperature 
material properties. High part densification is subsequently not 
achievable with conventional pressureless sintering mechanisms, and 
pressure-assisted processes such as Hot Pressing (HP), Hot Isostatic 
Pressing (HIP), or Spark Plasma Sintering (SPS) are recommended [39,
55,56]. Pressure-assisted sintering methods are generally more expen
sive than pressureless processes as a result of the apparatuses used to 
provide high temperature compression and the required fabrication of 
consumable dies for net shape fabrication. Moreover, HP and SPS 
methods can only produce simple part geometries that must be 
post-processed to achieve higher complexity structures. This is partic
ularly problematic for UHTCs with high hardness, as extensive diamond 
grinding or electrospark wire-electrode cutting would be required to 
achieve a final part design [20,57]. The challenges and limitations 
associated with UHTC densification have thus far prevented significant 
investigation into the topological optimisation of their impressive ma
terial properties through the use of cellular networks and complex 
structures [39]. However, emerging methods of UHTC specific AM based 
on the processes of Direct Ink Writing (DIW) [58,59] and Select Laser 
Sintering (SLS) [60,61] provide a tentative glimpse into the inevitable 
future of net shape UHTC manufacture. The refinement of these methods 
is expected to further promote research into cellular ceramic sandwich 
structures with bulk UHTC material properties leading to further per
formance enhancements for multifunctional hypersonic aerostructures.

2.2. Architectural design of the porous sandwich core

Sandwich structures are optimized for maximum performance in 
many multidisciplinary applications mainly through parameterization 
of the core design. Solid structures are governed by the bulk material 
properties of their primary structural constituent, whereas sandwich 
structures utilise different solid compositions and repeating micro
structural geometries to tailor these properties for specialized applica
tions [33]. There is an incredibly diverse range of core topologies that 
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offer unique characteristics when enclosed in a sandwich structure, with 
Fig. 2 displaying some of the overarching core architecture classifica
tions used in the specific development of ceramic sandwich structures 
for high temperature applications [34]

Traditional planar core sandwich structures, such as those with 
corrugated and honeycomb core configurations, are designed to mini
mise the system’s weight while maintaining a high strength-to-weight 
ratio. The continuous core struts provide high compressive and flex
ural strength under dynamic load which has led to the widespread 
adoption of planar sandwich cores in the in the aviation industry [13]. 
Folded cores are a more modern configuration inspired by origami, 
providing a high degree of stiffness, bending strength and twisting 
resistance due to their unique force redistribution and energy absorption 
characteristics [62]. In lieu of a structured core topology, foam-core 
sandwich structures are manufactured using highly porous materials 
or interconnected strut-based networks with random connections to 
improve the designs thermal and acoustic insulation capabilities [63].

Array-based and periodic lattice architectures describe a range of 
complex core topologies with extremely high porosity tolerances. As a 
result of sheer complexity (Fig. 2), periodic lattice cores have only 
become prominent in engineering design following significant techno
logical advancements in the field of AM which has allowed their reliable 
manufacture [25]. Periodic lattices refer to an incredibly diverse range 
symmetric unit cells that are periodically layered and patterned to form 
a larger, interconnected cellular network [64]. Comparatively, array 
configurations employ the use of asymmetric, truss-based unit cells 
repeated along a single axis through the sandwich core. Both core var
iations possess low relative material densities due to innately high po
rosities, allowing for superior lightweight potential and high 
strength-to-weight ratios. Compared to simpler core architecture, the 
high porosity of periodic and lattice core topologies offer significant 
improvements to a sandwich structures insulation [26]. However, 
despite the performance enhancing characteristics of sandwich struc
tures, they are still limited by the bulk material properties of their 

primary structural constituent. As the severity of aerodynamic heating 
imposed during hypersonic flight exceeds the operating limits of most 
readily available structural materials, it is important to consider the 
feasibility of integrating additional mechanisms of thermal management 
into the structural design [65].

2.3. System-level integration

The multifunctionality of cellular sandwich structures provides a 
degree of flexibility to their integration in a given hypersonic system. In 
their base configuration, these structures are designed to provide a 
lightweight, load bearing platform that offers passive thermal protection 
in the form of reduced heat transfer through the sandwich core. A 
multifunctional structural profile such as this is well suited for general 
external airframe or skin applications in the form of a passive acreage 
TPS [66]. However, the thermal load induced by aerodynamic heating is 
not uniform over a hypersonic airframe with specific areas of the 
structure being subjected to excessive thermal loads that could not be 
adequately compensated for through a passive insulation mechanism 
[12]. Therefore, additional methods of thermal management can be 
integrated into the porous core architecture of cellular sandwich struc
tures to improve localised thermal protection for locations of excessive 
heat accumulation such as leading edges [67], or to provide additional 
insulation for sensitive system components like the electrical control 
system [68]. Moreover, the versatility of cellular sandwich structure 
design can provide the basis for functional grading of various integral 
TPS systems throughout an airframe for localised thermal protection, 
reducing design redundancy in terms of excess material expenditure, 
weight, and coolant consumption.

TPS integration into the load bearing structure of a hypersonic 
aircraft is considered the most practical strategy of bolstering overall 
thermal protection. The literature describes three overarching TPS 
configurations that are integrated into hypersonic sandwich structures, 
classified in this study as hot, insulated, or actively cooled as illustrated 

Fig. 2. Core architecture classifications.
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in Fig. 3 alongside their corresponding mechanisms of heat transfer.
Hot sandwich structures do not possess any form of integrated TPS 

and rely on passive radiative heat transfer to the ambient environment 
to achieve thermal equilibrium with incoming aerodynamic heating and 
insulate the vehicles interior [5]. Although being the most cost-effective, 
simple, and lightweight configuration for a hypersonic aerostructure, 
hot structures have stringent material requirements and must be 
perfectly optimized to prevent failure. The porous nature of the core 
reduces the overall effective thermal conductivity of the structure rela
tive to its bulk material properties for reduced heat transfer, but it also 
introduces radiative heat transfer between differentially heated surfaces 
in a phenomenon known as cavity radiation. This can become prob
lematic if the internal temperature gradient becomes too high and cavity 
radiation becomes the dominant mechanism of heat transfer over ther
mal conduction [36]. Alongside their applicability as external skins over 
the airframe, hot structures can be used to replace most dense structures 
in the aircraft for further weight reductions given suitable optimisation 
of their effective mechanical properties.

Insulated sandwich structures incorporate additional, heat-resistant 
materials into the voids of the porous core to provide an additional 
layer of thermal protection. The internal material both eliminates the 
risk of cavity radiation to ensure conduction remains the dominant 
mechanism of heat transfer throughout operation as well as providing 
mechanical reinforcement to the core architecture. Although becoming 
the subject of numerous numerical investigations, the extreme 
manufacturing difficulties associated with the implementation of inter
nal insulation has thus far prevented extensive experimental testing of 
these sandwich structure configurations. Furthermore, the extreme 
operating environment of hypersonic aviation precludes the use of all 
but the most temperature resistant insulation materials to become 
effective and offset the additional cost, complexity, and weight [10]. 
Nonetheless, the design of insulated cellular sandwich structures can be 
a powerful tool to efficiently control heat transfer and provide 
cost-effective thermal safety nets in heat sensitive areas such as manned 
crew quarters, electrical control surfaces, and fuel tanks [68].

Actively cooled structures are the most effective form of sandwich 
structure-based TPS configuration and benefit from the use of internal 
porosity as intrinsic cooling channels. By utilising a recirculating coolant 
such as the aircraft’s fuel source, the porous core becomes a channel for 
the forced convective heat transfer of incoming heat away from the 
sandwich structure to efficiently maintain its core temperature. Cooled 
structures have been tested to reliably withstand even the most severe 
thermal loads projected to be experienced by airbreathing hypersonic 
vehicles and provide such an effective degree of thermal management 
that cost-effective, low temperature structural materials can be used 
without risk of thermal failure. Although fundamentally satisfying the 
thermal requirements of hypersonic aviation, actively cooled sandwich 
structures are not feasible for general use due to the cost of integration, 
complexity, and weight of the cooling subsystems [12,66]. However, 

their integration into a sandwich structure configuration reduces the 
burden on design by removing the need for dedicated cooling channels 
and heat pipes. Whilst still problematic for general thermal manage
ment, actively cooled TPS configurations have proven to be invaluable 
for the thermal management of structural locations experiencing the 
maximum thermal load of the hypersonic environment such as leading 
edges of the airframe [67] and scramjet combustors [69].

2.4. Comparison with current literature reviews

Only a limited number of reviews have been conducted into the 
design of optimized sandwich structures for hypersonic or high tem
perature aerospace applications due to the specialized nature of the 
research field. The small selection of studies that have been undertaken 
are collated in Table 1 alongside indicators of their scope including 
materials, architectural design of the sandwich core, and methods of TPS 
integration.

Kausar et al. [70] investigated the state-of-the-art manufacturing 
methods and technologies used to fabricate metallic, polymer, and 
composite sandwich structures with simple core topologies. This review 
reported that the manufacturing method used for the fabrication of 
high-performance sandwich structures is dependent on the bulk mate
rials, face sheet and core design required to optimize the material 
properties for the desired application. Karsandik et al. [71] studied the 
impact behaviour of metallic and composite polymer sandwich struc
tures with foam and honeycomb core topologies intended for conven
tional aeronautical applications. It is found that alongside core material, 
design, and face sheet thickness, the orientation and architecture of fi
bres in the face sheet play an important role in determining impact 
resistance and damage tolerance of composite sandwich structures. Liu 
et al. [64] reviews the current state of research into the active cooling of 
metallic and polymeric sandwich structures with simple and complex 
core geometries intended for use in hypersonic applications. This study 
identified key limitations associated with current methods of additive 
manufacturing for porous and lattice core metallic sandwich structures, 
particularly in the porosity control and size uniformity of resultant core 
architecture. This has resulted in most of the research surrounding 
actively cooled hypersonic sandwich structures relying on numerical 
and mathematical modelling.

Sajjad et al. [26] reports advancements in the use of periodic lattice 
structures for a variety of thermal systems, including hypersonic thermal 
protection, and assesses all target materials and active cooling mecha
nisms. This review confirms lattice structures greatly reduce the weight 
and increase the mechanical strength of comparable thermal systems; 
however, their exact thermo-mechanical properties are dictated by the 
design of the lattice architecture itself. Feng et al. [34] provides a 
comprehensive review on state-of-the-art topological core designs and 
their influence on the performance of general sandwich structures 
without specific reference to a particular field or industry. They 

Fig. 3. Ceramic sandwich structure TPS configurations.
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conclude that the geometric influence of sandwich structure design on 
the loaded response and effective material properties creates an inher
ently multifunctional structure of which its performance can be tailored 
for any number of advanced applications and environments.

Le et al. [10] is the most similar review to the work conducted here 
with a much larger scope, collating all reported works of sandwich 
structures in hypersonic thermal protection regardless of material or TPS 
configuration. The bulk of work collated in this study involves metallic 
and composite sandwich structures, however the advantages of CMCs in 
terms of high temperature resistance and structural strength are found to 
be superior by comparison. The practicality of these advanced com
posites is hindered by the costs of development, manufacture, and in-situ 
testing. Le et al. [10] predicts that advances in additive manufacturing 
will improve the practicality of such structures by easing the develop
ment process and allowing more extensive performance assessment of 
prototypes including fatigue, impact, and vibrational analysis.

Pan et al. [72] investigates methods for the design and optimisation 
of metallic, polymer, and ceramic lattice structures for a variety of ap
plications including aviation. The primary conclusion of this report 
emphasises the importance of individual unit cell topology in dictating 
the final thermal and mechanical properties of the full lattice structure. 
Birman and Kardomateas [33] provide a comprehensive review on the 
current state-of-the-art sandwich structure design methodologies in 
consideration of a wide range of materials, topologies, and configura
tions for several applications including high speed aerospace design. The 
result of this review identifies the challenge of modelling sandwich 
structures in three-dimensions, particularly in reference to modelling 
unique phenomena, geometric anomalies, and multi-material in
teractions resulting from the inherent multifunctionality of sandwich 
structure designs. Birman and Kardomateas [33] also discuss the rapidly 
evolving landscape of sandwich structure design with new concepts 
being constantly explored due to their versatility. The introduction of 
functionally graded core architecture is a key example of ongoing de
velopments in the research field, allowing for more precise tailoring of 
the structural response, enhanced toughness, and improved resistance 
against face sheet debonding.

The present study investigates current state-of-the-art design of 
ceramic sandwich structures optimized for load bearing, insulator ap
plications in hypersonic aircraft and ultra-high temperature applica
tions. Compared to prior reviews, the present work limits the literature 
review to investigations involving structures designed using monolithic 
ceramics and their composites regardless of architectural core design or 
TPS configuration. Key discussions in this review will focus on material 
trends in terms of ceramics and CMCs, current methods of manufacture, 
analysis techniques and models, the unique characteristics of different 
core architecture, and the integration of unique TPS mechanisms.

3. Ceramic sandwich structures

The following section outlines the current state-of-the-art develop
ment of ceramic sandwich structures including manufacturing and ma
terial trends, core designs, and methods of TPS integration. Whilst 
conventional sandwich structures have been used in aeronautical and 
astronautical design since the early 1960’s [10,13], the incorporation of 
ceramics to improve thermal resistance is a relatively new field of 
research. Fig. 4 provides a quantitative breakdown of publications per 
year, beginning with a technical brief authored by NASA that describes 
the development of an integrated TPS using a Ceramic Matrix Composite 
(CMC) in 2009. The report describes the manufacture of a foam-core 
sandwich structure using a Carbon fibre reinforced Silicon Carbide 
(Cf/SiC) fabric [77].

As described in Fig. 4, studies into ceramic sandwich structures for 
high temperature applications reached a gradual peak between the years 
2017 and 2019 but have since been in steady decline. This trend in
dicates contrasting views on the research field’s future, but further 
context can be gleaned through analysis of the country of origin for the 
bulk of reported work in Fig. 5.

An overwhelming portion of current research has originated in China 
with 72 % of reported studies being published by scholars from Chinese 
institutions as illustrated in Fig. 5. The remaining 28 % is comprised of 
European, Australian, and North American institutions with the latter 
only making up 2 % of total reported studies in spite of the USA’s 
extensive history of aerospace innovation [1,13]. Therefore, it can be 
hypothesised that such a distribution does not accurately reflect the 
quantity of research being conducted by western countries, particularly 
in the case of the USA as evidence of hypersonic progression can be 
observed through the testing of several prototype hypersonic aircraft [4,
9]. However, given rising private and military interest in the successful 
development of such vehicles, a significant portion of research is 
assumed to be confidential or proprietary and is therefore not publicly 
accessible [5]. For example, a report published in 2015 by Goodman 
et al. [78] discusses the successful manufacture of a Cf/SiC honeycomb 
sandwich structure using a proprietary AM process. This report claims 
that the structure exhibits a near-zero Coefficient of Thermal Expansion 
(CTE) making it particularly applicable to the design of high tempera
ture sandwich structures and insulators. The subsequent lack of publicly 
available follow up research suggests that further development of 
CMC-based honeycomb sandwich structures may have been privatized 
for subsequent commercial development. Such a precedent has been set 
in the past during the secretive development of high-performance mil
itary aircraft such as the SR-71 “Blackbird” by private defence con
tractors [16].

Furthermore, the decline in research, particularly depicted in Fig. 4
can also be attributed to the rising interest in UHTCs for hypersonic 
applications [20]. As the technology to reliably fabricate UHTCs and 

Table 1 
Scope and relevancy of prior reviews into sandwich structures.

Ref. Year Materials Core Architecture TPS Configurations

Metals Polymers Ceramics Periodic Array Planar Passive Insulated Active

[10] 2021 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
[64] 2022 ✓ ✓ ​ ✓ ✓ ​ ​ ​ ✓
[70] 2023 ✓ ✓ ​ ​ ​ ✓ ✓ ✓ ​
[71] 2023 ✓ ✓ ​ ​ ​ ✓ ✓ ​ ​
[26] 2022 ✓ ✓ ✓ ✓ ✓ ​ ✓ ​ ✓
[73] 2021 ✓ ✓ ​ ✓ ✓ ✓ ✓ ​ ​
[34] 2020 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ​ ​
[74] 2020 ✓ ✓ ✓ ✓ ​ ​ ✓ ​ ✓
[13] 2020 ✓ ✓ ​ ​ ✓ ✓ ✓ ✓ ​
[75] 2019 ✓ ✓ ​ ​ ✓ ✓ ✓ ​ ​
[76] 2019 ✓ ✓ ✓ ​ ✓ ✓ ✓ ​ ​
[33] 2018 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ​
Current 2025 ​ ​ ✓ ✓ ✓ ✓ ✓ ✓ ✓
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their related composites with the complexity required of cellular sand
wich structures has yet to be established, research into their hypersonic 
application has primarily focused on ultra-high temperature material 
characterisation [46], composite development [21], and refinement of 
manufacturing procedures [79]. Given the prevalence of CMC sandwich 
structure development reported in the literature, the future develop
ment of UHTC cellular sandwich structures can be assumed with near 
certainty. However, the current state-of-the-art only possesses a handful 
of investigations into UHTC structures, specifically ZrB2 [59] and a 
ZrB2–SiC–C composite [57].

3.1. Materials

The distribution of specific ceramic materials in the literature is 
illustrated in Fig. 6 with some of the standard material properties most 
relevant to hypersonic design provided in Table 2. Current research 
suggests that the use of CMCs, particularly Cf/SiC as it accounts for over 
55 % of currently reported work, has become the standard configuration 
for the investigation and proposal of hypersonic ceramic sandwich 
structures (Fig. 6). Despite its recent conceptualization, Cf/SiC has 
become a prominent structural material in the aerospace industry 
following the continually increasing thermal requirements associated 
with emerging propulsion, aeronautical, and astronautic technologies. 
Internal carbon fibres increase the flexural strength and fracture resis
tance of the composite such that it exhibits near ductile mechanical 
behaviour. Both fibre and matrix materials possess very low bulk den
sities and, although not being the most temperature resistant technical 
ceramic, Silicon Carbide (SiC) still possesses a desirable thermal 

Fig. 4. Number of reported studies into ceramic sandwich structures per annum.

Fig. 5. Breakdown of total studies per country.

Fig. 6. Material distribution in studies of ceramic sandwich structures.
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conductivity with an appreciable melting point.
Although alternative fibrous SiC-based CMCs have been investi

gated, such as Cf/C–SiC [88] and SiCf/SiC [67], none have provided the 
degree of balance between thermal and mechanical performance as 
Cf/SiC [23]. Particulate reinforcement has been explored by Zhang et al. 
[82] and Tang et al. [86] using both SiC and diamond particles, 
respectively. Whilst SiCp/SiC is not reported to exceed the mechanical 
performance of Cf/SiC, its compatibility with modern AM techniques is a 
unique structural advantage. Conversely, the Diamondf/SiC sandwich 
structures manufactured by Tang et al. [86] are observed to possess a 
much higher intrinsic hardness and compressive strength compared to 
similar carbon fibre reinforced structures. Moreover, they retain a larger 
degree of mechanical strength at higher temperatures but suffer from 
higher effective thermal conductivities and are noticeably more brittle. 
The need for inherent high temperature oxidation resistance is evident 
by the presence of SiC in 84 % of the reported studies. Unlike alternative 
materials that rapidly degrade under high temperature oxidation, SiC 
reacts in oxygen-rich environments to form a Silicon Oxide (SiO2) film 
over the exposed surface, protecting the underlying substrate from 
oxidation ablation. The protective qualities of SiC are particularly 
important for CMCs due to the high ablation susceptibility of carbon 
under oxidised conditions at temperatures as low as 400 ◦C [23].

Monolithic Ultra High Temperature Ceramics (UHTCs) and high 
temperature technical ceramics have been unexplored outside of a 
handful of investigations into the use of Zirconium Oxide (ZrO2) and 
Zirconium Diboride (ZrB2) structures. The compressive strength and 
insulative performance of Zr-based ceramics exceeds the performance of 
alternative Si-based ceramic and CMC sandwich structures [80], how
ever preliminary fracture of the internal trusses or supports remains a 
primary concern and is one of the driving forces towards the mass 
adoption of CMCs in these applications [89]. Studies into Zr-based 
sandwich structures have therefore moved their focus onto ZrB2 which 
has been shown to provide better oxidation resistance at the cost of 
being more difficult to manufacture because of exceedingly high sin
tering requirements [50].

ZrB2 possesses oxidation characteristics akin to SiC, whereby a pro
tective layer of Diboride Trioxide (B2O3) forms in heated oxidative en
vironments to protect the ZrB2 substrate from degradation at 
temperatures up to 1400 ◦C [90]. Wei et al. [57] hypothesise that a 
composite consisting of ZrB2, SiC and Graphene would provide an 
improvement to the service temperature and mechanical strength 
compared to their individual monolithic components. A prototype Zir
conia, Silicon Carbide, and Graphene (ZSG) corrugated sandwich 

structure was manufactured using a material composition of ZrB2-20 vol 
% SiC- 15 vol% G. Empirical heat transfer testing highlights the for
mation of three distinct oxidation layers at a test temperature of 
1600 ◦C, protecting the composite from high temperature degradation. 
These observations are consistent with research suggesting that 
ZrB2–SiC composites remain stable up to temperatures in excess of 
1700 ◦C [42,90,91] and it was proposed that a ZSG composite has the 
potential to offer a service temperature greater than 2000 ◦C [57].

Standard properties for materials currently used in the development 
of hypersonic cellular ceramic sandwich structures are provided in 
Table 2. It should be noted that the material properties for CMC and 
composite ceramics are only approximate estimates, as the effective 
properties of these composites are dependent on a wide variety of factors 
such as fiber orientation, matrix composition, and preparation method 
[88]. Of particular significance to the design of cellular ceramic sand
wich structures is the Coefficient of Thermal Expansion (CTE). In the 
case of non-homogenous sandwich structures with bonded cores such as 
CMCs, maintaining a matching CTE between the core and face sheets is 
paramount to preventing expansion stresses and crack initiation on the 
face to core joints during thermal loading [92,93] or preventing 
delamination during the densification stages of manufacture [93]. For 
ceramic materials in general, a higher CTE increases structural damage 
and crack propagation due to thermal shock. The high-speed nature of 
hypersonic aviation elicits a wildly nonlinear aerodynamic heating 
profile over a vehicles airframe, therefore subjecting the underlying 
structural material to intense cyclical thermal loading [5]. Therefore, 
selecting a material or material composition with minimised and 
matching CTEs is paramount to preventing expedited fatigue build up, 
thermal shock induced crack propagation, and material wear as a result 
of rapid volumetric changes of the structure [77].

3.2. Methods of manufacture

The manufacturing methods currently employed to fabricate proto
typical ceramic sandwich structures for experimental analysis can be 
evaluated on their capability to produce high quality test specimens of 
varied complexity. Although utilising distinct processes, the manufac
ture of both CMC and conventional ceramic structures can be catego
rized by two similar production stages: preforming and densification. 
The methods of preforming and densification reported in the literature 
for the fabrication of cellular ceramic sandwich structures will be dis
cussed in the following sections alongside a review of reported sandwich 
component bonding mechanisms.

Table 2 
Bulk properties of materials reported in studies of ceramic sandwich structures.

Material Density (cm. 
g− 1)

Melting 
Point (◦C)

Service 
Temperature (◦C)

Thermal Conductivity 
(W.(m.K)− 1)

Coefficient of Thermal 
Expansion (10− 6.K− 1)

Ultimate 
Strength (MPa)

Youngs 
Modulus (GPa)

Refs.

SiC 3.3 2800 1600 80@RTa 2.2RT 
4@1000 ◦C

230–825 207–483 [37,
80]

SiSiC 3.1 1380 1350 120-200@RT 
40@1000 ◦C

3.9 300 350 [81]

SiCp/SiC 2.67 2800 1500 – – – – [82]
SiCf/SiC 2.3–2.4 2800 1600 – 4 – – [23]
Cf/SiC 1.6–2.1 2800 1600 9.34-14.5@RT

4.49@1500◦C
2@RT-1500 ◦C 198–312 70–111 [23,

83]
C/C–SiC 1.9–2.3 2800 1600 9-18@200 ◦C 

7.5-12.4@1650◦C
1.1@100◦ C 
4.4@1400◦C

80–190 50–60 [23,
83]

C/C 1.6–1.98 3650 1800 52@RT – 98–235 395 [84]
ZrO2 5.6–6 2700 1000 2@RT 5.7 800–2000 240 [80,

85]
ZrB2 6.1 3245 1400 60@RT 

55@2200 ◦C
6.2 438–458 489 [42]

ZrO2–SiC–C 
(ZSG)

4.49–5.5 – 1600 84.7@RT
41.8@2000◦C

– 345–471 – [57]

Diamondf/SiC 3–3.1 – 1600 180-417@RT – 185.9 – [86,
87]

a Room Temperature (RT).
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3.2.1. Preforming
In the production of CMCs, preforming refers to the net shape con

struction of a Cf or CFRP preform for subsequent infiltration and 
embedding of the ceramic matrix. Generally, the preform lay-up process 
for initial Cf preform production involves the arranging of carbon fila
ments in conjunction with prefabricated, often interwoven, Cf panels. 
Wei et al. [94] utilises this procedure for preforming of an array core 
topology, with small cylindrical molds utilised to ensure even inter
weaving of Cf bundles into pyramidal unit cells whilst maintaining face 
sheet parallelism. Subsequently, a thin pyro-carbon layer was deposited 
over the sandwich preform by Chemical Vapor Deposition (CVD) at 
960 ◦C with a propane (C3H6) precursor. The preform was then sub
jected to a graphitisation treatment at 1800 ◦C in Argon to achieve a 
weak interphase prior to the Chemical Vapor Infiltration (CVI) of the SiC 
matrix.

A different variation of this procedure was developed by Song et al. 
[95], whereby the face sheets, constructed using 6 layers of 
carbon-fabric cloth layers with 12k Cf tows infiltrated with poly
carbosilane, were laid into a steel mould which provided a jig for the 
drilling of precise holes that allowed stitching of the pyramidal unit cells 
with continuous towpreg. The stitched preform was pressurised at 0.3 
MPa in an autoclave and heated to 120 ◦C for 180 min and then 150 ◦C 
for 180 min to achieve cross-linking solidification of the face sheets and 
stitched core. Drilling through the face sheets for Cf stitching undoubt
edly has an impact on the structural integrity of the face sheets as 
evident in the face sheet fracture reported by Song et al. [95] during 
out-of-plane compression testing.

This procedure was also employed by Yang et al. [96] bonding of 
trapezoidal unit cells in an Cf/SiC array core sandwich structure. An 
automatic tailor machine was instead used to cut core precursors out of 
3-layer woven carbon fabric cloth with 12k Cf tows infiltrated with 
polycarbosilane. The precursor is then bent to resemble the desired unit 
cell and the placed in a metallic mould for attachment to the face sheets 
using 4-layer woven carbon-fabric cloth infiltrated with poly
carbosilane. Chen et al. [97] fabricates a corrugated preform using a five 
layered T700 Cf tow laminate infiltrated with polycarbosilane. The 
laminate was placed into a metal die of the corrugated core geometry 
and pressurised under a vacuum to bond the sandwich components via 
crosslinking. Although this method is a relatively streamlined method of 
preform fabrication, the resultant corrugate sandwich structure exhibi
ted consistent catastrophic failure in the form of intralayer delamination 

and debonding during mechanical testing.
Heidenrich et al. [88] describes the construction of Cf/C–SiC sand

wich structure CFRP preforms by assembling Cf/C plates with equidis
tant slits cut into their cross-section via laser cutter. The plates could 
then be physically interlocked to create the grid core topology. The Cf/C 
core was joined to the Cf/C skins to create the preform sandwich 
structure using a carbon-based joining paste with each face sheet left to 
cure at 220 ◦C for 4 h. Whilst this method of Cf/C layup has its advan
tages in the form of fabrication speed and control over fibre alignment in 
the core, the reliance on stiff plates for core construction limits the to
pological potential of the cellular sandwich structure design.

Fig. 7 provides an overview of the manufacturing processes 
described in the literature for the prototypical fabrication of monolithic 
and composite ceramic cellular sandwich structures, including both 
traditional casting techniques and more advanced AM methods. Corru
gate ZrO2 sandwich structures manufactured by Wei et al. [85] via 
gel-casting using a 3Y–ZrO2 slurry with 50 vol% solid loading. 
Gel-casting is a net shape process that involves the mixing of ceramic 
powders with organic monomers into a suspended aqueous slurry for 
polymerisation in a nonporous mould. The slurry hardens to form a 
green body that must be densified via a sintering stage [98]. Geometrical 
anomalies are observed in their gel-casted test specimen including a 
perceived waviness in the face sheets and irregular thickness of the core 
trusses (anomalies can be observed Table 4).

Contemporary AM technology has provided effective methods of 
circumventing bottlenecks associated with traditional ceramic manu
facture and provides the capacity to investigate part geometries of a 
significantly higher complexity [25]. Select Laser Sintering (SLS) is a 
powder bed fusion manufacturing process that utilises a high intensity 
Carbon Dioxide (CO2) laser to sinter selective, preheated layers of a 
powdered ceramic. The high intensity laser both densifies and sinters the 
material during printing, increasing the speed of production and 
allowing near complete part densification [99]. Mei et al. [100] reports 
the high degree of accuracy afforded by SLS which allows the manu
facture of SiC test specimens with complex, multilayered BCC core to
pologies. Resultant experimental test specimens presented smooth face 
sheets and straight internal trusses, streamlining the subsequent sol-gel 
process used to integrate a Quartz fiber reinforced Silicon Oxide 
(Qf/SiO2) aerogel for additional insulation.

DLP is a variation of vat-polymerisation that utilises a high-power 
Ultraviolet (UV) light source to cure entire layers of resin, providing a 

Fig. 7. Forming procedures used in the manufacture of ceramic sandwich structures.
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high degree of feature resolution over smooth surfaces. As a result of the 
polymerisation process used for green body formation, sintering can 
cause premature crack formation of the part due to polymerisation 
[101]. Tang et al. [37] describes the use of DLP in the manufacture of 
highly complex TPMS core structures with a dimensional accuracy of 20 
mm3, with fabricated test specimens reported to present uniform grain 
dispersion, clear crystal arrangement and smooth microstructural sur
face characteristics. In this case, the UV light had an intensity of 555 μW 
cm− 2, wavelength of 405 nm, and a radiation intensity of 72 mW m2. 
Another study by Tang et al. [86] reports on the fabrication of composite 
precursors for Liquid Silicon Infiltration (LSI) of molten Si to fabricate 
Dp/SiC and Cf/SiC sandwich structures. The UV light for this investi
gation had an intensity of 28 mW cm− 2, wavelength of 405 nm, and a 
radiation intensity of 72 mW m2. Both studies immersed the green test 
specimens in an ultrasonic cleaning machine filled with anhydrous 
ethanol for 2 min after printing.

Direct Ink Writing (DIW) is a two-stage AM method of water-based 
extrusion using a viscoelastic ink mixed from a gelatinous ceramic 
slurry. Prior to manufacture, the ceramic powder must be processed into 
a gel-based filament that aqueously suspends the ceramic in the visco
elastic ink. The ink possesses shear-thinning behaviour as its viscosity 
decreases under shear strain, preventing it from deforming after extru
sion. Printed layers rapidly solidify due to evaporation, allowing layered 
extrusion [102]. Sesso et al. [59] and Kim et al. [103,104] explore the 
manufacture of ZrB2 CLSSs using DIW with hand-mixed viscoelastic inks 
incorporating capillary suspension. A primary issue faced by studies 

involving the DIW process relates to printing shape retention and sin
tering shrinkage, both of which are the result of discrepancies in the 
rheological behaviour of the ink pastes.

3.2.2. Densification
The infiltration processes used in the prototypical fabrication of 

cellular CMC sandwich structures are detailed in Fig. 8. The most 
common matrix infiltration technique utilised in the literature is cyclical 
Polymer Infiltration and Pyrolysis (PIP). PIP is the preform infiltration of 
a preceramic organo-metallic polymer, predominantly polycarbosilane 
or polysilane for SiC matrices, which converts into a crystalline or 
amorphous ceramic via pyrolysis [105]. Successive pyrolysis cycles are 
required to achieve a suitably dense SiC matrix and the reduction in 
volume between the precursor and matrix leaves a significant amount of 
pores, a process that takes place over the course of a few hours 
depending on the desired number of pyrolysis cycles [83] (Fig. 8). Song 
et al. [95] achieves an SiC matrix volume of 54 % with a cellular core 
relative density of 0.176 in test specimens subjected to 9–12 PIP cycles 
at 1200 ◦C under 99.99 % pure Nitrogen (N2). This study does report the 
identification of micro-defects on the core struts, resulting in the pres
ence of anomalies between the analytical and experiment results.

However, it can be estimated that the defects are a function of the 
stitching method and strut size used to fabricate the Cf preform, as the 
same infiltration procedure was incorporated by Yang et al. [96] for the 
manufacture of trapezoidal sandwich structures without the presence of 
influential material defects, aside from residual matrix cracks due to 

Fig. 8. Matrix infiltration processes for SiC-based CMCs.
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pyrolysis shrinkage. Pyrolysis shrinkage is a phenomenon describing the 
formation of cracks over the surface of a material matrix caused by the 
abrupt reduction in material volume resulting from the thermo
mechanical decomposition of the preceramic polymer [23,106]. The 
effects of PIP defects on Cf/SiC sandwich structure performance is 
explored by Chen et al. [97] who uses microstructural characterisation 
such as Scanning Electron Microscopy (SEM) to highlight residual de
fects and crack propagation after PIP cycling. These imperfections have 
a pronounced impact on the compressive strength of the structures.

In an attempt to improve the mechanical properties of Cf/SiC cellular 
sandwich structures densified using PIP, Yang et al. [107] investigated 
the influence of high temperature annealing on the structures 
compressive strength. Heat treatment of the as-fabricated specimens at 
temperatures of 1400 ◦C–1800 ◦C led to a 3.56 % increase in porosity 
and a 0.02 g cm− 3 reduction in relative density. The strength of the 
Cf/SiC structures are found to increase by approximately 17.4 % after 
annealing at 1400 ◦C with quasi-ductile mechanical behaviour observed 
in both untreated specimens, as expected [23], and those annealing 
1400 ◦C and 1600 ◦C. Heat treatment at 1800 ◦C led to 39 % decrease in 
apparent mechanical strength of the sandwich structures and trans
formed their failure behavior to brittle [107]. Although this could be a 
promising avenue for improving the properties of Cf/SiC sandwich 
structures after fabrication, the risk of creating brittle structures may 
prove detrimental to high performance structural applications.

Liquid Silicon Infiltration (LSI) is the infiltration of porous Cf/C 
preforms by molten silicon which siliconizes to form a high density SiC 
matrix, a relatively fast process which can take less than an hour 
depending on the size of the preform [23]. Heidenreich et al. [88] em
ploys LSI to densify and bond Cf/C preforms, with infiltration being 
conducted at a maximum temperature of 1650 ◦C for 1.5 h. Although 
time efficient, a few of the test specimens reportedly saw a decline in 
mechanical strength as a result of excessive C conversion to SiC [88]. 
Tang et al. [86] investigates the fabrication of composite precursors for 
an LSI process aimed at the manufacture of Dp/SiC and Cf/SiC sandwich 
structures with highly complex lattice-core topology. After the green 
parts were decomposed over a period of 25 h at 600 ◦C in an Argon 
atmosphere, LSI was performed in two vacuum heating stages. Initially, 
the parts were heated to 1900 ◦C at a rate of 5 ◦C.min− 1 and held for 3 h. 
The temperature was then reduced to 1000 ◦C at a rate of 3 ◦C.min− 1 

before being cooled to room temperature.
Chemical Vapor Infiltration (CVI) is the deposition of a ceramic 

matrix over complex, highly porous, but shallow, preforms through the 
decomposition of gaseous species within the pores. The SiC matrix is 
formed by the reaction between the process gas, commonly methyltri
chlorosilane (CH3SiCl3), and a hydrogen catalyst [83]. Whilst CVI pro
duces parts with very good thermo-mechanical properties and improves 
the fracture toughness of the matrix, the depth of infiltration is very 
shallow and the process can take upwards of weeks or months depending 
on the dimensions of the preforms [83]. Wei et al. [94] used this vari
ation of the CVI process at 1100 ◦C and 5 kPa over an pyramidal sand
wich preform, resulting in high quality Cf/SiC test specimens with a 
uniform matrix distribution. The infiltration time of the CVI process 
outlined by Wei et al. [94] took a total of 360 h, however the high fi
delity of the test specimens streamlined the variation of smaller struc
tural dimensions in the core for extended parametric testing. The use of 
CVI is also discussed by Hurwitz [77] as being advantageous to the in
tegral densification of Cf/SiC panels with SiC foam cores to avoid the 
creation of an interface bond layer.

The pressure-assisted HP sintering process employed by Wei et al. 
[57] to densify a UHTC composite in a single stage. The ZrB2-20 vol% 
SiC-15 vol% graphite flake powder was uniaxially hot-pressed in a Boron 
Nitride coated graphite die at 1900 ◦C for 60 min at 30 MPa. The 
geometrical constraints of pressure-assisted sintering processes can be 
observed in the lack of net shape formation, as electrospark 
wire-electrode cutting was required to cut out the corrugate core to
pology from the densified ZSG solid [57]. Alternative studies by Wei 

et al. [85] and Sesso et al. [59] discuss the use of pressureless sintering 
for part densification. The ZrO2 corrugated structures fabricated by Wei 
et al. [85] were densified via pressureless sintering at a temperature of 
1450 ◦C. Sesso et al. [59] utilised a graphite vacuum furnace to densify 
3D printed ZrB2 following a two stage pressureless sintering procedure. 
Debinding was conducted by vacuum heating of the test specimens at a 
rate of 5 ◦C.min− 1 from room temperature to 400 ◦C, from at which 
point the temperature was isothermally held for 60 min. The samples 
were then heated to maximum temperatures of either 1800 ◦C or 
2000 ◦C at a rate of 10 ◦C.min− 1 before being held for 60 min of 
isothermal heating. The densified ZrB2 structures were then cooled to 
room temperature at a rate of 10 ◦C.min− 1. The inadequacy of pres
sureless sintering for the densification of UHTCs is observed experi
mentally by Sesso et al. [59] as densified test bars presented an average 
bulk density of 29.2 % with resultant porosities of each specimen falling 
within the range of ~70–80 %.

Select Laser Sintering (SLS) is a powder bed fusion AM process that 
utilises a high intensity Carbon Dioxide (CO2) laser to sinter specified 
preheated layers of a powdered ceramic to form a given geometry. The 
direct densification capability of the high intensity laser streamlines AM 
process whilst maintaining high part fidelity [99]. Mei et al. [100] re
ports the accuracy afforded by SLS which allows the manufacture of 
Body Centred Cubic (BCC) lattice core test specimens using modified SiC 
powders and photosensitive resin with complex, multilayered BCC core 
topologies. Following SLS fabrication of the SiC structures, the core ar
chitecture is filled with quartz fibers possessing a volume density of 0.25 
g cm− 3 with a diameter of 3–5 μm to create an internal fiber preform for 
the integration of a Quartz fiber reinforced Silica (Qf/SiO2) aerogel 
insulation layer. The SiO2 aerogel was manufactured using the sol-gel 
method, a process involving the hydrolysis and condensation of a sili
con precursor to create a sol. The sol is then used impregnate fibrous 
preforms to create an aerogel, which in this case was the quartz fiber 
preforms dispersed through the lattice core of the SiC sandwich struc
ture. The Qf/SiO2 aerogel insulation was solidified through CO2 super
critical drying, and the successful dispersion of the composite was 
confirmed by the wormlike structure observed through micromorpho
logical analysis [100]. Li et al. [68] also describes the use of both in
ternal and external aerogel layers to improve the insulative performance 
of a Cf/SiC corrugated core sandwich structure, however the aerogel 
material composition as well as the method of manufacture and inte
gration into the existing cellular sandwich structure are not reported. A 
summary of the advantages and disadvantages of key forming and 
densification procedures is provided in Table 3.

The replication method outlined in Fig. 9 is proposed by Ortona et al. 
[93,108] for the fabrication of complex, Si-based ceramic structures 
through the infiltration of Si onto a complex polymer part manufactured 
using photopolymeric AM. The three-step process involves the impreg
nation of an additively manufactured photopolymer structure with an 
Si-based ceramic slurry. The coated structure is dried and subjected to 
pyrolysis which decomposes the photopolymer substrate, leaving 
behind residual carbon that reacts to form additional SiC via LSI. Sub
strate decomposition under the ceramic facilitates its replication as a 
lightweight ceramic structure with hollow core trusses. The hollow 
trusses of replicated structures do not suffer excessive mechanical 
strength losses, conversely exhibiting compressive strength enhance
ments as reported by Ortona et al. [108] due to the lack of internal stress 
concentrations. Ferrari et al. [67] used the replication method to create 
complex hexahedral cuboid lattice-cores for a leading edge actively 
cooled Silicon-Infiltrated Silicon Carbide (SiSiC) sandwich structure. 
The resulting test specimens were of high quality with no discernible 
manufacturing related damage. Although being an accurate and effec
tive SiC fabrication method, currently replication is only compatible 
with Si-based ceramic fabrication techniques.

3.2.3. Bonding mechanisms
Bonding mechanisms between the porous core and dense face sheets 
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are important in determining the effective bending strength, damage 
tolerance, and thermal shock resistance of the overall structure as the 
interface joints between the sandwich components are inherent weak 
points in the structures design. A key advantage to the use of monolithic 
ceramics is associated with their intrinsic net shape manufacturing 
processes that avoid the need for core to panel bonding [37]. Although 
the joint location between the core and face sheets remains a topological 
weak point [85], the risk of bond shear failure during bending is elim
inated and localised thermal shock resistance is improved as a result of 
structural homogeneity [93]. However, the presence of a bond layer is 
difficult to avoid in the design of CMC sandwich structures due to the net 
shape limitations of fibrous preform fabrication with respect to enclosed 
structures and architectural cellular networks. Various methods of 
structural bonding have therefore been reported in an effort to minimise 
bond layers impact on the thermomechanical response of cellular CMC 
sandwich structures.

The application of commercial joining pastes and adhesives 
streamlines the preforming process as reported by Heidenreich et al. 
[88] in the joining of Cf/C preforms. A carbon-based, commercial 
joining paste was applied to a steel plate with a constant 3 mm thickness. 
The core structure was then dipped into the paste layer and placed onto 
a single face where the paste is subsequently cured at a temperature of 
220 ◦C for 4 h prior to siliconization. Inducing crosslinking solidification 
between face sheet and core preforms is a common strategy of joining 
sandwich components prior to densification. Yang et al. [96] and Song 
et al. [95] utilise an autoclave to promote crosslinking solidification of a 
trapezoidal unit cell fit into a steel mould, whereas Chen et al. [97] 
reports the use of a vacuum pressure immersion machine. In all cases 
described in the literature, crosslinking of the preforms is achieved using 
identical parameters with a constant pressure of 0.3 MPa and heated to 
120 ◦C for 180 min and then 150 ◦C for 180 min. By interweaving Cf 
bundles between the face sheets for pyramidal unit cell preforming, Wei 
et al. [94] avoids the need for a bonding layer within the sandwich 
structure core interface.

Bonding of SiC foam cores to CMC panels is considerably more 
intricate in comparison to structured cellular networks due to the 

irregularity, size, and number of contact points constituting the core 
interface. NASA developed a method of allowing the integral densifi
cation of Cf/SiC panels to SiC foams via CVI without bond layer adhesion 
as reported by Hurwitz [77]. To achieve this, the CTE of both sandwich 
components was matched via tailoring of their material compositions 
such that they can be interweaved without risk of delamination during 
matrix infiltration. An in-situ method for the joining of an SiC foam core 
with Cf/SiC face sheets is developed by Ortona, Pusterla, and Gianella 
[93] which describes impregnation of the sandwich interface with a 
polymeric precursor prior to PIP densification, creating a strong bond 
layer between the embedded core and face sheets. Gianchandani et al. 
[109,110] presented pressure-less methods of in-situ brazing Cf/SiC and 
SiC/SiC face sheets to Si–SiC cores using a composite fabricated by 
wrapping Molybdenum (MoSi2) foil around a thin strip of Silicon (Si). 
The composite is placed between the sandwich components and heated 
at 1450 ◦C for 5 min with a heating rate of 1000 ◦C/h under Argon to 
form a solid bond in the form of a thin material layer characterised by 
embedded MoSi2 particles in a Si matrix. Foam core sandwich structures 
manufactured using this method are found to exhibit sound compressive 
strength properties and are able to effectively resist thermal shock at 
temperatures up to 1100 ◦C [110].

3.3. Hot ceramic sandwich structures

Hot ceramic sandwich structures are simply designed to operate for 
extended periods of time within the hypersonic flow regime without 
additional thermal management, taking full advantage of the superior 
thermal properties afforded by monolithic ceramics. More than half of 
reported studies into ceramic sandwich structures can be defined as hot 
structures, being distinguished primarily by a lack of additional TPS 
integration. The following sections aim to critically analyse the design 
strategies and resultant performance parameters of currently reported 
works categorized by the classification of their core topology. Properties 
of the sandwich structures, methods of characterization, as well as both 
qualitative and quantitative findings of significant studies are summa
rized in Tables 4–7. Methods employed for the experimental, numerical, 

Table 3 
Characteristics of different ceramic manufacturing methods investigated for the fabrication of ceramic sandwich structures.

Process Studied 
Materials

Advantages Disadvantages Refs.

Chemical Vapor Infiltration 
(CVI)

Cf/SiC • Control over the fiber/matrix interphase
• Low infiltration temperatures prevent carbon fiber 

damage
• High matrix purity

• Long infiltration times (≫24hrs)
• Gas cannot reliably penetrate deep preforms

[83,94]

Polymer Infiltration and 
Pyrolysis (PIP)

Cf/SiC • Control over matrix composition and porosity
• Low polymer to ceramic conversion temperatures 

prevents matrix fiber damage

• Polymerisation shrinkage during pyrolysis can lead 
to crack generation

• Production times for parts requiring many PIP 
cycles can be very long

[23,95]

Liquid Silicon Infiltration 
(LSI)

Cf/SiC, C–Cf/ 
SiC

• Fast matrix infiltration (<1hr)
• Low shrinkage
• High quality material joints

• Molten Si can damage C fibres
• Residual Si can remain in the matrix

[23,88]

Gel-casting ZrO2 • Compatible with large part sizes
• Well documented processes

• Poor part fidelity
• Limited allowable part complexity

[85,98]

Uniaxial Hot Pressing ZrB2, ZSG • Combined forming/sintering process reduces production 
time

• Can sinter ceramics with very high melting points

• Limited allowable part complexity
• Requires additional finishing procedure to cut out 

sandwich core
• High material waste

[57,80,
89]

Select Laser Sintering (SLS) SiCP/SiC, SiC • Single-step process reduces manufacture time
• Minimal waste

• Poor surface finish
• Low part resolution
• High melting point ceramics require slurry dilution

[25,99]

Direct Ink Writing (DIW) ZrB2 • Rapid room temperature solidification
• Can capture very fine part details
• Can fabricate very complex designs

• Reliant on viscoelasticity of ink
• Ink additives may cause part defects
• Risk of volumetric shrinkage and crack formation

[59,
102]

Digital Light Processing 
(DLP)

SiC • High feature resolution
• Fast production time
• Minimal waste

• Polymerisation shrinkage can lead to cracks in the 
green body

[37,
101]

Replication SiC, SiSiC • Hollow core struts provide significant weight reductions
• As accurate and complex as the photopolymer template
• Low shrinkage and crack density

• Lengthy, multi-stage production process
• Residual polymeric binders may become trapped in 

material

[67,
108]
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and analytical analysis of the structures are provided within the sum
maries as acronyms for the following abbreviations: Uniaxial 
Compression (UC); 3 Point Bending (3 PB); 4 Point Bending (4 PB); 
Thermomechanical Testing (TMT); Heat Transfer Testing (HTT); Finite 
Element Analysis (FEA); Computational Fluid Dynamics (CFD); 
Analytical and Theoretical Modeling (ATM).

3.3.1. Corrugated core
Corrugated core configurations as described in Fig. 10a are a com

mon design choice for sandwich structures that require very high 
strength-to-weight ratios, a desirable offset to the poorer mechanical 
properties of conventional ceramics. They have become an established 
design for hypersonic structures and provide the foundation for a robust 
optimisation procedure that aims to prioritize internal allowable stress, 
buckling, and deflection with respect to a minimum total weight [111].

Wei et al. [85] manufactured corrugated core ZrO2 sandwich struc
tures using a gel-casted and pressure-less sintering process. Initial me
chanical characterisation showed significant improvements to the bulk 
material properties including a 53 % density reduction and a 114 % 

increase to the specific bending strength. Thermomechanical testing at 
the materials service temperature of 1000 ◦C showed little change in the 
structure’s mechanical properties with respect to temperature [89]. A 
subsequent study by Wei et al. [57] improved the service temperature of 
the structure up to a maximum tested temperature of 1600 ◦C through 
the use of the ZSG composite. Similarly, the composite sandwich 
structures also possessed a lower relative density with comparable 
compressive strength characteristics to its monolithic forerunner.

To improve the strength-to-weight performance of the corrugated 
core design whilst reducing the amount of thermally conductive mate
rial in the core, Yang et al. [96] proposes the use of a corrugated ge
ometry with discontinuous vertical supports. As depicted in Fig. 10b, 
this creates a three-dimensional trapezoidal unit cell with a noticeably 
lower material distribution compared to its corrugated precursor 
(Fig. 10a). Cf/SiC sandwich structures based on this core design are 
evaluated on their oxidative behaviour with an apparent increase to 
mechanical strength observed at higher oxidation temperatures between 
1200 and 1600 ◦C, albeit retracing rapidly after extended exposure. The 
strength of the Cf/SiC structures are found to increase by approximately 

Table 4 
Major findings of studies into planar sandwich structures.

Year Topology Material Structure Methods Major Findings Refs.

2014, 
2017

Corrugated ZrO2 3 PB; UC; 
FEA: TMT; 
ATM

• Relative density of the ZrO2 structures is only 42.9 % of the bulk 
ceramic at 2.4 g cm− 3

• Compressive strength measured to be 11.8 MPa@RT and 8.5 
MPa@1000 ◦C

• The specific bending strength is measured to be 124.3 MPa/(g. 
cm− 3)@RT and 124.3 MPa/(g.cm− 3)@1000 ◦C. These results 
are found to be twice as high as the bulk material.

• The failure mode in both bending and compression is observed 
to be core sheet fracture.

[85,89]

2015 Corrugated ZSG UC; TMT; 
HTT; FEA; 
ATM

• Relative density of the ZSG structures measured to be 2.0 g 
cm− 3, a 59.4 % reduction over the bulk ceramic.

• Three distinct oxidation layers observed to form at 1600 ◦C
• High temperature compressive strength measured to be 17 

MPa@1600 ◦C
• Core-sheet connections identified as weak points in the 

structure through FEA simulation.
• Truss buckling is identified as the primary mode of mechanical 

failure at ultra-high temperatures.

[57,117]

2017, 
2018, 
2020

Grid C/C–SiC 4 PB; 3 PB; 
FEA; ATM;

• The thin strips used to construct the core yield an ultra-low core 
density of 0.09 g cm− 3

• Overall sandwich structures had relative densities in the range 
of 0.267–0.275 g cm− 3

• The most common failure mode observed during bending was 
debonding of the core structure from the outer panels

• Fiber orientation in the core relative to the load axis played an 
influential role in dictating the shear resistance and stiffness of 
the panels

• Samples with ±45◦ fiber orientations had superior flexural 
properties to those with 0◦/90◦ compositions

[88,
114–116]

2021 Corrugated Cf/SiC UC; 3 PB; FEA • Relative density of the test specimens are measured at 1.1 g 
cm− 3, a 47.7 % reduction in density compared to the bulk 
material

• Compressive strength of the structure is found to be 15.1 MPa. 
The mode of failure in compression was a debonding of the 
corrugated core with the face sheets.

• The structures have a flexural load capacity of 1947 N before 
failure through shear failure of the core trusses.

[97]

2021, 
2022, 
2023

Honeycomb and 
Logpile

ZrB2 UC; 4 PB; 
ATM;

• Test specimens presented relative densities in the range of 
4.33–5.68 g cm− 3 with porosities in the range of 71.5–83.5 %

• The bending strength of the bars were in the range of 0.97–10.4 
MPa

• A Weibull analysis of the experimental results was used to 
determine a characteristic strength of 3.58 MPa with a 
corresponding Weibull modulus of 2.05.

• Truss fracture in the cores was the primary mode of failure for 
both topological configurations

[59,103,
104]
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17.4 % after annealing at 1400 ◦C and displayed ductile behaviour after 
annealing at both 1400 and 1600 ◦C, however strength reductions are 
observed after a similar process is conducted at 1800 ◦C [107].

The influence of corrugated trapezoidal truss inclination angle on the 
in- and out-of-plane mechanical response of Cf/SiC sandwich structures 
was investigated by Zhang et al. [106]. A truss angle of 30◦ is observed 
to correlate with the highest measured bending strength, although a core 
angle of 75◦ is found preferential for out-of-plane compression loading. 
A common trend in failure mode transition emerged during testing for 
cores with higher inclination angles. They were reported to fail due to 
interlayer delamination compared to core buckling or crushing, a phe
nomenon inherent to the embedded fibre composition of CMCs. The 
subsequent development of numerical models by Zhang et al. [112] 
simulates the bending response and failure behaviour of the Cf/SiC 
composites using the elastic-constitutive model. The cohesive crack 
approach was used to simulate interlayer delamination, displaying a 
very close approximation of the experimental results.

Chen et al. [38] developed an analytical and numerical design 
methodology that minimizes risk of delamination in Cf/SiC trapezoidal 
sandwich structures through failure mapping. The maps are found to 
show very good agreement with the results of corresponding FEA 
models. Relationships between inclination angle, face sheet thickness, 
and compressive strength are quantified and used to optimize structures 
that exhibit face sheet crushing failure regardless of inclination angle. 
These strategies provide a promising method of optimizing the failure 
modes of ceramic sandwich structures and avoiding delamination in 
CMCs, but fail to compensate for material imperfections which can lead 
to unpredictable intra-face delamination [38].

The specific thermal insulation performance of a trapezoidal Cf/SiC 
sandwich structure up to a maximum temperature of 1200 ◦C is inves
tigated by Chen et al. [113], a boundary condition that remains con
servative for hypersonic applications. A robust analytical model is 
developed to compensate for the effects of external surface radiation, 
providing a method for the design and numerical analysis of different 
sandwich structure configurations aiming to minimise the effects of 
cavity radiation [36]. Creating multiple core layers separated by Middle 
Face Sheets (MFSs), as detailed in Fig. 11a, is an effective method of 
significantly reducing the severity of cavity radiation without inte
grating additional internal insulation. Sandwich structures comprised of 

two, three, and four layers were numerically modelled to determine 
their effective thermal conductivity as a function of temperature. As 
expected, the addition of a second layer reduced the effective thermal 
conductivity of the sandwich structure by approximately half under a 
thermal load of 1200 ◦C. Interestingly, additional layers up to a 
maximum of four (Fig. 10b) led to increases in the overall effective 
thermal conductivity of the taller structures [113].

Overall, the effectiveness of corrugated core topologies is limited by 
the simple core architecture which leaves little room for design stage 
optimisation. The open nature of the core works against the insulation 
function of the structure, with reports indicating that cavity radiation 
becomes the dominant mechanism of heat transfer at low temperatures 
[89,113].

3.3.2. Honeycomb cores
Honeycomb core designs are another longstanding sandwich struc

ture configuration in the field of aerospace design due to their desirable 
strength-to-weight and energy absorption characteristics. A summary of 
major findings into key experimental studies of both corrugated and 
honeycomb planar core sandwich structures is provided in Table 4. 
Sesso et al. [59] reports on the design and mechanical characterisation 
of novel ZrB2 honeycomb (Fig. 12a) and open-cell cubic core sandwich 
structures additively manufactured using DIW. A combination of SEM, 
X-ray tomography and four-point bending analysis are used to charac
terise the structural characteristics of the sandwich structures, the re
sults of which reach parity with comparable strength-to-density ratios 
reported by alternative studies into the AM of technical oxide ceramics. 
The empirically determined properties form the basis for development 
of an analytical model that can predict the elastic moduli of the sand
wich structure for a given print architecture and core porosity. Kim et al. 
[103,104] provides a more comprehensive review of the 3D printed ZrB2 
honeycomb and cubic sandwich structures, including an additional 
microstructural analysis of the core topology before and during 
four-point flexural analysis. X-ray Computed Microtomography (μXCT) 
allows observation of prominent imperfections that transform into 
cracks under flexural loading. A well-defined relationship between 
higher relative density and improved structural performance is also 
observed within both configurations.

A vertically oriented cubic honeycomb configuration, known as a 
grid core (Fig. 12b), is proposed by Heidenrich et al. [88] alongside a 
folded core topology for the construction of Cf/C–SiC sandwich struc
tures with enhanced flexural and stiffness properties. Three-point 
bending analysis reported that whilst folded core specimens all exhibi
ted brittle skin fracture, the grid core configurations predominantly 
failed through core debonding between the face sheets and shear frac
ture of the internal supports. Compared to a solid plate, the effective 
flexural strength of folded and grid core Cf/C–SiC sandwich structures 
were found to be 54 times higher and required a bending magnitude up 
to 7 times larger before fracture. However, these performance increases 
are less impressive relative to alternate CMC sandwich structure designs 
and the shear strength of grid cores was lower relative to folded con
figurations. The initial investigation by Heidenrich et al. [88] represents 
one of the few, if not the only, descriptions of folded core configurations 
in the design of hypersonic ceramic sandwich structures.

Follow up studies by Shi et al. [114,115] and Heidenreich et al. [116] 
consolidate their focus towards grid core Cf/C–SiC sandwich configu
rations, with the former providing a comprehensive approach to the 
characterisation of bending properties using a combination of analyt
ical, numerical, and experimental methods. Fibre orientation in the core 
material is found through four point bending analysis to significantly 
influence structural stiffness, allowing determination of the optimal 
orientation at 0/90◦ ± 45◦ using the combined modelling approach. It is 
also reported that the contribution of the core architecture to the overall 
effective stiffness of the sandwich structure only becomes significant at 
larger core heights. Heidenreich et al. [116] demonstrated the scal
ability of the near net shape fabrication process and incorporated both 

Fig. 9. Replication manufacturing process.
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Table 5 
Major findings of studies into periodic and array-based lattice core sandwich structures.

Year Topology Material Structure Methods Major Findings Refs.

2014, 
2015, 
2017

Pyramidal Cf/SiC FEA; ATM; 
HTT; TMT

• Relative density of the structure is only 5.18 % of the bulk 
density

• In the temperature range from 600 to 1150 ◦C, the effective 
thermal conductivity of the structure increases from 1.98 to 
4.95 W m− 1 K− 1

• Insulation efficiency is measured at 90 % during transient 
heat transfer testing, but settles to value of 20 % once 
thermal equilibrium is reached

• Cavity radiation is shown through FEA modeling to be the 
primary motivator of reduced thermal performance at high 
temperatures

• The compressive strengths of the structure is measured to be 
12.70 MPa@RT, 5.35 MPa@1200 ◦C, 2.45 MPa@1600 ◦C

• The primary mode of failure in compression was strut 
fracture

• The specific bending strength is measured to be 260.7 MPa/ 
(g.cm− 3)@RT, 168.7 MPa/(g.cm− 3)@1200 ◦C, and 152.1 
MPa/(g.cm− 3)@1600 ◦C

• Shear failure of the core struts are the primary mode of 
failure in bending

[94,118,
120]

2015 Pyramidal Cf/SiC UC; ATM • The out-of-plane compressive strength of the panel is 
measured to be 20.97 MPa.

• In-plane compressive strength was found to be 165.61 MPa 
at its peak

• The primary mode of failure was observed to be debonding 
and fracture of the stitched yarns used for core construction

• Micro-defects in the stitching led to data discrepancies 
between the experimental and analytical results for 
compressive strength

[95]

2016, 
2019, 
2020, 
2021

Trapezoidal Cf/SiC UC; TMT; 
ATM; FEA;

• Relative density of test specimens was measured in the 
range of 1.88–2 g cm− 3 with an approximate porosity of 20 
% after 8 PIP cycles

• The compressive strength of the panels is measured at 2.69 
MPa@RT

• The strength of the structure decreased by 25 % after 30 min 
of exposure to oxidation at temperatures of 1200 ◦C but 
improved to a 12 % drop when the temperature was 
increased to 1600 ◦C

• After 90 min of exposure to 1600 ◦C oxidation, the 
structures strength was reduced by approximately 33 %

• Oxidation was observed to transition the failure mode of the 
C/SiC structures from quasi-ductile to brittle fracture

• Unexpected interlayer delamination as a result of specimen 
imperfections is observed during buckling experimentation

• At inclination angles of 30◦ , 45◦ , 60◦ , and 75◦ the specific 
bending strengths are found to be 24.76, 21.97, 17.78, and 
11.29 MPa/(g.cm− 3), respectively. Similarly, out-of-plane 
compressive is found to be 0.37, 0.67, 0.86, and 1.18 MPa/ 
(g.cm− 3) for each respective inclination angle.

• The failure mode transitioned from strut buckling to 
interlayer delamination at higher inclination angles

[38,96,
106,107,
112,113]

2020 Pyramidal SiCp/SiC UC; TMT; 
ATM

• Relative density of the structure increased by a factor of 2.1 
after PIP from 1.3 to 2.67 g cm− 3

• Compressive strength is found to increase in proportion to 
higher inclination angles. At 60◦, the compressive strength 
is 45.66 MPa.

• Increasing the temperature of the structure from 1400 ◦C to 
1800 ◦C resulted in a 34.3 % decrease in compressive 
strength.

• The mechanical behaviour of the structure became non- 
linear at a temperature of 1800 ◦C

[82]

2024 TPMS: Gyroid SiC FEA; ATM; 
HTT

• Low effective thermal conductivities are found to 
correspond to higher lattice porosity

• At 40 % porosity, the effective thermal conductivity is 
determined to be 4.3 W m− 1 K− 1, nearly half that of the bulk 
conductivity of 8 W m− 1 K− 1

• The average emissivity of the lattice was measured at 0.95 
on a 1.28–25 μm wavelength scale, being considerably 
higher than bulk SiC which exhibited an emissivity of 0.85 
over a similar scale

[37]

(continued on next page)
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three and four-point bending tests to quantify the properties of grid core 
Cf/C–SiC sandwich structures with various fibre orientations. Building 
on prior work, total effective stiffness was observed to increase by 
45–59 % through reorientation of the core fibres 0/90◦ ± 45◦ without 
altering the system weight. As is evident, the scope of reported work into 
the development of grid core sandwich structures is narrow and lacks 
characterisation of their thermal performance which hinders their 
applicability to high temperature applications.

3.3.3. Lattice core
Lattice cores represent a complex class of cellular architecture that 

provide an unparalleled degree of strength-to-weight, energy absorp
tion, and thermal performance that make them ideal candidates for 
hypersonic design. Whilst they constitute a substantial portion of the 
current research studies into the design of ceramic sandwich structures, 
the complexity limitations associated with CMC manufacture have sti
fled the diversity of studied topologies. Reported works therefore rely on 
the superior structural properties of CMCs and defer the core design to 
arrays of simple, asymmetric pyramidal unit cells, as detailed in 
Fig. 13a, are asymmetric with only two degrees of periodicity but simple 
enough to be manufacturable with matrix composites. At present, only a 
handful of alternative unit cells with full periodicity have been reported 
for use in ceramic hot structures including Triply Periodic Minimal 
Surface (TPMS) Schoen-gyroid (Fig. 13b) and open-cell cubic (Fig. 13c), 
both of which generally require some method of AM for fabrication. A 
summary of key findings from prominent experimental studies into pe
riodic and array-based lattice core sandwich structures is provided in 
Table 5.

Initial research into lattice core ceramic sandwich structures began 
in response to the need for lightweight load bearing insulators for 

aerospace applications. Coupled with a lack of study into the heat 
transfer characteristics of Cf/SiC, Wei et al. [94] launched an investi
gation into the high temperature performance of pyramidal Cf/SiC 
sandwich structures. Three point bending tests highlighted a high 
retention rate of flexural strength alongside a 95 % reduction in relative 
density compared to the bulk material properties. Preliminary heat 
transfer analysis through numerical modelling identified the presence of 
cavity radiation during 1000 ◦C loading, resulting in poorer insulative 
performance as determined by the adverse emissivity of the core ar
chitecture. Reducing the internal truss length was found to be an 
effective method of altering core emissivity at the cost of mechanical 
strength.

The relationship between truss length and the effective material 
properties formed the basis of a proposed design reference and meth
odology developed by Wei et al. [118]. This strategy aimed to balance 
the insulative properties, stiffness, and yield failure surfaces of the 
structure. At a maximum thermal load of 1150 ◦C, the insulation effi
ciency of the structure (determined as the ratio of TFS to BFS surface 
temperature) was reduced from a transient peak of 90 % to a 
steady-state 20 % over the course of 150 s. The dominance of cavity 
radiation during high temperature loading is partially attributed to the 
temperature dependence of the materials bulk thermal conductivity as it 
experienced a 2.5x increase from 600 to 1150 ◦C. During maximum load 
conditions, the test specimens endured minor face sheet warping and 
debonding whilst the core trusses experienced premature ablation. The 
observations of this investigation led to the construction of an analytical 
model that is able to predict the effective thermal conductivity of a 
lattice core sandwich structure by considering both conductive and 
radiative heat transfer by Cheng et al. [36]. The integration of additional 
core material, multilayering the core configuration, and optimizing the 

Table 5 (continued )

Year Topology Material Structure Methods Major Findings Refs.

2024 TPMS: 
Diamond, 
Gyroid, IWP

Dp/SiC; 
Cf/SiC

FEA; UC; 
HTT; ATM

• Dp/SiC remained mechanically unaffected at 800 ◦C 
compared to a near 50 % drop in the yield strength of Cf/SiC

• The 45◦ angular struts of the diamond TPMS lattice exhibits 
greater yield strength in comparison to Gyroid and IWP core 
topologies

• The average thermal conductivity of Dp/SiC is 6.5 W m− 1 

K− 1 compared to the measured 5.6 W m− 1 K− 1 of Cf/SiC

[86]

Table 6 
Major findings of studies into foam lattice sandwich structures.

Year Topology Material Structure Methods Major Findings Refs.

2009 Foam Cf/SiC (face); 
SiC (core)

HTT • CTE of the core and face sheets are matched by tailoring the constituent 
composition, allowing integral densification and eliminating core to 
face sheet bonding

• The relative density of the final structure is 1.06 g cm− 3.
• Capable of withstanding heat fluxes up to 150 W cm− 2 with a 

temperature differential of 1000 ◦C between each face sheet without 
signs of thermal shock damage

[77]

2011 Foam Cf-SiCf/SiC 
(face); SiC 
(core)

3 PB • The integration of a SiC foam core prevent catastrophic failure of the 
structure

• Sandwich structures exhibit flexural strengths approximately 6 times 
higher than a plain foam with a flexural strength of 2.64 MPa

• Skin thickness is not found to influence flexural strength

[93]

2017, 
2018

Foam Cf/SiC (face); 
SiC (core)

UC; 
TMT

• Joining foam SiC cores with Cf/SiC face sheets is accomplished using a 
MoSi2/Si composite joining material to avoid the infiltration of molten 
Si into the foam structures.

• The joints can withstand a compressive load up to 710 N, which is 
comparable to the as-fabricated SiC foam at 700 N.

• The core to face sheet joints successfully withstood thermal shock up to a 
temperature of 1100 ◦C

[109,
110]
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Table 7 
Major findings of studies into cellular ceramic sandwich structures with integral TPS.

Year Topology Structural 
Material

Ins. Material/Coolant Structure Methods Major Findings Refs.

2016 Internally 
Insulated 
Pyramidal

Cf/SiC (Al3O2)f FEA; ATM • Effective thermal conductivity is reached 
from the temperature dependent range of 
2.45–4.83 W m− 1 ◦C− 1 to a theoretically 
consistent 0.7 W m− 1 ◦C− 1 with the 
addition of (Al3O2)f

• The critical relative density is identified to 
ensure the failure model of the insulated 
structure is core strut fracture, a failure 
mode that is no longer catastrophic with a 
dense composite core

• At 200 ◦C and 180 ◦C, the areal density of 
the insulated structure is 0.0391 g cm2 and 
0.0436 g cm− 2, respectively

[135]

2017 Internally 
Insulated Foam

Cf/SiC SiO2 powder HTT; 
ATM

• Relative density of the compound SiC core 
is 1.31 g cm− 3

• The effective thermal conductivity of the 
core is measured in the range of 0.529 W 
m− 1 ◦C− 1@100 ◦C to 0.603 W 
m− 1 ◦C− 1@900 ◦C. In comparison, the bulk 
Cf/SiC panels have thermal conductivities 
in the range of 7.24 W m− 1 ◦C− 1@100 ◦C 
to 2.91 W m− 1 ◦C− 1@900 ◦C

[128]

2018 Internally 
Insulated 
Pyramidal, 
Corrugate, 
Trapezoidal

Cf/SiC Glass wool FEA; ATM • The effective thermal conductivity is a 
direct function of core height, with larger 
core spans providing more internal 
insulation and thus reduced heat transfer

• Pyramidal core topologies provide a much 
higher insulative potential compared to 
corrugate or trapezoidal structures

• Comparisons with Ti and Beryllium alloy 
insulated sandwich structures in the 
literature highlight an approximate 50 % 
reduction in areal density and 400–900 ◦C 
improvement to the structures service 
temperature

[125]

2019 Internal and 
externally 
insulated 
Corrugate

Cf/SiC Generic aerogel FEA; HTT; 
ATM

• Under a thermal load of 1400 ◦C, the 
internally insulated structure was reported 
to maintain a consistent BFS temperature 
of ~700 ◦C

• This was a ~500 ◦C reduction compared to 
an uninsulated sandwich structure 
configuration

• The addition of a 12 mm layer of aerogel to 
the BFS of the insulated structure was 
observed during experimental re-entry 
testing to reach a maximum temperature 
of 220 ◦C

[68]

2019 Functional 
gradient 
insulated 
pyramidal, 
corrugate

Cf/SiC (ZrO2)f; (Mullite)f; 
(Al3O2)f; (Al2SiO5)f; 
Glass wool

FEA; ATM • Grading insulative layers in a hierarchy 
based on the lowest thermal conductivity 
and density offers a higher degree of 
thermal efficiency than an inversely 
graded arrangement.

• Under a heat flux of 50 kW m− 2 the 
pyramidal structure is reported to 
maintain a steady state BFS temperature of 
130 ◦C whilst the corrugate structure 
presents a temperature of 220 ◦C

• Alongside suppression of cavity radiation 
and improved thermal performance, the 
addition of graded insulation layers also 
improves the buckling strength of the core 
topology

[130]

2023 Phase change 
composite 
insulated 
pyramidal

Cf/SiC Generic aerogel with 
fibre insulation; 90 wt 
% paraffin/10.wt% 
expanded graphite 
composite PCM

FEA; ATM • The addition of a second array layer in the 
bilayer configuration is demonstrated to 
greatly reduce the effects of thermal short 
circuiting, improving PCM heat absorption

• Aerogel with fibrous insulation provides 
higher thermal performance than standard 
aerogel

• A 10 mm layer of a PCM composition 
designed with a thermal conductivity of 
0.82 W m− 1 K− 1 is found to provide the 

[123]

(continued on next page)
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geometry in terms of emissivity minimization are primary strategies 
proposed to improve the insulative capabilities of highly porous lattice 
core sandwich structures.

An investigation into the mechanical properties of lattice core con
figurations is conducted by Song et al. [95] using a pyramidal Cf/SiC 
sandwich structure. The study focused on in- and out-of-plane 
compressive strength. The lattice configurations exhibiting more than 
a 75 % retention of the matrix composites bulk mechanical properties 
with failure modes dominated by truss fracture. An analytical model is 
developed to predict out-of-plane compression performance and ex
hibits good agreement with the experimental compressive modulus; 
however, the measured compressive strength was lower than expected 
due to core micro-defects which induced premature debonding failure.

As described in the comparative study by Wang et al. [117], there 
exists a linear relationship between the high temperature structural 
response of a pyramidal lattice core sandwich structure and its depen
dence on the high temperature behaviour of the bulk material proper
ties. This relationship is proportional to the relative density of the 
sandwich structure and plays a role in determining the failure mode 

under high temperature mechanical loading. Truss fracture and buckling 
are the two competing modes of failure for pyramidal lattice core con
figurations; however, buckling is temperature dependent following its 
relationship with critical density and can rapidly reduce a structures 
load carrying capacity.

A pyramidal Silicon Carbide Particle Reinforced Silicon Carbide 
(SiCp/SiC) sandwich structure is developed by Zhang et al. [82] in an 
effort enhance the bulk properties of SiC without the use of C. High 
temperature compressive testing at 1400 ◦C and 1600 ◦C revealed linear 
structural behaviour in the composite whilst testing at 1800 ◦C showed 
nonlinear fracture. Microstructural analysis identified oxidation degra
dation in the structure at these higher temperatures, resulting in the 
rapid propagation of cracks and matrix shrinkage. The effects are 
evident during high temperature analysis with specimens evaluated at 
1400 ◦C seeing a 34 % reduction in compressive strength which falls to a 
45 % decrease at 1800 ◦C [82].

An open-cell lattice core sandwich configuration is investigated by 
Sesso et al. [59], described as a logpile in reference to its layered 
manufacture. Four-point bending tests revealed that the logpile 

Table 7 (continued )

Year Topology Structural 
Material 

Ins. Material/Coolant Structure Methods Major Findings Refs.

best insulative performance with a 
maximum BFS temperature of 43.24 ◦C

• Reducing the diameter of the core struts by 
0.5 mm improves the thermal performance 
of the structure through a 13.12 ◦C 
temperature reduction of the BFS, at the 
cost of reduced mechanical strength

• The optimal internal insulation 
composition consists of a 10 mm PCM 
layered under 20 mm of aerogel insulation 
fibre and a strut diameter of 1.5 mm. 
Under a thermal load of 2300 ◦C, FEA 
modelling showed a steady state BFS 
temperature of 30.12 ◦C

2023 Internally 
insulated BCC

SiC Qf/SiO2 aerogel FEA; 
ATM; UC; 
HTT

• In a single layer array configuration, the 
insulated structure presented a 
compressive strength and energy 
absorption of 119.41 MPa and 2588.41 kJ 
m− 3, respectively

• The elimination of cavity radiation greatly 
improved the thermal performance of the 
structures

• The lattice configuration of the sandwich 
structure had the highest degree of 
insulative performance, resulting in a BFS 
temperature of 701.03 ◦C with a heating 
rate of 3.1 ◦C/s under a thermal load of 
1000 ◦C

[100]

2015 Actively cooled 
kagome

Cf/C Aviation kerosene CFD; ATM • The lattice structure is found to provide a 
33.6 % reduction in temperature 
compared to traditional cooling channels

• Coolant pyrolysis is mitigated by the 
Kagome core structure

• A lower fluid velocity can be used to 
achieve similar heat transfer performance 
in the lattice structure compared to the 
traditional channel

[69]

2016 Actively cooled 
hexahedral 
cuboid

SiCf/SiC 
(skin); Cf/ 
C–SiC (skin); 
SiSiC (core)

Air; Argon; Helium CFD; 
ATM; 
HTT;

• Temperature along the entire cooled area 
of the structure is reduced with increasing 
coolant flow rates from 2.5 to 10 g s− 1

• The cooling effect at the lowest coolant 
flow rate was observed to provide much 
higher thermal performance than 
comparable passively cooled structures

• Lattice structures were reported to 
significantly improve heat exchange in the 
leading-edge area of the structure

• Helium is found to be the most effective 
coolant for all coolant flow rates in 
comparison to Air and Argon.

[67,
108]
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configuration had a higher degree of strain tolerance than comparable 
honeycomb core structures, albeit with a more chaotic fracture path due 
to the increased presence of large imperfections. Furthermore, by 
following the Gibson and Ashby model of brittle fracture it was deter
mined that the mechanical strength of logpile structures scales with 
relative density roughly to the power of 4–5 [104]. Further studies by 

Kim et al. [103] used three and four-point bending procedures to show 
that the volume scaling between characteristic strength and relative 
density can be modelled using Weibull statistics. Overall, logpile struc
tures were found to be stronger than honeycomb configuration when 
produced at the same relative density.

Tang et al. [37] investigated the high temperature insulative 

Fig. 10. Unit cell and standard sandwich configuration of (a) corrugated and (b) trapezoidal core topologies.

Fig. 11. Multilayered sandwich structure configuration with (a) two and (b) four layers.
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performance of a complex TPMS lattice core, defined by its unit cell as a 
gyroid architecture. The TPMS classification refers to a diverse class of 
periodic unit cells with zero mean curvature across each surface and 
continuous pores, also referred to as labyrinths, that are defined radially 
by the structure’s porosity. The complexity of TPMS structures makes 
them notoriously difficult to both model and manufacture, but prior 
studies have reported that the unit cells possess advanced insulation 
characteristics and superior mechanical strength at exceptionally low 
relative densities [119]. Such claims are substantiated by Tang et al. 
[37] through thermal analysis at incremental temperature in the range 
of 400–1000 ◦C. The gyroid sandwich structures exhibit high insulative 
performance that is found to improve proportional to increased porosity. 
The heat dissipation efficiency improved with proportional increases to 
gyroid porosity whilst the effective thermal conductivity of the struc
tures was reduced. The emissivity of the core was increased by 
approximately 0.1 over SiC, and it was observed through microstruc
tural analysis that the surface morphology of the material plays a role in 
determining the final emissivity of the structure. Specifically, increasing 
the thickness of the microporous layer of the material is found to 
correlate with proportional increases to surface emissivity [37].

A subsequent study by Tang et al. [86] increased the scope of the 
investigation to include two additional TPMS core configurations, the 
Schoen I-graph and wrapped package-graph (IWP) and diamond topol
ogies. A novel method of DLP and reactive melt infiltration was utilised 
to manufacture these topologies out of diamond and carbon fibre rein
forced SiC. The use of diamond reinforcement was found to yield much 
higher mechanical performance, with significantly less strength degra
dation at higher temperatures compared to a Cf/SiC alternative. Of the 
three TPMS topologies, the diamond structure was found to present the 
highest mechanical strength followed by the gyroid and IWP, respec
tively. It was specifically noted that while the gyroid and diamond 
configurations include smooth internal voids which augment their me
chanical strength, the struts formed within the IWP structures proved to 
be a prominent area of weakness leading to concentrated failure during 
analysis. The diamond structure formed the basis for a thermal com
parison between the two materials as presented a very high insulative 

capacity at temperatures between 500 and 1100 ◦C with effective 
thermal conductivities in the approximate range of 7.5 to 5.5 W (m K)− 1 

for both diamond/SiC and Cf/SiC structures [86]. The focus on bulk 
material differences between the reported CMCs leads to a lack of 
comparative thermal performance analysis between alternative TPMS 
topologies.

3.3.4. Foam core
Foam structures are defined by highly porous open cell networks of 

randomly interconnected struts as depicted in Fig. 14. Commonly 
referred to as stochastic lattices, these topologies are known to be 
incredibly lightweight with highly insulative and energy damping 
characteristics [77]. A summary of key findings for experimental foam 
core sandwich structures is provided in Table 6.

The use of reticulated SiC foam sandwiches between Cf/SiC panels is 
the dominant method of foam core design for ceramic sandwich struc
tures as the panels can be fastened to the core through the SiC matrix 
infiltration stage of CMC manufacture. Ortona et al. [93] describes the 
manufacturing of structures with and without bonded foam cores using 
CVI, emphasizing the improved bending strength made possible by 
bonding the sandwich components during manufacture. Bending 
strength is improved in the range of 36–67 % in structures manufactured 
using higher numbers of PIP cycles. Equivalent CTE properties between 
the core and face sheets must be maintained to maximise performance 
and prevent premature debonding. During three-point bend testing, the 
foam was seen to offer an intrinsic toughness due to the gradual fracture 
of individual core struts. A novel method of using electrical resistance to 
constantly monitor and model the integrity of the foam Cf/SiC sandwich 
structures is also proposed and has significant applicability to the real 
time operational maintenance of high-performance aerospace vehicles 
[121].

Hurwitz [77] describes the importance of tailoring the CTE of the 
core and sheet component of CMC sandwich structures to prevent in
ternal delamination. Here, the use of Chemical Vapor Deposition (CVD) 
is recommended for coincident core formation and sheet siliconization. 
Prototype Cf/SiC sandwich structures with SiC foam cores were reported 

Fig. 12. Unit cell and typical sandwich structure configuration for (a) Honeycomb and (b) grid core topologies.
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to withstand heat flux-based load scenarios at 150 W cm− 2 without 
delamination or cracking up to an internal temperature of 1000 ◦C [77].

Gianchandani et al. [109] presented a method of joining Cf/SiC and 
SiC/SiC face sheets to a SiC core using a composite slurry composed of 
Molybdenum and Silicon (MoSi2/Si) that is placed between the sand
wich components and heated to form a solid bond. Foam core sandwich 

structures manufactured using this method are found to exhibit sound 
compressive strength properties and are able to effectively resist thermal 
shock at temperatures up to 1100 ◦C [110].

Li et al. [63] investigated the influence of microstructure on the 
thermal shock resistance of a SiC core CMC sandwich structure using an 
analytical modelling approach up to 1000 ◦C. The regularity and 

Fig. 13. Unit cells and typical sandwich structure configurations for (a) pyramidal, (b) gyroid TPMS, and (c) open cell cubic lattice core topologies.

Fig. 14. Foam core sandwich structure topology.
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periodicity of the foam was determined to be a primary factor in the 
resultant thermal shock strength of a foam core topology and decreases 
with higher cell irregularity. Foam toughness is further adversely 
impacted by the unstructured shape and higher number of internal cells 
present in its composition. Li et al. [63] concludes that the Voronoi 
lattice, similar to the example depicted in Fig. 14, would be more sus
ceptible to thermal shock damage in comparison to structured sandwich 
core architecture.

3.4. TPS integration

The integration of additional TPS systems into ceramic sandwich 
structures is inferred to be in its pilot stages. The TPS breakdown of 
collated literature provided in Fig. 15 highlights the dominant trend of 
ceramic sandwich structures being developed primarily as hot struc
tures. This correlates well with growing criticisms surrounding the 
complexity, weight, and cost of implementing additional methods of 
thermal management into the general structural design of hypersonic 
aircraft [4,10,122]. Regardless of the argument’s validity, the promi
nent lack of work reported on the development of actively cooled 
ceramic sandwich structures is indicative of a shift in research sentiment 
from performance prioritisation towards economical and practically 
feasibility. Conversely, it marks a general underestimation into the 
severity of aggravated aerodynamic heating on specific components of 
the airframe, such as the leading edges, which are predicted to require 
actively cooled solutions regardless of structural performance [12]. A 
summary of major findings into ceramic cellular sandwich structures 
with TPS integration is provided in Table 7.

Exploration into the impact of internal insulation layers on the per
formance of the sandwich core void remains a consistent area of 
research. Filling the core voids with a secondary material has been 
shown as an effective method of reinforcing the internal sandwich 
supports and physically ensures thermal conduction remains the pri
mary mechanism of heat transfer [123]. These benefits come at the cost 

of higher relative densities and marginal increases to overall effective 
thermal conductivity. Moreover, feasible manufacture of these struc
tures has proven to be a significant design challenge such that most 
reported studies only employ numerical analysis with little to no 
empirical validation.

3.4.1. Insulated ceramic sandwich structures
Current studies into insulated ceramic sandwich structures explore a 

range of distinct insulative materials in primary insulations configura
tions detailed in Fig. 16. The standard configuration depicted in Fig. 16a 
is the integration of a singular insulative material into the voids of the 
porous sandwich core. Multiple materials can be layered into the core 
using a method of functional grading as in Fig. 16b. This method reduces 
the severity of the temperature gradient acting over the sandwich 
structures cross-section. To enhance the thermal performance of an 
internally insulated structure, a layer of insulative material can be 
attached to the cool surface as seen in Fig. 16c [124]. The integration of 
phase change material layers for higher heat absorption capacity is a 
more experimental variation of insulation integration depicted in 
Fig. 16d [123].

In response to the observed steady state thermal insulation efficiency 
of a pyramidal Cf/SiC sandwich structure being only 20 % due to cavity 
radiation, Wei et al. [94] integrates an unspecified aerogel into the core 
to enforce continuous conduction. The material was added to the 
investigated in a numerical heat transfer model. An approximate 700 ◦C 
reduction was recorded on the outside of the functionally insulated 
surface, an improvement that was attributed to the elimination of high 
temperature cavity radiation. The significance of this improvement 
showcased both the potential effectiveness of internal core insulation 
and quantified the severity of cavity radiation in sandwich cores of high 
porosity.

The influence of internal insulation on pyramidal, corrugated, and 
trapezoidal core Cf/SiC sandwich structures was investigated by Wei 
et al. [125]. Numerical and analytical models are constructed to the 
integration of glass wool insulation under thermal and mechanical loads 
based on field data captured by experimental hypersonic aircraft testing 
[126]. The characteristic distinctions between each of the dominant core 
topologies are unchanged after the integration of core insulation, with 
pyramidal consistently demonstrating the lowest relative density 
comparative to the excess material requirements of corrugated config
urations. This also extends to the thermal properties of each structure, as 
pyramidal configurations consistently provide the lowest effective 
thermal conductivity. Deviating from this trend, the insulated trape
zoidal configurations receive the most substantial benefits to mechanical 
strength resulting in a structure that is both stiffer and stronger than the 
pyramidal or corrugated designs. Furthermore, the effectiveness of 
insulated ceramic sandwich structures is made more significant in 
consideration of their substantially lower areal density in comparison to 
their metallic counterparts [125].

The advantage of using insulative materials with very low thermal 
conductivities that are not significantly influenced by temperature is 
concluded by Lian et al. [127] during the numerical investigation of a 
trapezoidal Cf/SiC sandwich structure with internal glass wool insu
lation. Over the course of heat transfer analysis at boundary temperature 
increments in the range of 1000–1600 ◦C it is observed that the effective 
thermal conductivity of a standard Cf/SiC porous structure sees a 2.5x 
increase from 2.04 to 4.59 W m− 1 K− 1. This is in comparison to the 
insulated configuration which maintains a consistent effective thermal 
conductivity of 0.26 W m− 1 K− 1, although it should be noted that these 
conclusions are based solely on numerical approximations and would 
require experimental validation [127].

A Cf/SiC foam core sandwich structure with a reticulated SiC core 
insulated by the powder deposition of a solid layer of SiO2 was devel
oped by Wang et al. [128]. The integration of additional solid insulation 
is hypothesised to provide further structural support for the highly 
porous stochastic SiC architecture whilst simultaneously enhancing 

Fig. 15. Breakdown of TPS configurations integrated into hypersonic ceramic 
sandwich structures.
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insulation capacity by mitigating the effects of cavity radiation. Thermal 
analysis of the structure validated the hypothesised enhancements with 
cavity radiation successfully eliminated. As a consequence of filling the 
voids in the sandwich core, the governing relationship between the 
effective thermal conductivity and relative density subsequently be
comes hypersensitive to variation of both thermal load and material 
density.

Ma et al. [124] outlines an analytical approach to the design of 
insulated corrugated core sandwich structures using only the properties 
and responses of the structures 2D cross-section. The methodology pri
oritizes maximizing the insulative efficiency of the sandwich structure 
by building up additional insulative materials in key regions of its 
cross-section. It is reported that the thermal performance of these 
structures can be effectively doubled by insulating the cool BFS in 
addition to the porous core. The additional external layers built up from 
the critical surface further prevent heat transfer and allow the sandwich 

structure to reach safe steady state temperatures after it achieves ther
mal equilibrium. This approach is experimentally validated by Li et al. 
[68] through the design, fabrication, and simulated atmospheric 
re-entry wind tunnel testing of a corrugated Cf/SiC with internal and 
external layers of aerogel insulation. The experimental results supported 
a high degree of insulation performance due to the additional aerogel 
layers, with a BFS temperature slowly rising to a steady state of 200 ◦C 
during 1200s of heating at 1400 ◦C. This is a marked improvement over 
the 700 ◦C observed during the numerical analysis of the structure 
considering only internal insulation [68].

Chen et al. [129] transforms a trapezoidal Cf/SiC sandwich structure 
into a multilayered composite insulator via the integration of different 
insulative materials in key regions of the designs cross-section. Specif
ically, a thermal insulation blanket is attached to the cool BFS and a 
SiO2/Al2O3 aerogel is inserted into the core. The optimisation of the 
reported ceramic TPS configuration is based on maximizing its 

Fig. 16. Methods of sandwich structure insulation integration: (a) Uniform internal, (b) functionally graded composite layers, (c) external layer, (d) phase 
change layer.
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structural efficiency, a specialized property defining the 
thermo-mechanical performance of the sandwich structure as a function 
of relative density, core architecture and mechanical stress. The struc
tural efficiency parameter is observed to be highly dependent on the 
core inclination angle, of which 30◦ is determined to maximise perfor
mance. The addition of both internal and external insulation greatly 
improves the thermal effectiveness of the sandwich structures at the cost 
of a consistent five-fold increase in the relative density of all core 
configurations.

Functional grading of multiple insulation materials in corrugated 
and triangular sandwich Cf/SiC cores is studied by Wang et al. [130] as a 
method to improve overall thermal efficiency and mechanical perfor
mance. Compared to the uniform integration of a single material, graded 
configurations are reported to greatly lower the measured temperature 
of the BFS whilst maintaining high uniformity in the temperature 
gradient over the structures cross-section. Although, gradients formu
lated based on the materials bulk thermal properties are reported by 
Wang et al. [130] to inadequately describe transient heat transfer 
behaviour. Despite the potential performance advantages and promising 
numerical results, prototypical fabrication is made difficult given the 
distinct manufacturing requirements of each additional material and 
their careful layering within the lattice core architecture.

Mechanically, additional solid infill of the voids inside a porous 
lattice-core provides a significant increase to the stiffness of the struc
ture and allow the use of more complex unit cell topologies that benefit 
from improved structural support. Mei et al. [100] proposes the use of 
Body Centred Cubic (BCC) core topologies in both array (Fig. 17a) and 
periodic lattice form (Fig. 17b) to construct SiC sandwich structures that 
are internally insulated with Qf/SiO2 aerogel layers. The SLS and sol-gel 
approach to sandwich structure fabrication is a found to be an effective 
method of streamlining the integration of internal insulation with 
complex core architecture. Compared to the standard single layer 
configuration, passive sandwich structures with bi-layered core topol
ogies are reported to suffer from significant mechanical strength re
ductions that far exceed any marginal improvement to insulative 
performance. The compressive strength of the single layer specimens is 

found to be improved by a factor of approximately 3.4 after integration 
of core insulation, which also reduces the rates of heating and cooling as 
designed. Insulated bi-layered sandwich structures provided further 
thermal performance enhancements at the cost of a lower mechanical 
strength compared to the single layer specimens.

Chen et al. [123] describes the layering of a paraffin-based Phase 
Change Material (PCM) to facilitate high temperature heat absorption in 
the core of a pyramidal Cf/SiC sandwich structure. Poor PCM effec
tiveness is observed in a single-layer structure as the rate of heat transfer 
is found to outpace the phase change leading to limited heat absorption. 
A dual-layered configuration is proposed to create a physical barrier in 
the form of an MFS that is predicted to slow heat transfer and allow the 
phase change to take place. Further thermal resistance is integrated by 
the layering of solid insulation materials near the heated surface. The 
result is a multilayered sandwich structure configuration that presents 
high performance insulation under simulated boundary conditions 
based on empirical hypersonic flight data. A variety of PCM composi
tions and layered insulation configurations were proposed with the 
highest performance being exhibited by a paraffin/expanded graphite 
composition that maintained a 43.24 ◦C BFS temperature under a heat 
flux-based thermal load of 2 MW m− 2. This configuration presented an 
effective thermal conductivity of only 0.82 W m− 1 K− 1 and is recom
mended for further experimental study [123].

In summary, the addition of internal insulation is an attractive 
strategy for designers looking to improve the mechanical and thermal 
response of ceramic sandwich structures at the cost of a higher density 
and challenging fabrication process. However, the advantages of these 
configurations remain predominately abstract as the difficulty of pro
totypical manufacture has prevented comprehensive experimental 
analysis that would correspond with conceptual design validation.

3.4.2. Actively cooled ceramic sandwich structures
Active cooling has arisen as one of the most effective methods of 

integrated thermal management in hypersonic design [12]. Sandwich 
structures provide a desirable foundation for the integration of active 
cooling technology into the load bearing structural design of hypersonic 

Fig. 17. Body Centred Cubic (BCC) unit cells and typical sandwich structures in (a) array and (b) periodic lattice form.
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aircraft, as the core topology can be used to further enhance the forced 
convection heat transfer capacity of the cooling system [131]. The 
design of actively cooled sandwich structures therefore differs from their 
insulated or passive counterparts, focusing instead on balancing the 
weight and load bearing functionality with maximization of convective 
heat transfer from the core structure to the cooling fluid [69]. Research 
into actively cooled, solid CMC TPSs for hypersonic aircraft has been 
ongoing since the turn of the century [4], however challenges associated 
with durability, fabrication [66], and a lack of comprehensive failure 
analysis [132] has dissuaded significant technological advancements in 
this area.

Regenerative cooling is one of the most widely studied methods of 
active cooling for high temperature aerospace structures, as it efficiently 
recirculates the vehicles fuel source as coolant before it is combusted to 
provide effective heat dissipation without the implementation of an 
independent heat sink [122]. Yu et al. [69] conducts a numerical 
investigation into the performance of a kerosene cooled C/C sandwich 
structure with a Kagome core topology (Fig. 18a) intended for use in a 
scramjet combustor. Compared to a passive configuration, active cool
ing is observed to reduce the core temperature differential by approxi
mately 33 % and heavily mitigates the thermal stress acting throughout 
the core architecture. The lattice-core topology also eliminates the 
phenomena of coolant pyrolysis, a mechanism that has been observed to 
clog open cooling channels, as a result of the flow disruption caused by 
the Kagome unit cells [133]. However, the performance of the Kagome 
architecture is undermined by a distinct lack of comparison with alter
native configurations. The selection of C/C, whilst prevalent in the 
design of rocket engine components [22,134], is not suitable for exposed 
regions of a hypersonic aircraft due to its incredibly poor oxidation 
resistance [84].

Ferrari et al. [67] designs and fabricates an actively cooled ceramic 
sandwich structure with a hexahedral cuboid SiSiC lattice-core topology 
intended to be used along a hypersonic aircrafts leading edge (Fig. 18b). 
This core configuration is hypothesised to enhance the forced convective 
heat transfer of coolant pumped through aerostructures heated aero
dynamically by stagnant heating. An optimisation strategy is developed 
to parameterise the type of gaseous coolant and its flow rate to 

determine an optimal cooling configuration. Air, Argon, and Helium are 
all measured at varying flow rates to simulate regenerative cooling of 
the leading edge. Helium is found to promote the greatest temperature 
reduction over the cross-section at the lowest flow rate as a result of its 
higher heating capacity [67]. Comparative testing of lattice-core and 
solid specimens are also conducted, with excellent temperature control 
promoted by the use of hexahedral cuboid core topology at the leading 
edge, indicating that the lattice-core enhances heat transfer under the 
airframe skin. To minimise the CTE difference between the face sheets 
and core, both SiCf/SiC and Cf/C–SiC panels are considered for sandwich 
structure design with the Cf/C–SiC observed to display improved me
chanical strength by comparison.

4. Conclusions, current challenges, and outlook

Whilst current research into ceramic sandwich structures for hy
personic applications maintains a consistent undercurrent of potential, 
with reports routinely describing a high degree of thermo-mechanical 
performance, persistent challenges associated with manufacturing, 
versatility, and efficiency continue to plague the design field. Primary 
challenges currently faced by researchers can be summarized by the 
following: 

1. CMCs have become a focal point of research into ceramic sandwich 
structures due to their superior mechanical properties over mono
lithic ceramics. Unfortunately, shortcomings associated with current 
methods of manufacture have hindered progress towards the inves
tigation of complex core architecture such as dense periodic lattices 
and TPMS structures.

2. The widespread use of CMCs in prior works has resulted in an 
oversaturation of studies involving simple core topologies such as 
pyramidal, trapezoidal, and corrugated structures. These simple 
structures are highly susceptible to premature failure due to high 
temperature cavity radiation, a phenomenon that may be mitigated 
topologically through the core design of dense lattice structures.

3. The integration of additional insulating materials into the sandwich 
core is a promising design strategy that eliminates the risk of cavity 

Fig. 18. Unit cell and typical sandwich structures for (a) Kagome and (b) periodic hexahedral cuboid core topologies.
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radiation and reinforces the weaker core structure. Despite being a 
relatively active area of research, there exists a pronounced lack of 
prototype fabrication and experimental testing due to the intricate 
nature of the composites design. Current studies generally rely on 
numerical analysis for design validation and performance assess
ment, the validity of which remains uncertain until empirical vali
dation can be undertaken. With regards to actively cooled ceramic 
sandwich structures, a significant amount of further research is 
needed based on the promising cooling performance reported by a 
few emerging studies.

4. Current methods of experimental and numerical analysis employed 
by current investigations are limited in scope, focused primarily on 
investigating the structures insulative efficiency through measure
ment of its effective thermal conductivity. Mechanically, studies rely 
on the use of compression and bending tests to understand a sand
wich structures response to simulated aerodynamic loading or failure 
modes. These methods are well suited to conceptual validation of a 
design but ensuring reliability in the face of an extreme environment 
such as hypersonic aerodynamics will require more comprehensive 
response evaluation including, but not limited to, vibration, acoustic, 
impact, thermal shock, and fatigue analysis.

As the scope of research grapples with overcoming the prevalent 
challenges inherent to the development of CMC sandwich structures, 
future avenues of study should focus on diversifying the current 
knowledge of alternative materials and topological designs regardless of 
overall bulk material performance. Through building a basic under
standing of the unique response elicited by different core structures of 
varying complexity, the optimisation potential in the design of hyper
sonic sandwich structures can be improved in congruence with the 
advancement of current manufacturing methods for high performance 
ceramic composites. Future studies should therefore focus on areas such 
as: 

1. The current capabilities of ceramic AM should be incorporated to 
investigate the high temperature thermomechanical properties of a 
diverse range of highly complex core architecture, such as periodic 
lattices and TPMS structures, for high temperature insulative appli
cations. This will provide foundational guidance for future designs 
and expand the depth of knowledge into the heat transfer charac
teristics of complex sandwich structures. Several studies have 
already been conducted in this area, but the versatility and design 
freedom offered by AM techniques can be expected to allow an even 
greater range of increasingly advanced design frameworks with 
specific reference to ultra-high temperature and hypersonic 
applications.

2. Bypassing the current limitations of CMC manufacture should be 
investigated using alternative ceramic materials, such as conven
tional technical ceramics and UHTCs. As mentioned, their compati
bility with emerging AM methods will increase topological 
complexity in the field and expand the definition of conventional 
monolithic or composite ceramics in the context of high-performance 
aerospace applications. Improving the accessibility and capabilities 
of UHTC manufacture, in combination with robust AM technologies, 
will provide an effective method of enhancing the performance of 
these structures at the bulk material level.

3. Ceramic AM should also be used to apply advanced methods of 
structural and material-based optimisation with the goal of 
improving the performance and offsetting the conventional short
comings of monolithic ceramics. For example, functional grading of 
the core architecture and internal material compositions have been 
reported to greatly improve the specific performance of ceramic 
structures and may prove valuable in the design of hypersonic 
ceramic sandwich structures [31].

4. Combining multiple materials in a single AM process should be 
studied as a method of integrating internal insulation into ceramic 

sandwich structures. The heightened complexity of additively man
ufactured structures may also improve the convective heat transfer 
capacity of different core architecture which will increase the 
viability of active cooling configurations.

5. Rapid prototyping with AM should be incorporated for the investi
gation of more comprehensive experimental testing methodologies, 
alleviating the extended test specimen production times and limited 
part quantities.
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