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Ultrahigh Energy Absorption Multifunctional Spinodal

Nanoarchitectures

Anna Guell Izard, Jens Bauer, Cameron Crook, Vladyslav Turlo, and Lorenzo Valdevit*

Nanolattices are promoted as next-generation multifunctional high-
performance materials, but their mechanical response is limited to extreme
strength yet brittleness, or extreme deformability but low strength and
stiffness. Ideal impact protection systems require high-stress plateaus

over long deformation ranges to maximize energy absorption. Here glassy
carbon nanospinodals, i.e., nanoarchitectures with spinodal shell topology,
combining ultrahigh energy absorption and exceptional strength and
stiffness at low weight. Noncatastrophic deformation up to 80% strain,
and energy absorption up to one order of magnitude higher than for other
nano-, micro-, macro-architectures and solids, and state-of-the-art impact
protection structures are shown. At the same time, the strength and stiffness
are on par with the most advanced yet brittle nanolattices, demonstrating
true multifunctionality. Finite element simulations show that optimized
shell thickness-to-curvature-radius ratios suppress catastrophic failure by

energy absorption capability (to protect
from Dblast) at low weight. The energy
which a material absorbs under defor-
mation is defined as the integral of the
corresponding stress—strain response. High-
stress plateaus over a long strain regime
maximize energy absorption. However, the
strongest existing monolithic materials are
generally brittle, with extremely low failure
strains; conversely, those with extensive
near-constant stress plateaus under defor-
mation, like ductile metals, typically have
relatively low strength and high weight.
Today, cellular materials and structures
such as foams, honeycombs, and fiber
composite tubes provide the most efficient
compromise.’l Unlike in monolithic solids,

impeding propagation of dangerously oriented cracks. In contrast to most
micro- and nano-architected materials, spinodal architectures may be easily
manufacturable on an industrial scale, and may become the next generation

of superior cellular materials for structural applications.

Over the past decades, the development of architected materials
has seen dramatic progress, with the overarching goal of devel-
oping the next generation of multifunctional high-performance
materials.[!l Optimal design of the lattice topology enables com-
binations of classically mutually exclusive properties,??! such as
low density, high strength, high stiffness, high damping, and
high deformability. Recently, high-resolution additive manu-
facturing approaches have been used to fabricate architected
materials with topological features at the nanoscale, enabling
exploitation of size-effects to achieve order-of-magnitude
increases in strength over macroarchitected materials.?!

The ideal material for multifunctional impact protection sys-
tems possesses high strength (to resist penetration) and high
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localized fracture, instability, and friction
facilitate progressive failure with fairly high
stress plateaus. Clearly, nanoarchitected
materials have the potential to take advan-
tage of those same effects, which could be
further amplified by the extreme constit-
uent material strength at the nanoscale.

So far, lightweight nanoarchitected materials have mostly been
designed for either high deformability*”! or high strength,’®1%
with true multifunctionality remaining a major challenge. Elastic
beam buckling allows repeatable recoverability from large-
strain compression in low density lattices,®!"1? providing high
damping capability.”! However, those buckling mechanisms and
high imperfection sensitivity cause low specific strength,? i.e.,
the strength-to-weight ratio, and therefore poor energy absorp-
tion during deformation. Conversely, more-dense nanoscale truss
designs efficiently exploit material strengthening size-effects,
and hence possess high specific strength; however, brittleness
with catastrophic failure at low strains limits the energy absorp-
tion capability. The sharply intersecting beams typically concen-
trate high stresses at the lattice nodes,®!3 providing a path for
catastrophic crack propagation. Plate-based designs are notably
stronger and stiffer than their beam-based counterparts,'*1]
potentially alleviating some of the above challenges; however,
they are still similarly affected by stress concentrations.

Shell-based architected materials are comprised of smoothly
interconnected surfaces with drastically reduced stress con-
centrations compared to beam-based designs and may allow
to better combine high strength and deformability.'®! Shell-
based topologies have a mean curvature close to zero every-
where, which facilitates a uniform strain distribution upon
loading.['®'7 This unique topological feature has also been
shown to impart them good strength and stiffness.['>16:18]
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Figure 1. Glassy carbon nanospinodals with different relative densities (p) were manufactured via two-photon direct laser writing (TPP-DLW) and
subsequent pyrolysis at 900 °C. Top and bottom images show the structures before and after initial failure, respectively, showing the transition from a

progressive to a catastrophic failure mechanism. Scale bars are 5 um.

A vparticular class of shell-based architectures are spinodal
topologies, which can be produced by spinodal decomposition
of two phases followed by removal of one phase, coating of
the interface and subsequent removal of the second phase.'”!
Compared to periodic designs, their stochastic nature provides
decreased imperfection sensitivity as well as fully isotropic
behavior, while still offering near-uniform strain distribution
upon loading.'82% Thus, shell-based spinodal topologies are
ideal candidates for combining high energy absorption capa-
bility, strength, and stiffness at low weight.

In this paper, we present multifunctional glassy carbon
nanospinodals, which combine ultrahigh energy absorption
capability and exceptional strength. The spinodal shell topology
is generated by extracting the phase-interface of a numerically
simulated spinodally decomposed solid. Using two-photon
direct laser writing and subsequent pyrolysis, we manufac-
ture glassy carbon spinodal structures with relative densities
(p), i.e., the constituent material volume fraction, of 15-40%
and characteristic feature sizes of 170 nm (Figure 1). We show
progressive, noncatastrophic failure under uniaxial compres-
sion with specific energies absorption up to 200 kJ kg™!. This
is up to one order of magnitude higher than for other nano-,
micro-, and macro-scale architected materials and most state of
the art impact protection structures.?!l At the same time, we
measure strengths and Young’'s moduli on par with the most
advanced, yet brittle nanolattices,1% demonstrating true mul-
tifunctionality. Finite element simulations indicate that opti-
mized shell-based spinodal topologies prevent catastrophic
failure under compression by impeding propagation of cracks
that are aligned with the loading direction. This enables pro-
gressive failure, with elongated high-stress plateaus which
cannot be realized with beam-based lattices. Beyond the
evident mechanical advantages over previously reported
nanolattices, this finding is of significant general relevance
for cellular materials. While manufacturing constraints
hinder widespread industrial application of lattice materials,
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shell-based nanospinodals may be manufacturable on an indus-
trial scale and could soon replace traditional foam materials.

Glassy carbon nanospinodals show a distinct transition from
progressive layer-by-layer-type failure to catastrophic brittle frac-
ture when the relative density increases above =25% (Figures 1
and 2). Figure 2a shows compressive stress—strain responses
for the progressive relative density regime, where high plateau
stresses are maintained from initial failure up to strains as high
as 80%. Deformation and failure thereby initiate at the top sur-
face of the specimens, which represents the weakest link due
to the free surface, and then propagate through the specimen,
toward the constrained bottom face. With increasing p, curves
become more jagged with more pronounced local stress drops;
however, failure still occurs in a noncatastrophic layer-by-layer
fashion (Movie S1, Supporting Information). By contrast, speci-
mens with p > 25% are mostly limited to linear elastic behavior
followed by catastrophic shear fracture or vertical splitting
of the entire structure, with maximum strains around 8%
(Figure 2b) (Movies S2 and S3, Supporting Information).

Progressive failure dramatically increases the energy absorp-
tion capability of glassy carbon nanospinodals compared to
catastrophic failure. Figure 2c shows the absorbed energy as
a function of the relative density. In the catastrophic regime,
we measure energy absorptions per unit volume (U) of
25-39 MJ m~3 at relative densities of 31-40%, which translates to
specific energy absorptions (U) of 60-80 k] kg™" and an exponen-
tial scaling of U with the relative density (U ~ p"¥). In the pro-
gressive regime, the absorbed energy scales nearly linearly with
the relative density (U ~ p**), meaning U does not deteriorate
for the lowest p structures, which show the smoothest defor-
mation behavior. Measured energy absorption values of
36-58 MJ m™ at relative densities between 15% and 23% cor-
respond to U of 170-192 k] kg™!, which is a threefold increase
compared to the nanospinodals in the catastrophic regime.

The energy absorption capability of progressively
failing glassy carbon nanospinodals substantially exceeds
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Figure 2. Compressive stress—strain curves of glassy carbon nanospinodals with a) progressive and b) catastrophic failure; dashed lines indicate the
plateau stress, SEM images correspond to p = 19% and p = 34%, scale bars are 5 um. c) Energy absorption versus relative density. d) Comparison of
the energy absorption with metallic foams,3*3%] nanolattices, 1922241 |arge-scale beam-,12>1l and shell-based lattices.?'-34

that of any other 3D architected material (Figure 2d). We
measure 3-20 times increased specific energy absorption
compared to the most advanced nanolattices, 8102224 ag
well as larger-scale beam-, 3! and shell-based architected
materials.?'34 Compared to metal foams, our nanospinodals
show up to an order of magnitude increase in energy absorp-
tion capability.?**] While spinodal topologies are fully
isotropic, the U values measured herein are 2-6 times higher
than those of highly anisotropic nanohoneycombs/?*2+3¢ and
state-of-the-art impact protection structures like aluminum-,
glass fiber-, and Kevlar composite-tubes, and comparable to
those of carbon/peek tubes, which have the highest U on the
market.2] Remarkably, despite the ceramic constituent mate-
rial, the energy absorption efficiency (1), i.e., the ratio of energy
absorption (U) to compressive strength (c.),*”] of our nano-
spinodals is as high as n= 0.55, comparable to the highest
known values for metallic®! and plastic foams (Figure S4a,
Supporting Information).l3’)

While possessing superior energy absorption capability,
glassy carbon nanospinodals are at the same time ultrastrong
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and ultrastiff (Figure 3). Compressive strength-to-density ratios
are on par with or even above those of beam-based glassy carbon
nanolattices (Figure 3a), which are the strongest reported archi-
tected materials and were synthesized by the same fabrication
route as applied here.®1% The same is true for the compres-
sive stiffness (Figure 3b). Correlating with the two distinct
failure modes (progressive and catastrophic), both compressive
strength (o) and stiffness (E.) of glassy carbon nanospinodals
show two distinct scaling behaviors with p. In the progressive
(low p) range, o, and E. scale with p as o, ~ p"** and E. ~ p'*
, respectively. This is in excellent agreement with finite element
simulations (Figure 3b; Figure S3, Supporting Information) as
well as the reported theoretical behavior of shell-based spinodal
topologies.l'® In the same relative density range, all other high-
strength lattice materials have considerably less efficient scaling
behavior, with scaling exponents of 1.9-2.5.81% Similarly, in the
catastrophic regime, we found o. ~ p*¥ and E. ~ p*” for our
nanospinodals. This is comparable to the theoretically predicted
behavior of solid spinodal topologies, in which the solid phase is
the direct result of a spinodal decomposition process.['®]
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Figure 3. a) Compressive strength-versus-relative density and b) compressive stiffness-versus-relative density comparing glassy carbon nanospinodals
of this study to glassy carbon beam-nanolattices.®'% Solid lines denote fits on the experimental data, while dashed lines correspond to finite element

simulation results.

The observed transition from progressive to catastrophic
failure in glassy carbon nanospinodals (Figures 1 and 2) can be
explained by a shift in the propagation direction of emerging
cracks within the shell, depending on the shell thickness-to-
curvature radius ratio. To illustrate this, we consider a short
section of spinodal shell, of thickness (t), curvature radius (R),
and length of the order of the characteristic length scale of
the spinodal topology (i.e., the unit cell size). For simplicity,
we assume the Gaussian curvature to be equal to zero, so
that plane strain conditions apply. Figure 4 shows finite ele-
ment simulations of the compression response of such ideal-
ized shells for different t/R ratios. For thin uncracked shells
(Figure 4a), the maximum principal stress (in tension) is con-
centrated near the shell surface and oriented parallel to the
loading direction; tensile stresses transverse to the loading
direction are negligible. With increasing t/R, the maximum
positive principal stress shifts to the inside of the shell and is
now aligned transversally to the loading direction (Figure 4b,c).
In a real shell, small cracks with random orientation may pre-
exist throughout the structure. To investigate crack propaga-
tion, in Figure 4d—f we introduce two pre-existing cracks at
locations corresponding to the two tensile stress maxima iden-
tified in Figure 4a—c. Crack A is at the outside fiber near the
middle of the shell length, oriented transversely to the loading
direction, and crack B is at the central fiber, near the top of
the shell length and oriented parallel to the loading direc-
tion (Figure 4d). For thin shells (Figure 4d), crack A is under
mode I loading and propagates transversally through the shell,
whereas crack B is under compression and does not grow.
Increasing t/R cause compression of crack A and propagation
of crack B, which splits the shell longitudinally (Figure 4e,f).
In all cases, cracks start to grow unstably at applied strains
between 4% and 8%. Under shear loading (Figures S7 and
S8, Supporting Information), only transverse crack propaga-
tion occurs, independent on the t/R ratio; furthermore, crack
propagation requires substantially higher activation strains
than under compression. This strongly suggests that the exist-
ence of the two failure regimes (progressive and catastrophic)
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is related to compressive failure of shell segments aligned with
the loading direction.

These findings imply that sufficiently low-p spinodal struc-
tures under compression promote crack propagation trans-
verse to the loading direction and impede crack growth along
the loading direction. Although the shell sections of actual
spinodal structures have various orientations with respect
to an applied load, those aligned with the loading direction
experience the highest compressive loads. In the progressive
p regime, these shell sections crack transversally and only a
small portion of the structure collapses and folds, then the
mechanism starts again, leading to the layer-by-layer failure
(Movie S1, Supporting Information). By contrast, higher p
favor crack growth parallel to the loading direction within a
percolating path of material, which can continue across the
entire sample, thus inducing catastrophic failure (Movie S3,
Supporting Information). Both cases are apparent from
Figure 1, where the progressively failing structures gradually
fracture into small pieces, whereas long fracture surfaces span
across large parts of the structures in the catastrophic regime.
Near the progressive-to-catastrophic failure transition p
regime, both parallel and transverse crack growth may coexist
for a certain time (Figure 1, p = 23% and p = 31%; Figure 4e).
In the progressive failure regime, increasing vertical crack
formation does not lead to immediate failure; nonetheless,
it causes more pronounced stress drops (Figure 2a). For the
lower-p structures in the catastrophic failure regime, the lim-
ited number of progressive failure events before unstable
vertical crack growth allow minor stress plateaus (Figure 2b).
Depending on the first cracks to grow unstably, one propaga-
tion direction may eventually dominate (Figure 4), making
for the sharp transition between progressive and catastrophic
failure around p= 25% (Figure 2c). The energy absorption
efficiency (1) thereby quantifies the degree of catastrophic
events (Figure S4a, Supporting Information), where all pro-
gressively failing structures reach high efficiencies, decreasing
from 0.53 ( p= 15%) to 0.36 (p= 23%), before sharply drop-
ping to 0.04 (p 231%) in the catastrophic regime.
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In the progressive failure regime, an upper bound for the
absorbed energy per unit volume can be approximated by the
plateau stress (0,,) multiplied by the densification strain (g),
ie, U~0Opeq ~p" ' (1-1.4p) ~ p°°, with the measured plateau
strength scaling (0, ~ p"', Figure S4b, Supporting Informa-
tion). This is in good agreement with the nearly linear energy
absorption scaling measured experimentally (Figure 2c). Con-
versely, assuming catastrophic, purely linear elastic behavior,
the absorbed energy per unit volume can be estimated as
U~=0l|E. ~p**p*” ~p*®, with the measured o, and E_ scal-
ings; however, this rough estimate ignores energy absorption
past the first stress drop, as observed for the lower-p struc-
tures in the catastrophic regime (Figure 2b), which explains the
experimentally measured lower scaling exponent of 1.67.

The combination of optimized topology with an ultrastrong
constituent material provides the superior energy absorption
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capability of the glassy carbon nanospinodals presented
herein, compared to other lattices and commercial materials
(Figure 2d). Although beam-based lattices can be designed to
possess high-strength, their sharply intersecting beams cause
stress concentrations at the lattice nodes which serve as crack
propagation sites, >8] potentially causing the generally observed
catastrophic failure. By contrast, spinodal topologies are free
of pronounced stress concentrations,'® and as demonstrated
above, crack propagation can be tailored by design, resulting
in a very progressive failure mechanism. The high specific
strength of nanoscale glassy carbon compared to most bulk
materials may explain the superior energy absorption capability
of our nanospinodals compared to larger-scale periodic shell-
based structures with gyroid, p-Schwarz or other triply minimal
surface topologies.?®31 However, stochastic spinodal topologies
where shown remarkably imperfection insensitive compared
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to perfect shells, like thin walled cylinders,*® and lack of
periodicity has been shown to increase the damage toler-
ance of beam-based architectures;*” this suggests that
stochastic spinodals may also have topological advantages over
periodic shell-based designs for crack deflection and progressive
failure.

Despite being theoretically less efficient in terms of strength
and stiffness, the presented nanospinodals compete very well
with the most advanced beam-based lattices.>#1% Assuming
ideally pin-jointed nodes, strength and stiffness of beam-based
trusses scale linearly with the relative density; in practice,
nodes are rigid, and node bending as well as stress concentra-
tions and imperfections often notably impair the actual scaling
behavior and impose substantial knock-down factors to the
theoretical predictions.>6810 By contrast, stochastic spinodal
structures have been shown to be very imperfection insensitive
and the mechanical behavior reported here correlates well with
the theoretical models (Figure 3Db).l'¥l In particular, the strength
of beam-based nanolattices quickly becomes buckling-limited
when p is below 30%, due to the extremely high strength-to-
Young’s modulus ratio (o/E) of the constituent material.l?
Assuming o/E = 1/10 for the glassy carbon in this study,?
the buckling regime of nanospinodals starts below p=7%
(Figure S3, Supporting Information), again marking a consider-
able advantage of spinodal topologies over beam-based designs.

In summary, we show that nanospinodals, i.e., nanoarchi-
tectures with spinodal shell topology, possess unprecedented
combinations of high energy absorption, strength and stiffness
at low density. This unique multifunctionality is attributed to
three key features: (i) The nearly defect-free constituent glassy
carbon material, with strengths on the order of the bulk theo-
retical limit; (ii) the efficient isotropic shell topology, character-
ized by near-zero mean curvature and negative Gaussian cur-
vature; and (iii) a progressive failure mechanism that under
compression comminutes the structures in a layer-by-layer
fashion, preventing catastrophic failure. We explain this unique
failure mechanism with a simple numerical model, showing
that low shell thickness-to-curvature radius ratios impede the
propagation of cracks that are aligned with the loading direc-
tion. Thus, with substantially higher specific energy absorption
than any existing monolithic or architected material, yet ultra-
high strength and low weight, our glassy carbon nanospinodals
demonstrate a level of multifunctionality which has not been
shown in any other nanoarchitected material. Beyond what is
demonstrated here, the ability to broadly vary the ratios of fea-
ture size and shell curvature of spinodal topologies, depending
on the decomposition time at which geometries are extracted,
may allow to further enhance multiple mechanical properties,
such as the buckling resistance and imperfection sensitivity.[!8l
Furthermore, anisotropic spinodal designs allow optimization
for a particular load case,*!l potentially improving single-axis
performance compared to 2D structures like honeycombs.

Today, industrial application of architected materials (even
with macroscopic topological features) is hindered by manu-
facturing limitations. By contrast, spinodal decomposition of
a template material followed by material conversion may be
a manufacturing route competitive with state-of-the-art foam
production.*>* Nanospinodals have recently been demon-
strated to be orders of magnitude more scalable than additively
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manufactured nanolattices. Graphene and nickel nanospinodals
with millimeter-size overall dimensions, yet nanometer-size
features were fabricated via dealloying and polymeric Bijel tem-
plates, respectively.*4#3 The results of this study demonstrate
that such spinodal architectures are an ideal platform for the
next generation of superior cellular materials for structural
applications and impact protection systems.

Experimental Section

Topology Generation: The spinodal shell topology was generated
numerically in a two-step process.['® (i) A solid-phase spinodal topology
was generated via simulated spinodal-decomposition by solving
the Cahn-Hilliard equation over a cubic domain with edge length
(N), for two phases with equal volume fraction (see the Supporting
Information).*6471 Thereby, the selected decomposition time (t) at which
the topology is extracted controls its shape, where increasing t lead to
larger characteristic geometric feature sizes (A) and smaller interface
curvatures (see Figure S1, Supporting Information).'® Here, t was
adjusted to yield A of 0.2N-0.25N, which has been shown to combine
low imperfection sensitivity and high buckling-resistance.'® (i) The
final shell spinodal topology was extracted from the contrast gradient
of image slices of the two-phase solid, which were reduced to binary
images via a threshold function.

Fabrication: Polymeric structures were printed on silicon substrates
from the photoresist IP-Dip (Nanoscribe GmbH) using a Photonic
Professional GT (Nanoscribe GmbH) DLW system. After DLW, samples
were submerged in propylene glycol monomethyl ether acetate for 20 min,
to dissolve uncured photoresist, followed by a 5 min long isopropanol
bath for further cleaning. Subsequently, specimens were dried using an
Autosamdri-931 (Tousimis Research Corp. Inc.) critical point dryer. The
polymeric specimens were then pyrolyzed to glassy carbon at 900 °C
in a vacuum tube furnace (see Figure S2, Supporting Information).1%
Adjusting the structure-size-to-shell-thickness ratio of the polymeric
templates resulted in 13—6 um size glassy carbon nanospinodals with
0.17-0.3 um thick shells and p = 15-40%, respectively.

Experimental Characterization: Specimen dimensions were optically
measured using an FElI Magellan 400XHR (Thermo Fisher Scientific
Inc.) scanning electron microscope (SEM). To determine the mechanical
properties of glassy carbon nanospinodals, uniaxial compression
experiments were performed at a constant strain rate of 0.001 s™' using
a FT-NMTO03 (FemtoTools AG) nanomechanical testing system equipped
with an FT-S200 sensor and an Alemnis nanoindenter (Alemnis AG)
with a flat punch diamond tip, 100 um in diameter. Load—displacement
curves were recorded, and the displacement was corrected for equipment
and substrate compliances via a digital image correlation algorithm
developed in house. Three samples per each density were tested.
Applying the measured dimensions, engineering stress and strain were
determined. Compressive stiffness (E.) and strength (o) were extracted
as the maximum slope in the linear elastic regime and the maximum
engineering stress before densification, respectively. The plateau stress
is calculated as the average compressive stress between initial failure and
densification.[*¥] Relative (p) and effective densities (p) were determined
by CAD models and SEM measured dimensions, with a density of glassy
carbon of 1.3-1.5 g cm=3.4%5% The energy absorption per unit volume (U)
was calculated as the area under the stress—strain curve until catastrophic
failure or until the densification strain €4 = 1—1.4p," whichever occured
first. The specific energy absorptions (U) is given by U = U/p.

Finite Element Analysis: Finite element simulations were carried
out in ABAQUS (Dassault Systémes SE). E. and o, of glassy carbon
nanospinodals were simulated using shell elements (S3R) in
geometrically nonlinear analyses, with an elastic perfectly plastic
constituent material, with a Young’s modulus of 34 GPa (see Figure S5,
Supporting Information) and a yield stress of 3.4 GPa.’2l The models
were fixed on bottom surfaces, free at their sides, and subjected to a
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uniform vertical displacement on the top surfaces, matching the
experimental conditions. For the crack propagation analysis, a nonlinear
eXtended finite element method analysis with plane stress quadratic
elements (CPS4R) with a constant element size between the different
t/R models was used. The models were deformed until the first crack
fully propagated. To account for mesh sensitivity, analyses with two
different mesh sizes, with 100 and 200 elements per the model length
(L), respectively (8 and 16 across t for the thinnest cross-section), were
performed and the same results were obtained. Linear elastic material
behavior, with a Young’s modulus of 34 GPa, and a crack propagation
stress of 500 MPa was applied. See Figure S6 of the Supporting
Information for boundary conditions and geometrical details.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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