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Elastic ceramic aerogels have drawn broad attention for use in aerospace,
energy storage, and thermal protection systems, where lightweight structures
with thermal stability and mechanical robustness are required. Yet their
practical application is often limited by insufficient strength. Achieving both
high strength and high elasticity in ceramic nanowire aerogels remains chal-
lenging because these properties are typically mutually constrained. Here we
design silicon carbide nanowire aerogels reinforced by dual-phase nodes
composed of pyrolytic carbon (PyC) and amorphous silica (SiO,) to resolve
this conflict. Experimental measurements together with large-scale atomic/
molecular massively parallel simulator (LAMMPS) and finite element simula-
tions show that amorphous SiO, improves load-bearing efficiency by dis-
tributing stress uniformly, while PyC relieves local stress concentrations and
prevents premature SiO, fracture, producing a clear synergistic effect. The
resulting aerogels exhibit a compressive strength of 10.9 MPa at 80% strain and
aresilience of about 90%. This dual-phase strategy provides an effective route
to tailor the mechanical response of ceramic aerogels and expand their use in
extreme environments such as high temperature, low oxygen, and vacuum
conditions, where strength, elasticity, and long-term reliability are required.

Ceramic aerogels are valued for their ultralow density, high thermal
stability, and chemical inertness, making them highly desirable for
demanding applications in aerospace, energy storage, and thermal
insulation'®. In service, however, these materials are often sub-
jected to complex and dynamic stress states that place strict
requirements on mechanical reliability’. Although ceramic aerogels
possess many advantages, they generally remain brittle and weak,
which limits their ability to sustain high loads. To enhance their
mechanical performance, including compressive resilience, bend-
ability, and stretchability, recent studies have emphasized multi-
scale structural design and compositional optimization®°. For
instance, constructing porous cellular, random nest-like, or lamellar
architectures with tunable bond angles and fewer micro-defects has

enabled amorphous oxide nanofiber-based aerogels to achieve
substantial compressive recovery even under large strains of up to
80%"'¢. Despite these advances, most ceramic aerogels still exhibit
relatively low strength, with maximum compressive stresses typi-
cally between several kPa and a few hundred kPa, far below the
levels required for aerospace thermal protection or other dynami-
cally loaded systems. Introducing anisotropic honeycomb archi-
tectures can improve strength along preferred directions”*, but
usually at the expense of resilience. Likewise, increasing the degree
of nanowire cross-linking enhances strength yet reduces
recoverability?°. These trade-offs highlight the persistent chal-
lenge of combining high strength with high resilience in ceramic
aerogels.
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Nature offers valuable insights into achieving diverse mechanical
properties using limited material systems?. For example, the regula-
tion of mechanical behavior in the actin cytoskeleton through F-actin
and cross-linking proteins has inspired many material design
strategies”. In the actin cytoskeleton, crosslinking density is a key
factor that enhances strength and stiffness, while the compliance of
the crosslinkers governs stress redistribution within the network.
Drawing inspiration from this concept, our previous work showed that
the mechanical behavior of nanowire aerogels is largely determined by
the type of nodes connecting the nanowires and the coatings on their
surfaces. For instance, introducing pyrolytic carbon (PyC) nodes or
coatings markedly improved the elastic recovery of nanowire
aerogels”, whereas silicon carbide (SiC) nodes or coatings led to
pseudoplastic behavior accompanied by a near-complete loss of
compressive elastic recovery*. This contrast arises from the different
deformation constraints imposed by the two materials. SiC, with
strong covalent bonds and high intrinsic stiffness, restricts nanowire
deformation and produces a rigid network that limits elastic recovery.
In comparison, PyC consists of locally ordered graphene-like layers
held together by van der Waals forces, with additional sp? cross-linking
that maintains structural stability”. This configuration allows PyC to
deform more readily than SiC, accommodating moderate nanowire
motion and reducing stress concentration at the nodes. Consequently,
PyC behaves as a soft node relative to SiC, promoting greater reco-
verability of the nanowire framework. These observations indicate that
the composition of nodes and coatings is crucial for controlling the
mechanical response of nanowire aerogels. Achieving both high
strength and high elasticity requires an optimal level of constraint
imposed by the nodes and coatings on nanowire deformation: exces-
sive constraint suppresses recoverability, whereas insufficient con-
straint weakens strength.

Here we present a strategy to overcome the conventional trade-
off between strength and elasticity in ceramic aerogels by constructing
synergistic soft-hard inter-nanowire nodes within SiC nanowire net-
works. The nodes have a dual-phase configuration composed of stiff
amorphous silica (SiO,) and compliant PyC. During compression, PyC
deforms readily and stores mechanical energy, while SiO, with its
higher modulus, provides structural reinforcement and improves load-
bearing efficiency. At the same time, PyC mitigates stress concentra-
tion around SiO, regions, delaying the onset of fracture under large
compressive strains. Through this design, we achieved a ceramic
aerogel that combines superelasticity with high strength, reaching a
maximum compressive recovery strain of 80% and a peak stress of
10.9 MPa, among the highest values reported for elastic ceramic
aerogels. This design concept provides a new route for regulating the
mechanical behavior of ceramic aerogels.

Results and discussion

Design and fabrication of HC-SiC@(SiO,/PyC) nanowire
aerogels (NWAs)

SiC nanowire aerogels with an initial density of 10 mg-cm™ were used
as the starting matrix. The crosslinking density between nanowires was
increased by a hot-pressing process. By adjusting the applied pressure,
the density of the resulting highly cross-linked SiC nanowire aerogels
(HC-SiC NWAs) could be tuned, allowing control over the degree of
inter-nanowire bonding. Unless otherwise specified, the HC-SiC NWA
described hereafter refers to a sample with a density of 100 mg-cm™.
Scanning electron microscopy (SEM) revealed that hot pressing sig-
nificantly increased the interconnection between nanowires (Supple-
mentary Fig. 1). Subsequent oxidation at 1000 °C for 1h produced an
amorphous SiO, layer on the surface of SiC nanowires, forming SiO,
nodes between adjacent nanowires (donated as HC-SiC@SiO, NWA,
Supplementary Fig. 2). PyC was then introduced by chemical vapor
infiltration (CVI), coating the SiO, surface and generating SiO,/PyC
dual-component junctions (denoted as HC-SiC@(SiO,/PyC) NWA,

Fig. 1a). When the CVI process was applied directly to unoxidized
nanowires, PyC coatings were deposited on the SiC surface, resulting
in aerogels with PyC junctions (denoted as HC-SiC@PyC NWA, Sup-
plementary Fig. 3). For nanowires with dual coatings, transmission
electron microscopy (TEM) and corresponding energy-dispersive
spectroscopy (EDS) maps confirmed a SiO, layer about 28 nm thick
surrounding each SiC nanowire, followed by an outer PyC layer of
similar thickness (Fig. 1b-d). High-resolution TEM further revealed
intimate adhesion among the PyC layer, the SiO, coating, and the SiC
core (Fig. 1e).

Mechanical properties

Significant differences in mechanical behavior were observed among
nanowire aerogels with different node compositions and surface
coatings. The HC-SiC@PyC NWA (121 mg cm) exhibited the highest
compressive recoverability, maintaining 91% resilience under 80%
strain (Fig. 2a), but showed the lowest strength and modulus, with a
maximum stress of 1.1 MPa. The HC-SiC@SiO, NWA (110 mg cm™)
displayed a fivefold increase in strength and a twofold increase in
modulus at the same strain level, whereas its compressive recovery
decreased to 40% (Fig. 2b). In this sample, the stress rose sharply
between 60% and 80% strain, suggesting pronounced densification of
the nanowire network. SEM observations confirmed that this process
was accompanied by extensive nanowire fracture (Supplementary
Fig. 4). The high strength but poor resilience of the HC-SiC@ SiO,
aerogel result from the brittleness and limited deformability of the
SiO, junctions. In comparison, the stress evolution in the PyC-
containing aerogel was more gradual, consistent with a more com-
pliant deformation behavior.

Notably, HC-SiC@(SiO,/PyC) NWA (143 mg cm™) exhibited both
high strength and excellent resilience (Fig. 2c). Its maximum stress
reached 10.9 MPa, which is about 60% higher than that of the HC-
SiC@SiO, NWA (6.8 MPa) and nearly an order of magnitude greater
than that of the HC-SiC@PyC NWA (1.1 MPa) (Fig. 2d). The compressive
modulus also increased to 5.5 MPa, compared with 4.2 MPa for HC-
SiC@SiO, and 0.7 MPa for HC-SiC@PyC (Fig. 2e and Supplementary
Table 1). This enhancement in stiffness arises from two factors. First,
the SiO,/PyC dual-layer nodes were formed by depositing an addi-
tional PyC layer on the existing SiO, coating, producing thicker
SiC@(SiO,/PyC) nanowires as the fundamental structural elements.
The increased cross-sectional area improves the rigidity of the fra-
mework. Second, the compliant PyC layer reduces local stress con-
centration at the brittle SiO, nodes, increasing their load-bearing
capacity and contributing to a stiffer overall response. Despite the
substantial gains in strength and stiffness, the HC-SiC@(SiO,/PyC)
NWA maintained excellent recoverability, with a recovery ratio of
about 90% at 80% strain, much higher than the 40% observed in HC-
SiC@SiO, and comparable to the 91% of HC-SiC@PyC (Fig. 2c).

At a strain of 5%, the HC-SiC@(SiO,/PyC) NWA exhibited the
lowest loss factor (0.04), compared with 0.25 for HC-SiC@SiO, and
0.29 for HC-SiC@PyC. This behavior arises from the mechanical
robustness of the soft-hard dual nodes, which effectively suppress
structural damage during deformation. After 1000 compression cycles
at 60% strain, the permanent deformation remained as low as about
9%, confirming excellent fatigue resistance and structural stability
(Supplementary Fig. 5). The influence of crosslinking density on
mechanical performance was also examined (Supplementary Fig. 6).
As the crosslinking density and, consequently, the aerogel density
increased, the restriction on nanowire deformation became stronger,
leading to a marked improvement in load-bearing capacity. At small
strains (for example, 5%), the increased number of nodes enhanced
load transfer efficiency across the network (Supplementary Fig. 7),
reducing sliding and friction between nanowires and thereby lowering
the energy dissipation coefficient. At high compressive strains above
60%, however, the greater constraint imposed by the dense nodes
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a Highly bonded SiC nanowire network

Fig. 1| Schematic illustration of the design and the microstructure character-

istics of highly crosslinked nanowire aerogels with dual-phase nodes design.

a Design of a highly cross-linked layered ceramic nanowire aerogel with “soft-hard”

dual phase nodes. b SEM images of aerogel depicting the highly cross-linked
characteristics of nanowires within the aerogel (representative of three indepen-
dent samples, n=3). ¢ TEM image of two inter-bonded nanowires, and d the

Oxidation

SiC@SIO; SIC@(SiO,/PyC)

Form a dual-component node

corresponding EDS elemental mapping of Si, O, and C (representative of three
independent measurements, n = 3). The red, blue, and green contrasts correspond
to Si, O, and C signals, respectively; alternative color schemes yield identical ele-
mental distributions. Scale bars, 200 nm. e High-resolution TEM image revealing
the dual-phase SiO,/PyC coating on the surface of the SiC nanowire (representative
of three independent observations, n = 3).
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Fig. 2 | Mechanical behavior of nanowire aerogels with different nodes. Com-
pressive stress versus strain curves of a HC-SiC@PyC NWA, b HC-SiC@SiO, NWA,
¢ HC-SiC@(SiO,/PyC) NWA. Insets show opitcal images of the samples during the
compression-recovery process. d Resilience at 80% strain and the maximum of

Sio,

SiO,/PyC Recoverable strain (%)

aerogels with different nodes. e Compressive modulus and energy loss coefficiency
aerogels with different nodes. f Ashby plot of ultimate stress versus maximum
recoverable strain for resilient inorganic aerogels''7'%2°**_Source data are
provided as a Source Data file.

made individual nanowires more prone to fracture. This damage
degraded the structural integrity of the three-dimensional framework,
ultimately reducing the compressive recoverability of the aerogel.
The combination of high strength, high modulus and high resi-
lience endows HC-SiC@(SiO,/PyC) NWA with a significant strength

advantage over other highly elastic ceramic aerogels, making their
performance comparable to that of high-performance nanotube or
graphene aerogels (Fig. 2f). When normalized by density, this material
shows the highest specific modulus among the three types, demon-
strating superior stiffness-to-weight efficiency enabled by the dual-
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phase junction design. As summarized in Supplementary Table 2, both
the stiffness and specific modulus of the HC-SiC@(SiO,/PyC) NWA
exceed those of most previously reported superelastic ceramic, car-
bon-based, and graphene aerogels, confirming the effectiveness of the
dual-phase node structure in overcoming the trade-off between
strength and elasticity. The HC-SiC@(SiO,/PyC) NWA also exhibits low
thermal conductivity of about 0.0382 W-m™-K™ at room temperature,
comparable to leading insulating materials. It maintains excellent
thermal stability: after annealing at 1500 °C for 2 h in Ar, the micro-
structure remains intact, and the aerogel retains approximately 90% of
its original compressive recoverability and 84% of its initial strength
(9.2 MPa), with the modulus remains at about 87% of its pre-annealing
value (Supplementary Fig. 8). These combined properties, including
high strength, resilience, fatigue resistance, ultralow thermal con-
ductivity, and thermal stability, make the HC-SiC@(SiO,/PyC) NWA a
promising candidate material for thermal protection systems,
vibration-damping structural insulators, and high-temperature aero-
space components where both mechanical robustness and energy
efficiency are required.

Strengthening and elastic deformation mechanism

To elucidate how different nodes or coatings influence the
mechanical response of ceramic nanowire aerogels, we conducted
multiscale simulations combining molecular dynamics (MD) of indi-
vidual nanowires with finite element modeling of 3D nanowire net-
works. The von Mises stress and atomic shear strain maps from
LAMMPS simulations reveal clear distinctions among the SiC@SiO,,
SiC@PyC, and SiC@(SiO,/PyC) models. In the SiC@SiO, model
(Fig. 3a), the SiC core experiences high von Mises stress with a
markedly non-uniform distribution, revealing localized stress con-
centrations. Compared with the pristine SiC nanowire, the overall
stress level is lower (Supplementary Fig. 9), indicating that even a
thin SiO, shell can partially relieve stress during bending. The shear
strain within the SiC core is also unevenly distributed (Supplemen-
tary Fig. 10), indicating that although the SiO, shell transfers load
effectively, the concentrated deformation in the core increases the
likelihood of brittle failure. By contrast, the SiC@PyC nanowire
shows lower and more uniform stress within the SiC core, whereas
the PyC coating bears higher but evenly distributed stress. The cor-
responding shear strain distribution is also the lowest and most
homogeneous among the three models. These results indicate that
the PyC coating can absorb and redistribute deformation, protecting
the SiC core and suppressing local failure. The deformability of PyC
arises from its locally ordered layered structure, where graphene
fragments accommodate deformation via interlayer sliding, curling,
and nanoscale buckling of the turbostratic layers®*¥. This structural
flexibility, however, also limits the load-bearing contribution of the
SiC core.

In the SiC@(SiO,/PyC) model, the SiC core shows higher average
stress and shear strain than in SIC@PyC, but both are more uniformly
distributed than in SiC@SiO,. The SiO, and PyC layers also bear sub-
stantial and well-distributed stress, showing that the dual-layer archi-
tecture promotes cooperative load sharing. The higher and more
homogeneous shear strain in the SiC core indicates that the dual
coating not only suppresses local failure but also activates the load-
bearing capacity of the core more effectively. The outer PyC layer
accommodates most of the deformation while relieving stress con-
centrations in the SiO, layer, preventing its premature fracture.
Meanwhile, the stiffer SiO, layer constrains the deformation of the SiC
nanowire, enhancing the overall load-bearing capability of the net-
work. This interplay allows the dual-layer structure to combine the
flexibility of PyC with the rigidity of SiO,, maintaining strain adapt-
ability while improving structural strength. It should be noted that the
nanowires used in the MD simulations are considerably smaller than
those in experiments due to computational limitations. Although the

absolute values differ, the simulations provide qualitative insight into
how coating composition governs the deformation behavior of the
nanowires.

The three-dimensional finite element results further corroborate
the experimental and atomistic observations. Under 50% compressive
strain (Fig. 3b), the HP-SiC@SiO, network shows extensive stress
concentration in both the SiC core and the stiff SiO, shell, indicating a
limited ability to redistribute load and accommodate deformation. By
contrast, the HP-SiC@PyC network experiences lower stresses within
the compliant PyC coating, and stress localization occurs mainly at the
inter-nanowire junctions, implying slower stress transfer through the
network. The HP-SiC@(SiO,/PyC) structure, however, achieves a more
uniform stress distribution across all components (SiC, SiO,, and PyC),
reflecting improved load transfer efficiency enabled by the soft-hard
dual-layer coating. The evolution of stress with increasing strain fur-
ther reveals differences in load transfer behavior. In the HP-SiC@(SiO,/
PyC) network, a continuous load-bearing framework forms at about 7%
strain, demonstrating the fastest establishment of global stress-
transfer. This feature aligns with its experimentally observed low
energy-loss coefficient and high recovery ratio. In comparison, the HP-
SiC@SiO, and HP-SiC@PyC networks require approximately 12% and
21% strain, respectively, to achieve similar stress percolation, indicat-
ing lower structural responsiveness and greater energy dissipation.

Upon unloading (Fig. 3c), the HP-SiC@(SiO,/PyC) network
exhibited the highest structural recoverability with minimal perma-
nent deformation. The HP-SiC@PyC network showed moderate
recovery, whereas the HP-SiC@SiO; structure retained considerable
residual deformation, indicating limited strain accommodation.
These results demonstrate the advantage of the dual-layer junction
architecture in promoting both recoverable deformation and struc-
tural stability. Representative force-displacement curves from the
simulations (Supplementary Fig. 11) illustrate the effect of node
configuration on network mechanics. The HP-SiC@SiO, aerogel
shows pronounced load fluctuations, suggesting frequent local
instabilities or damage events during compression, most likely
caused by stress concentration and brittle fracture at the rigid SiO,
junctions. In contrast, the HP-SiC@(SiO,/PyC) aerogel exhibits
smaller fluctuation amplitudes and a much higher peak load,
reflecting enhanced load-bearing capacity and improved structural
continuity provided by the synergistic soft-hard dual-layer nodes.
The HP-SiC@PyC aerogel displays the smoothest curve, corre-
sponding to stable yet lower load-bearing performance, consistent
with its more compliant mechanical behavior. The FEM simulations
were carried out using idealized linear-elastic models under simpli-
fied boundary conditions. Although the computed stress and force
values are not intended to represent exact experimental magnitudes,
the simulations provide qualitative insight into the differences in
stress distribution and damage evolution among networks with dis-
tinct node architectures.

Combined with the MD simulations, these results reveal a clear
synergistic interaction between the stiff SiO, and the compliant PyC
components. The PyC coating, with its partially ordered layered
structure that allows local sliding and curvature, buffers strain and
relieves stress concentration near the brittle nodes. In parallel, the SiO,
layer efficiently transmits load throughout the network, enhancing its
overall stiffness. The cooperation of the two layers enables coordi-
nated deformation and robust load transfer, producing a well-
balanced combination of strength and elasticity that exceeds the
capability of either component alone.

Dynamic mechanical performances

In practical applications such as dynamic thermal sealing, vibration
damping, and environments involving complex stress conditions, as
commonly found in aerospace, automotive, and other high-
performance engineering systems, materials are frequently subjected
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Fig. 3 | Stress distribution and deformation behaviours of nanowires and
nanowire aerogels with different node designs. a Von Mises stress contour plots
of the cross-section of single nanowires under bending with different coatings
simulated using LAMMPS. b Finite element simulations showing the von Mises
stress distribution in nanowire aerogels with different nodes/coatings under 50%

compressive strain. Clear differences in stress localization and distribution patterns
are observed among the three designs. ¢ Evolution of von Mises stress in side-view
cross-sections of the three nanowire networks during compression and unloading.
The SiO,/PyC node design shows more uniform stress distribution and better
structural recoverability compared to the SiO, or PyC node designs.
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to fluctuating stress and strain across a wide range of frequencies and
temperatures. For aerogels, characterized by ultralow density and high
porosity, such dynamic loads pose substantial challenges to structural
stability. Dynamic mechanical analysis (DMA) provides a comprehen-
sive evaluation of the frequency- and temperature-dependent viscoe-
lastic behavior of aerogels, offering valuable insight into their
reliability under service conditions. DMA tests show that the viscoe-
lastic properties of the nanowire aerogels remain stable over a broad
frequency range (0.1-80Hz, Fig. 4a-c) and temperature window
(-120 °C to 300 °C, Fig. 4d-e and Supplementary Fig. 12) under a fixed
oscillatory strain amplitude of +2%. Distinct differences are observed
among the three types of aerogels. The HC-SiC@(SiO,/PyC) NWA
exhibits the highest storage modulus, followed by HC-SiC@SiO,, while
HC-SiC@PyC shows the lowest value (Fig. 4a). This behavior indicates
that the dual-layer junctions combine the stiffness of SiO,, which
promotes elastic energy storage, with the flexibility of PyC, which
facilitates strain accommodation. The cooperation of these two com-
ponents yields an optimized balance between load transfer and energy
retention. The loss modulus displays the opposite trend (Fig. 4b): HC-
SiC@PyC shows the highest loss modulus, corresponding to greater
energy dissipation arising from the pronounced deformability of PyC,
whereas HC-SiC@(SiO,/PyC) shows the lowest value, and HC-
SiC@SiO; lies in between. Although PyC generally enhances damping,
the presence of SiO, in the dual-layer nodes constrains its deformation
and lowers the overall energy loss (Fig. 4c). This interaction reduces
the flexibility of PyC, resulting in lower viscoelastic damping in the
dual-layer structure. Furthermore, at a fixed frequency of 20 Hz, the
viscoelastic behavior of HC-SiC@(SiO,/PyC) remains nearly insensitive
to temperature variations in the range of —120 °C to 300 °C (Fig. 4d, e).
Fatigue tests performed at 50 Hz further demonstrate the durability of
the nanowire aerogels. The viscoelastic properties remain stable after
100,000 loading cycles at +2% strain (Fig. 4f), confirming the excellent
elasticity and fatigue resistance of the HC-SiC@(SiO,/PyC) NWA.
These results are consistent with the LAMMPS and finite ele-
ment simulations, which showed that PyC mitigates stress con-
centration through its ability to deform, whereas SiO, increases
structural rigidity and promotes efficient load transfer. The dual-

layer nodes integrate the advantages of both components, produ-
cing a nanowire network that combines high strength with pro-
nounced elasticity and achieves an effective balance between
energy storage and dissipation. The cooperative interaction
between the soft PyC and the stiff SiO, ultimately imparts superior
mechanical robustness and resilience to the ceramic nanowire
aerogels.

In summary, we have demonstrated that dual nodes composed of
amorphous SiO, and PyC markedly improve the mechanical properties
of ceramic nanowire aerogels. The cooperative interaction between
the two components enables an exceptional balance between strength
and elasticity. The SiO, layer enhances load-bearing capacity by effi-
ciently transferring stress, whereas the PyC layer mitigates stress
concentration and protects the SiO, from early fracture. As a result, the
nanowire aerogels exhibit a compressive strength of 10.9 MPa at 80%
strain and recover up to 90% of their original height after unloading.
This study provides a general strategy for overcoming the conven-
tional trade-off between strength and elasticity in ceramic nanowire
aerogels by optimizing the mechanical characteristics of inter-
nanowire nodes, paving the way for the rational design of ceramic
nanowire aerogels with tunable mechanical properties for diverse
advanced applications.

Methods
Preparation of SiC NWAs
A siloxane sol was prepared by mixing methyltrimethoxysilane
(80 xg), dimethyldimethoxysilane (20 xg), ethanol (200xg), and
deionized water (40 x g), followed by mechanical stirring for 30 min*,
By adjusting the hot-pressing pressure, the desired density of the HC-
SiC NWA was achieved. Short-cut carbon fibers (40 x g, TZ40, average
diameter -7 pum, length 1-2 mm) were gradually added and dispersed
at 1000 rpm for 20-30 min. The mixture was then vacuum-filtered to
remove excess liquid, forming a porous green body, which was sub-
sequently cured at 100 °C for 5h.

The cured samples were heated to 1550°C at a ramp rate of
5°C min™ under a 0.2 MPa argon atmosphere and maintained at that
temperature for 2 h. During this step, entangled SiC nanowires formed

10" 10’ 10°
i b = SiO, node c
& E(L“ PyC node 2
= s = Si0,/PyC dual-phase node S f
® 5 10%; 1074
=] o] i)
310° E] © —_———“—_\
g = SiO, node g K g’ - S|O2 node
S PyC node @ 1074 ‘51074 P_yC node
© = SiO,/PyC dual-phase node o g = SiO,/PyC dual-phase node
S - a
w
10" v y v v 10% 4 y y y 10° 4 v y v v
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Frequency (Hz) Frequency (Hz) Frequency (Hz)
10" 10' 10’ 10°
% € = SiO, node L
o © PyC node © DE_“ 2
o
=3 s = Si0,/PyC dual-phase node % S = Storage modulus S
P < 10°4 =T 1004 = Loss modulus =
= B 85 = Damping ratio o
=] = 25 =
§ 10 3 33 L1071 8
£ = SiO, node 2 L gE g
2 €., . 1S 1| - £
S PyC node @ 1074 @ %10 9 g
g = SiO,/PyC duak-phase node | 9 S g 3
1 n
10" : : : T 1071 r T T T 107 4= : : T T —L 107
-100 0 100 200 300 -100 0 100 200 300 0 20,000 40,000 60,000 80,000 100,000

Temperature (°C)

Fig. 4 | The effect of nodes types on the viscoelasticity of aerogels. a-c Storage
modulus, loss modulus, and damping ratio of the nanowire aerogel as function of
frequency (0.1-100 Hz) at room temperature. d, e Temperature dependence

(-120 °C-300 °C) of the storage modulus, loss modulus of the nanowire aerogel at

Temperature (°C)
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a constant frequency of 20 Hz. f Fatigue resistance of the nanowire aerogels with
dual nodes (with an oscillatory strain of 2%, 50 Hz, 10° cycles). Source data are
provided as a Source Data file.
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via in-situ reactions, including:

SiO(g) +2C(s) — SiC(s) + CO(g)
Si02(s) +3C(s) — SiC(s) +2CO(g)

SiO(g) +3CO(g) — SIC(s) +2C0,(g)

Finally, the SiC nanowire/carbon fiber composites were heat-
treated in air at 700 °C for 3 h to remove the carbon fibers, resulting in
freestanding SiC nanowire aerogels with a density of approximately
10 mgem™.

Preparation of HC-SiC NWAs

Pristine SiC NWAs with an initial density of 10 mg cm™ were subjected
to hot pressing at 1300 °C for 2 h under an argon atmosphere. Pres-
sures of 0.5, 1.0, and 2.0 MPa were applied to obtain aerogels with final
densities of approximately 50,100, and 200 mg cm3, respectively. The
increased crosslinking density between nanowires in these samples
was confirmed by SEM observations.

Formation of SiO, nodes

To introduce SiO, coatings and inter-nanowire nodes, the HC-SiC
NWAs were oxidized in ambient air at 1000 °C for 1h using a muffle
furnace. The heating rate was set to 10 °C min™’. During this process, an
amorphous SiO, layer formed on the surfaces of the SiC nanowires,
and adjacent nanowires were locally fused by the SiO, phase, resulting
in the formation of rigid SiO, nodes.

Formation of PyC and SiO,/PyC dual-phase nodes

PyC coatings and nodes were introduced via CVI using methane (CH,)
as the carbon source. The deposition was carried out at 1100 °C for
1-4 h under an 80 ml min™ CH, flow rate. For samples requiring dual-
phase nodes, the PyC layer was deposited onto pre-oxidized HC-
SiC@SiO, NWAs, resulting in the formation of SiO,/PyC dual-phase
coatings and inter-nanowire nodes. For comparison, PyC-only samples
were prepared by applying the same CVI treatment directly to unox-
idized HC-SiC NWAs, forming HC-SiC@PyC NWAs. Specifically, the CVI
time was set to 1h for samples with a density of 50 mg cm™, 2h for
100 mg cm, and 4 h for 200 mg cm™. This adjustment was made to
maintain a similar mass gain ratio across the samples.

Material characterization

SEM images were using a field emission scanning electron microscope
(Quanta 600, FEI, United States) operated at an acceleration voltage of
5KkV. The microstructures of the nanowires were investigated using a
field emission transmission electron microscope (JEM-F200, JEOL,
Japan) equipped with EDS at an acceleration voltage of 200 kV. Com-
pressive tests were carried out using a universal tester (EUT6104, Suns
Co., Ltd., China) with a 10 kN load cell, and were applied a loading rate
of 2mmmin™. The samples for the compression testing were
approximately 8 x 8 x 8 mm?®. Resilience at 80% is calculated based on
the stress-strain curve with a maximum strain of 80%. It is defined as
100% — %ﬁf‘emm, where the unrecoverable strain is determined
from the unloading phase of the curve. The energy loss coefficient is
calculated based on the stress-strain curves obtained under a com-
pressive strain of 5%, using the following formula: Energy Loss Coef-
ficient = ’W where Apyseeresis IS the area enclosed by the
Ioading—unldjaalaﬁng loop and Ajoading is the area under the loading
curve. The DMA was carried out using a Netzsch DMA 24 2E instrument.
All mechanical tests were performed on three independent samples
for each aerogel type to ensure statistical reliability (n = 3). The density
of the aerogels was determined by dividing the measured mass by the
corresponding geometric volume. The thermal conductivity of the

samples was measured by the transient hot-wire method using a
TC3000E thermal conductivity analyzer (XIATECH, China).

Computational simulations

MD simulations. In the LAMMPS simulations (version 3 Mar 2020), a
SiC nanowire with a length of 78 A and a diameter of 15 A was modeled.
The diameter of the hexagonal SiC nanowire was defined as the aver-
age of two radial distances: from the center to the corner and from the
center to the edge. A 2.5 A-thick amorphous SiO, coating was con-
formally deposited on the SiC surface, followed by a 9 A-thick PyC
layer. Bending deformation was introduced using a quasi-static dis-
placement-controlled method. The nanowire model was partitioned
into three regions along the x-axis: two fixed regions at both ends and a
central free region. The atoms at the left and right ends were fully
constrained to prevent rigid-body translation and rotation, while
atoms in the central region were gradually displaced along the y-axis. A
constant displacement rate of 0.02 A/ps was applied to the central
region with a time step of 1fs, ensuring quasi-static loading conditions.
For interatomic interactions, the Tersoff potential was used to
describe Si-C and Si-Si interactions, as well as Si-O interactions within
the SiO, region. The PyC layer was modeled using the AIREBO
(Adaptive Intermolecular Reactive Empirical Bond Order) potential.
Cross-interactions between chemically dissimilar atoms (e.g., C-O or
Si-C between different phases) were excluded, and interfacial effects
were approximated by nonbonded contact. All nanowire models were
visualized using OVITO”.

Finite element simulation. In the finite element modeling, a layered
nanowire network was constructed within a simulation domain of
3 x3x 1.5 pm using SpaceClaim in combination with a Python API for
geometry generation and preprocessing. A total of 1000 nanowires,
each 2 pum in length, were randomly oriented in 3D space and con-
verted from line segments into solid cylinders. To simulate coated
nanowires, each SiC core was radially extruded to form a 14 nm thick
SiO, layer, followed by an additional 14 nm PyC layer. The coatings
were defined as perfectly bonded to the SiC core to represent ideal
interfacial adhesion.

Inter-nanowire nodes were formed through controlled partial
overlaps. Overlaps were retained only if the minimum distance
between fibers fell within a threshold range of 114-120 nm; overlaps
below this range were considered non-physical and removed to ensure
structural integrity.

Compression-recovery simulations were performed by placing
the nanowire assembly between two rigid planes. The bottom plane
was fixed, while the top plane was constrained in the X and Y directions
and applied a displacement load along the Z direction at a constant
rate of 5m/s. Contact between the top plane and the network was
modeled using the automatic nodes to surface method, and fiber-fiber
interactions were defined using contact automatic single surface
option.

The mesh consisted of tetrahedral elements. The SiC@SiO,@PyC
model included 406,004 nodes and 1,338,255 elements; the SiC@SiO,
and SiC@PyC models contained 300,158 nodes and 721,907 elements,
respectively. The maximum compressive strain applied was 50%.
Material properties used in the simulation are provided in Supple-
mentary Table 3. To qualitatively capture damage evolution during
compression, a maximum principal strain failure criterion was
employed. Once the local strain in an element exceeded the material-
specific failure strain threshold, the element was deleted from the
simulation to represent fracture or node separation. The threshold
values were set as 0.05 for the SiC core, 0.07 for the SiO, coating, and
0.10 for the PyC coating, as summarized in Supplementary Table 3.
This approach enabled visualization of localized damage while avoid-
ing artificial stress accumulation, and provided mechanistic insight
into the structural stability of different node designs.
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The model was built in the LS-DYNA module of ANSYS Workbench
2022 R1, solved using the LS-DYNA solver, and post-processed with LS-
PrePost (version R12.0). All materials were defined as rate-independent
and linear elastic, and no viscoelastic or plastic effects were included.
To ensure computational feasibility, a relatively high loading rate of
5m s™ was applied, which may introduce dynamic artifacts. However,
since failure was governed solely by a maximum principal strain cri-
terion (with element deletion beyond defined thresholds), the simu-
lations qualitatively reflect stress distribution and failure patterns
under consistent loading conditions.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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