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Ultralight (<10 milligrams per cubic centimeter) cellular materials are desirable for thermal
insulation; battery electrodes; catalyst supports; and acoustic, vibration, or shock energy damping.
We present ultralight materials based on periodic hollow-tube microlattices. These materials are
fabricated by starting with a template formed by self-propagating photopolymer waveguide
prototyping, coating the template by electroless nickel plating, and subsequently etching away
the template. The resulting metallic microlattices exhibit densities p > 0.9 milligram per cubic
centimeter, complete recovery after compression exceeding 50% strain, and energy absorption similar

to elastomers. Young's modulus E scales with density as £ ~ p?,

in contrast to the F ~ p* scaling

observed for ultralight aerogels and carbon nanotube foams with stochastic architecture. We attribute
these properties to structural hierarchy at the nanometer, micrometer, and millimeter scales.

terials are defined both by their cellular

architecture (i.e., the spatial configuration
of'voids and solid) and the properties of the solid
constituent (e.g., stiffness, strength, etc.). In the
ultralight regime below 10 mg/cm®, very few ma-
terials currently exist: silica aerogels [density p >
1 mg/cm3 (1, 2)], carbon nanotube aerogels [p >4
mg/em?® (3)], metallic foams [p > 10 mg/em?® (4, 5)],
and polymer foams [p > 8 mg/cm” (6, 7)]. These
materials have a wide range of applications, such
as thermal insulation, shock or vibration damp-
ing, acoustic absorption, and current collectors in
battery electrodes and catalyst supports (8). All of
the ultralow-density materials mentioned above
have random cellular architectures. This random
cell structure results in some beneficial properties
(e.g., high specific surface area and restriction of
gas flow), but generally the inefficient distri-
bution of the constituent results in specific prop-
erties (e.g., stiffness, strength, energy absorption,
and conductivity) far below those of the bulk
material (8). As an example, Young’s modulus,
E, of ultralight stochastic materials scales poorly
with density, generally following £ ~ p* (9), in
contrast to the well-known E ~ p* relationship for
random open-cell foams with higher relative
densities (8). In large-scale structures, it has been
shown that introducing order and hierarchy can
substantially improve material utilization and re-
sultant properties. For instance, the Eiffel Tower
possesses a relative density similar to that of low-
density aerogels (/0) but is clearly structurally
robust. The size difference between the smallest
and largest structural features will determine the
degree of hierarchy that can be achieved. In this
paper, we present a method for creating ordered
hollow-tube lattice materials with a minimum
scale of ~100 nm. Coupled with control over pm-
to cm-scale structural features, this enables us to
bring the benefits of order and hierarchy down

The effective properties of low-density ma-
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to the materials level. The result is an ultralight-
weight cellular material with efficient material
utilization, a Young’s modulus that follows £ ~
p?, and the ability to recover from >50% com-
pression while demonstrating large energy absorp-
tion upon cyclic loading.

The base architecture of our metallic micro-
lattices consists of a periodic array of hollow
tubes that connect at nodes, forming an octahe-
dral unit cell without any lattice members in the
basal plane. Figure 1 illustrates how the micro-
lattice architecture can be distilled into three levels
of hierarchy at three distinct length scales: unit
cell (~mm to cm), hollow tube lattice member
(~um to mm), and hollow tube wall (~nm to um).
Each architectural element can be controlled in-
dependently, providing exceptional control over
the design and properties of the resulting micro-
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lattice. The architecture determines the relative den-
sity of the lattice, with the absolute density dictated
by the film material.

The fabrication process begins with solid mi-
crolattice templates fabricated by using a self-
propagating photopolymer waveguide technique.
In this method, a thiol-ene liquid photomonomer
is exposed to collimated ultraviolet (UV) light
through a patterned mask, producing an inter-
connected three-dimensional photopolymer lat-
tice (/7). A wide array of different architectures
with unit cell dimensions ranging from 0.1 to >10
mm can be made by altering the mask pattern and
the angle of the incident light (72, 13). Here, we
focus on architectures with 1- to 4-mm lattice
member length Z, 100- to 500-um lattice member
diameter D, 100- to 500-nm wall thickness ¢,
and 60° inclination angle 6, similar to the mi-
crolattices depicted in Fig. 1. Conformal nickel-
phosphorous thin films were deposited on the
polymer lattices by electroless plating, and the
polymer was subsequently etched out (table S1).
The autocatalytic electroless nickel-plating reac-
tion enables deposition of thin films with con-
trolled thickness on complex shapes and inside
pores without noticeable mass transport limita-
tions. The ultralight microlattice essentially trans-
lates the deposited nanoscale thin film in three
dimensions to form a macroscopic material where
the base structural elements are hollow tubes. By
controlling the reaction time, a 100-nm-thick uni-
form conformal coating can be achieved, resulting
in a cellular material with a density of 0.9 mg/cm®
(Fig. 1). The density is calculated by using the
weight of the solid structure but not including the
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Fig. 1. Design, processing, and cellular architecture of ultralight microlattices. (A) Polymer microlattice
templates are fabricated from a three-dimensional array of self-propagating photopolymer waveguides. (B)
The open-cellular templates are electroless plated with a conformal Ni-P thin film followed by etch removal
of the template. (C) Image of the lightest Ni-P microlattice fabricated with this approach: 0.9 mg/cm®.
(D and E) Images of two as-fabricated microlattices along with a breakdown of the relevant architec-

tural elements.
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weight of air in the pores, adhering to the standard
practice for cellular materials. The density of air at
ambient conditions, 1.2 mg/ecm®, multiplied by its
volume fraction would need to be added to ex-
press the density of the solid-air composite. This
method to form microlattices allows significantly
more control than typical methods for forming
other ultralightweight materials, such as foams
and aerogels, where nominally random processes
govern porosity formation.

Characterization of the base constituent by
transmission electron microscopy (TEM) revealed
that as-deposited electroless nickel thin films have
an average grain size of ~7 nm, which is consistent
with literature reports (/4, 15). Energy-dispersive
x-ray spectroscopy confirmed that the film com-
position is 7% phosphorous and 93% nickel by
weight. Because the films were not annealed after
deposition, they remained as a supersaturated
solid solution of phosphorous in a crystalline

REPORTS

face-centered cubic nickel lattice with no Ni;P pre-
cipitates present (/4). The 7-nm grain size ren-
ders electroless nickel thin films harder and more
brittle than typical nano- and microcrystalline
nickel. A hardness of 6 GPa and a modulus of
210 GPa were measured by nanoindentation
and hollow tube compression experiments, re-
spectively (/6).

Compression experiments on the as-formed
microlattices showed a nearly complete recovery

Fig. 2. Nickel microlattices exhibit recoverable deformation. (A) Before deformation. (B) 15%
compression. (C) 50% compression. (D) Full recovery after removal of load. (E) Optical image of

unit cell unloaded. (F) Example of node buckling under compression. (G) SEM image of node before testing. (H) SEM image of node after six compression
cycles at 50% strain. (The compression test is shown in movie S1.)
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Fig. 3. Multicycle compression test results of nickel microlattices.
(A) Stress-strain curves of a microlattice with 14 mg/cm® ex-
hibiting recoverable deformation (compare with Fig. 2). (B)
History of compressive modulus, yield stress, maximum stress,
and energy loss coefficient during the first six compression
cycles shown in (A). (C) Stress-strain curve of a microlattice
with a density of 1.0 mg/cm?. (D) Stress-strain curves of a mi-
crolattice with 43 mg/cm® showing deformation more typical
for metallic cellular materials. (E) SEM micrograph of post-
nanoindentation mark in 500-nm-thick electroless nickel film

demonstrating brittle behavior.
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from strains exceeding 50% (movie S1). Figure
2, A to D, provides images of a 14 mg/cm® mi-
crolattice sample (L = 1050 um, D =150 um, ¢ =
500 nm) during compression testing, and Fig. 3A
conveys the corresponding stress-strain curve
measured at a prescribed displacement rate of
10 um/s. In this experiment, the sample was not
constrained by face sheets or attached to any
compression platens. Because of a small taper
in lattice strut diameter, the deformation typ-
ically initiates at a particular surface. Upon first
compression, the lattice exhibits a compressive
modulus of 529 kPa, with deviations from lin-
ear elastic behavior starting at ~10 kPa. The stress
decreases slightly after the peak, which is as-
sociated with buckling and node fracture events,
and a broad plateau is subsequently established in
the stress-strain curve as buckling and localized
node fracture events spread through the lattice.
Figure 2C shows the microlattice at 50% com-
pression. Upon unloading, the stress drops rapid-
ly but does not approach zero until the platen is
close to its original position. After removing the
load, the microlattice recovers to 98% of its orig-
inal height and resumes its original shape (Figs.
2D and 3A).

The stress-strain behavior corresponding to
the first cycle is never repeated during subsequent
testing. Rather, during a second compression, the
peak stress is absent and the “pseudohardening”
behavior changes, but the stress level achieved at
50% strain is only 10% lower than that after the
first cycle. Consecutive compression cycles ex-
hibit stress-strain curves nearly identical to those
of the second compression. Stiffness and strength
diminish with cycle number but remain almost
constant after the third cycle (Fig. 3B). The mi-
crolattice also shows significant hysteresis during
compression experiments. For the first cycle, we
estimate the work done in compression to be
4.6 mJ/em® and the energy dissipation to be
3.5 mJ/em?, yielding an energy loss coefficient
(Au/u) of 0.77. This large energy dissipation re-
sults from extensive node microcracking and
thus is limited to the first cycle. After three cy-
cles, a nearly constant energy loss coefficient
of ~0.4 is calculated (Fig. 3B). From this esti-
mate, we extract a loss coefficient (tan J) of
~0.16 (17), an order of magnitude higher than
for typical nickel foams (/8). Figure 3C shows
the stress-strain response of a 1.0 mg/cm® sample
with larger unit cells (L =4 mm, D =500 pm, =
120 nm), illustrating that different microlattice
architectures in the ultralow-density regime result
in similar behavior [although this sample under-
went an additional freeze-drying process step that
caused some damage (table S1)]. Increasing the
density and wall thickness eventually led to a com-
pression behavior more typical for metallic cellular
materials. Figure 3D shows the stress-strain curve
for a 43-mg/em’ sample (L= 1050 pm, D= 150 um,
¢t= 1400 nm), for which recovery upon unloading
from 50% strain is essentially absent.

Optical examination of the ultralight micro-
lattices during deformation suggests that defor-
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mation initiates by local buckling at the nodes
(Fig. 2, E and F). A closer inspection of the
microlattices by scanning electron microscopy
(SEM) shows that cracks and wrinkles are intro-
duced primarily at the nodes during compres-
sion (Fig. 2, G and H). This damage is responsible
for the 1 to 2% residual strain observed after the
first compression cycle, as well as for the drop in
yield strength and modulus during subsequent
compression cycles. Once stable “relief cracks”
form at the nodes, the bulk microlattice material
can undergo large effective compressive strains
through extensive rotations about remnant node
ligaments, but with negligible strain in the solid
nickel-phosphorous material, thus requiring no
further fracture or plastic deformation. This prop-
erty results in the reversible compressive behavior
shown in Figs. 2 and 3. The extremely small wall
thickness—to—diameter ratio is essential for this de-
formation mechanism. Increasing this aspect ratio
leads to excessive fracture and loss of recover-
ability (Fig. 3D).

The rise in stress at strains of ~40% (Fig. 3A)
is a result of increased interaction between lattice
members after localized compression at the nodes
and should not be confused with densification,
which in these samples does not occur until strains
exceed 90% (fig. S2).

Similar stress-strain curves as presented in
Fig. 3A are typical for viscoelastic polymer foams
(19) and carbon nanotube forests (20) but not
for metal-based materials, implying a nonconven-
tional loss mechanism is present. Two energy-loss
mechanisms could possibly explain the energy
dissipation during compression cycles: (i) struc-
tural damping because of snapping events (e.g.,
kinking or local buckling of the trusses) and (ii)
mechanical or Coulomb friction between con-
tacting members (or a combination of both). This
mechanical behavior is especially unexpected con-
sidering the relatively brittle nature of the constit-
uent electroless nickel thin film, as evidenced by
the formation of cracks near a residual indenta-

tion mark (Fig. 3E) and the rapid collapse upon
single hollow truss member compressions (/6).
The brittle nature of the film arises from its nano-
grained microstructure (~7 nm) that hinders plastic
deformation by dislocation motion (27). How-
ever, at the bulk scale microlattices exhibit com-
pletely different properties, because the cellular
architecture effectively transforms this brittle thin
film into a ductile, superelastic lattice by enabling
sufficient freedom for deformation and tolerance
to local strains through formation of stable relief
cracks.

Plotting the relative compressive modulus,
E/E, of various fabricated microlattices versus
their relative density, p/ps, shows that the modulus
scales with (p/p,)* (Fig. 4). This scaling law in-
dicates bending-dominated mechanical behavior
similar to open-cell stochastic foams (8). In con-
trast, other materials with densities < 10 mg/cm3,
such as aerogels and carbon nanotube (CNT)
foams, exhibit a steeper scaling of E/E; ~ (p/ps)®
(Fig. 4) (22, 23), because of inefficient load transfer
between ligaments. (Incidentally, this also affects
the structural stability of a self-supporting cellular
material, imposing a lower bound on density.) We
notice that, although the relative modulus of
topologically designed periodic lattice materials
[such as octet-truss lattices (24)] typically scales
linearly with relative density (25, 26), we do not
expect the same scaling for the microlattices
described here because of the absence of struts in
the basal plane (26) and the ultrathin-walled
hollow nodes, both of which facilitate localized
bending deformation (Fig. 2F). Nonetheless, the
marked improvement in mechanical efficiency
over any other existing ultralightweight material,
achieved by controlling both dimensions and
periodicity of the architecture, enabled a self-
supporting cellular material with a relative density
an order of magnitude lower than previously re-
alized. Further, by transforming a brittle Ni-P thin
film into a three-dimensional cellular material and
designing a hierarchical cellular architecture at three

B Ni-P Micro-lattices (this work) Fig. 4. Relative compres-
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distinct length scales, we demonstrated the emer-
gence of entirely different mechanical properties.
In addition to possible applications for an ultra-
light material with high energy absorption and
recoverability, we anticipate that these results will
help reshape our understanding of the interac-
tion between material properties and structural
architecture.
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Silica-Like Malleable Materials from
Permanent Organic Networks

Damien Montarnal, Mathieu Capelot, Francois Tournilhac, Ludwik Leibler*

Permanently cross-linked materials have outstanding mechanical properties and solvent resistance,
but they cannot be processed and reshaped once synthesized. Non—cross-linked polymers and
those with reversible cross-links are processable, but they are soluble. We designed epoxy networks
that can rearrange their topology by exchange reactions without depolymerization and showed
that they are insoluble and processable. Unlike organic compounds and polymers whose viscosity
varies abruptly near the glass transition, these networks show Arrhenius-like gradual viscosity
variations like those of vitreous silica. Like silica, the materials can be wrought and welded to make
complex objects by local heating without the use of molds. The concept of a glass made by
reversible topology freezing in epoxy networks can be readily scaled up for applications and

generalized to other chemistries.

be polymerized in a mold having the

shape of the desired object because once
the reaction is completed, the polymer cannot be
reshaped or reprocessed by heat or with solvent.
In contrast, thermoplastics, when heated, can flow,
which permits extrusion, injection, and molding
of objects. Depending on the chemical nature of
the plastic, during cooling, solidification occurs
by crystallization or by glass transition. During
vitrification, as the temperature is lowered below
the glass transition, the viscosity abruptly in-

Thermoset polymers such as Bakelite must
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creases in a narrow temperature range, and the
material becomes so viscous that it behaves
essentially like a solid with an elastic modulus
of about 10° to 10'° Pa (/). Nevertheless, com-
pared to processable plastics, cross-linked poly-
mers have superior dimensional stability; have
high-temperature mechanical, thermal, and envi-
ronmental resistance; and are irreplaceable in many
demanding applications, such as in the aircraft
industry. High-performance coatings, adhesives,
rubbers, light-emitting diode lenses, and solar cell
encapsulants are made of permanently cross-linked
polymer networks as well.

Making covalent links reversible could pro-
vide a way to combine processability, reparability,
and high performance (2—6). Networks with bonds
able to break and reform (7-9) or to exchange
pairs of atoms (/0) can relax stresses and flow.

The challenge is to allow rapid reversible reac-
tions at high temperatures or by a convenient
stimulus and to fix the network at service condi-
tions. In this context, cleavage or exchange reac-
tions by addition-fragmentation in the presence of
radicals offer interesting possibilities (5, 1/—14).
Scott et al. demonstrated photoinduced plas-
ticity in cross-linked polymers (/7). Similarly,
reparability and self-healing can be induced either
thermally (/3) or photochemically (15, /6) in
radical systems. However, these systems undergo
unavoidable termination reactions that limit re-
versibility of the networks.

In parallel, a completely different concept
based on chemical equilibrium between bond
breaking and reforming without irreversible side
reactions has been developed (17-20). In these
systems, heating has two effects: It displaces
the equilibrium toward depolymerization and it
accelerates the bond breaking and reforming rate
(8, 9). The advantage of such reversible links is
that both above-mentioned effects act together to
bring fluidity and thus processability (5, 17-19).
They are, however, detrimental to the network
integrity and performance. Chen et a/. have shown
that to avoid flow and creep at service temper-
atures, one can rely, as in thermoplastics, on glass
transition to quench the system (/7). Unfortu-
nately, the systems based on chemical equilibri-
um between bond breaking and reforming are
sensitive to solvents because in the presence of a
solvent, the chemical equilibrium is displaced
toward network depolymerization and dissolu-
tion (79).

We sought to show that reversible networks
can flow while maintaining their integrity and
insolubility at high temperature. The idea is to
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