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In this work, we investigate the anelastic deformation behavior of periodic three-
dimensional (3D) nanolattices with extremely thin shell thicknesses using nanoindenta-
tion. The results show that the nanolattice continues to deform with time under a
constant load. In the case of 30-nm-thick aluminum oxide nanolattices, the anelastic
deformation accounts for up to 18.1% of the elastic deformation for a constant load of
500 μN. The nanolattices also exhibit up to 15.7% recovery after unloading. Finite ele-
ment analysis (FEA) coupled with diffusion of point defects is conducted, which is in
qualitative agreement with the experimental results. The anelastic behavior can be
attributed to the diffusion of point defects in the presence of a stress gradient and is
reversible when the deformation is removed. The FEA model quantifies the evolution
of the stress gradient and defect concentration and demonstrates the important role of a
wavy tube profile in the diffusion of point defects. The reported anelastic deformation
behavior can shed light on time-dependent response of nanolattice materials with impli-
cation for energy dissipation applications.
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Porous or cellular materials are prevalent in nature and couple both excellent mechani-
cal properties and low density. Such materials including sea sponge skeletons, bones,
diatoms, cell walls, and bamboos are widely used for structural support or protection
(1–6). However, porous materials with random architecture tend to have poor mechan-
ical properties at low density, therefore ordered architecture that are periodic or hierar-
chical are important in achieving the maximum strength and stiffness while reducing
weight. For example, the skeleton structure of the sea sponges forms a three-
dimensional (3D) cylindrical network by orderly arranged cruciform spicules in verti-
cal, horizontal, and diagonal directions along the skin. This intricate and organized
architecture significantly increases the strength and stiffness of the structures (5, 7, 8).
Additional novel material behavior can be observed when the geometry is scaled down
to ∼10 s nm (9–11). Recent works on hallow nanolattices fabricated using two-photon
polymerization (TPP) have shown that by decreasing the wall thickness of nanolattices,
the material can fully recover even after compression up to 50% (12). Nanolattice films
with high optically transparency, low refractive index, low elastic modulus, and
strength vs. density scaling as low as 1.1 have also been demonstrated (13–15).
In addition to enhancing strength and stiffness, recent works on engineered nanolatti-

ces or nano-architected materials composed of ceramic, metallic, and metallic glass
showed large hysteresis/recoverability and associated energy dissipation (10, 12, 16–22).
For hollow-tube truss lattices or shell lattices, reducing the thickness of the hollow beams
or shells to nanoscale was critical for the recoverability. Shell buckling was proposed to
be the precursor of the hysteresis/recoverability. However, the underlying mechanism of
how shell buckling leads to the hysteresis/recoverability remains elusive.
Large anelasticity has been reported recently in Al thin film (23) and single nano-

wires (24, 25). Anelastic solids represent a subset of viscoelastic materials, which mani-
fest in a time-dependent, nonelastic response in addition to an instantaneous elastic
response and a full recovery after removal of the load (26). Often termed “internal
friction,” anelasticity is typically associated with motion of point defects (27–29), dislo-
cations, grain boundaries, or other types of defects. Anelasticity has been studied in the
macroscopic scale but found to be very small (30–33). Recent work has found that
single-crystalline ZnO and p-doped Si nanowires under bending can exhibit anelastic
behavior that is up to four orders of magnitude larger than the largest anelasticity
observed in bulk materials with a recovery time-scale in the order of minutes (22).
Experiments and simulations revealed that the large anelasticity is a result of point
defect diffusion over nanoscale distances (22, 34–36). While these works advance the
knowledge of anelasticity, it is unclear if the large anelasticity observed in single nano-
wires can occur in 3D sophisticated structures containing nanoscale constituents.
In this work, we demonstrated that anelasticity induced by point defect diffusion is

responsible for the hysteresis/recoverability in nanolattice structures. Oxide nanolattices
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with thin shell thickness in the range of 30–75 nm were tested
with a nanoindenter. After the elastic loading, the nanoindenter
was held under a constant load while the displacement increased
with time; after the elastic unloading, the displacement decreased
with time. This time-dependent deformation and recovery
behavior occurred generally for oxide nanolattices with different
shell thickness, under different load levels, and for different
oxide materials. Finite element analysis (FEA) accounting for the
point defect diffusion was able to predict the time-dependent
deformation and recovery behavior, in qualitative agreement
with the experiments. The coupled mechanical-diffusion model
revealed the role of point defect diffusion induced anelasticity in
the time-dependent deformation and recovery in nanolattice
structures. The indentation induces bending of the thin shells,
which results in a stress gradient that drives the point defect dif-
fusion within the shells. In comparison with existing work in
1D nanowires, where anelastic effect is driven by a uniform
stress gradient across the diameter under bending, the enabling
mechanism in the tubular nanolattice is the wavy profile that
give rises to high stress gradients in the hollow shells. This work
demonstrates that engineering the geometric profile of nanolatti-
ces can be an effective method to control anelastic behaviors.

RESULTS AND DISCUSSION

Nanoindentation Experiment. The deformation behavior of the
nanolattice consisting of four stages and the associated anelasticity
mechanism is illustrated schematically in Fig. 1. In Stage I, an
increasing load is applied to the nanolattice, resulting in elastic
bending deformation of the nanolattice. In this stage, the point
defect concentration is assumed to remain uniform throughout
the structure. The load is then held over a long duration of time
to allow the defects to diffuse in the presence of the stress gradient
(Stage II). This results in a nonuniform defect concentration pro-
file, which leads to further anelastic deformation of the structure.

The load is gradually removed in Stage III, during which the stress
gradient induced by the elastic bending deformation is removed.
At last, Stage IV is held for an extended amount of time to allow
the defects to diffuse back to a uniform concentration profile and
enabling the recovery of the anelastic deformation.

The 3D periodic nanolattice is fabricated on a silicon sub-
strate using a process that has been previously described
(13–15). The fabrication process of the nanolattices is shown in
Fig. 2A. The periodic photoresist structure is patterned by 3D
colloidal lithography using a monodisperse hexagonal-closed-
packed nanospheres monolayer (37–40). The periodic features
can be controlled by the ratio of the nanospheres diameter and
the wavelength of the illumination. The subsequent atomic layer
deposition (ALD) process yields a thin conformal coating on the
patterned photoresist with a desired thickness. For the anelastic-
ity testing performed in this work, Al2O3 and ZnO nanolattices
with thickness ranging from 30 nm to 75 nm are deposited in
the ALD process. A high-temperature treatment process at
550 °C is employed to remove the sacrificial polymer template,
resulting in a thin-shell oxide nanolattice with average radius of
125 nm. The lattice structure in plane is hexagonal-close-packed
with a spacing of 500 nm. The details of the fabrication process
are provided in the Materials and Methods section.

Scanning electron microscope (SEM) images of the nanolat-
tices after removing the photoresist are shown in Fig. 2. Here,
it can be observed that the oxide structures are freestanding and
periodic. In this work, the nanolattices are one layer, with the
thickness of 1 μm. The freestanding Al2O3 nanolattices with
30- and 40-nm shell thicknesses are shown in Fig. 2 B and C,
respectively. The Al2O3 film is expected to be amorphous for
the deposition and annealing conditions (41–44). A ZnO
nanolattice with 75 nm in shell thickness, which is polycrystal-
line (45, 46), as shown in Fig. 2D, was fabricated and tested to
examine material effects.

The nanoindentation results of the nanolattices are shown in
Fig. 3 and a five-data-point simple moving average is employed
to mitigate the environmental noise during the measurement.
The applied force profile and representative measured displace-
ment vs. time for structures with 30- and 40-nm-thick Al2O3

shells are illustrated in Fig. 3A. Two force profiles are used,
reaching the maximum loads of 500 μN and 800 μN with load-
ing rate of 0.8 and 2.0 mN/min, respectively. Once reaching the
maximum load, the indenter holds the constant load for 120 s
to examine the anelastic deformation. Here, it can be observed
that the nanolattices for both samples continue to deform during
the holding period. During unloading, the indenter reduces the
load to 10 μN and holds for another 120 s to examine the
anelastic recovery. It can be observed that both nanolattices con-
tinue to recover during the holding period. Note that the load is
reduced to 10 μN rather than zero because a small load (10 μN
in this case) must be applied in order to maintain a stable
indenter-sample contact. More individual indentation data are
included in the SI Appendix, section A.

The force-displacement curves in Fig. 3B clearly show the
time-dependent, anelastic deformation as the forces are held at
500 μN and 800 μN. In the case of 30-nm-thick nanolattices,
the indentation displacement increases from 97.5 to 115.1 nm
and 130.3 to 149.7 nm under 500 and 800 μN loading, respec-
tively, for 120 s. The similar phenomenon is observed during
the unloading process. As the load is held at 10 μN, the dis-
placement keeps decreasing for all the cases. This is the evident
of the anelastic recovery as the load is removed. In the case of
30-nm-thick nanolattices (peak load, 500 μN), the indentation
displacement reduces from 51.0 nm to 40.9 nm as the load is

Fig. 1. Schematic of the indentation test. In Stage I, a load with constant
loading rate is applied on the nanolattices and results in elastic deforma-
tion and stress gradient in the elements. The load is then held constant
to allow the diffusion of the defects across the stress gradient, resulting in the
anelastic deformation shown in Stage II. In Stage III the load is removed, and
the stress gradient induced by the elastic deformation is removed. This stage
is held for an extended amount of time to allow the defect to diffuse back to a
uniform profile and enabling the recovery of the anelastic deformation in
Stage IV.
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held at 10 μN for 120 s. For the same 30 nm sample (peak load,
800 μN), the indentation displacement reduces from 85.4 nm to
76.9 nm as the load is held at 10 μN for 120 s.
Two parameters, αd and αr, are introduced here to quantify

the anelasticity of the nanolattices during the loading and
unloading processes, respectively. αd is defined as the ratio of
the anelastic deformation during the holding period (after load-
ing) to the elastic displacement at the maximum load. To illus-
trate by Fig. 1, αd is the anelastic deformation in Stage II
divided by the maximum displacement at Stage I. Similarly, αr
is defined as the ratio of the anelastic recovery during the hold-
ing period (after unloading) to the recovered elastic displacement
during unloading. In the Fig. 1, it can be calculated as the
anelastic recovery in Stage IV divided by the recovered elastic
displacement different in Stage III. The anelastic deformation
and recovery ratios over time are shown in Fig. 3 C and D,
respectively. It can be observed in Fig. 3C that the anelastic
deformation ratio increases rapidly during the first 20 s and then
increases more gradually afterward. In the case of 30-nm-thick
Al2O3 nanolattices, the trends of αd are similar under different
loads. αd reaches 18.1% and 14.9% under 500 and 800 μN,
respectively, after 120 s. The result indicates that the anelastic
displacement increases under an increasing load. Similar phe-
nomenon can also be found during the recovery process. As
shown in Fig. 3D, αr increases rapidly at first and approaches
15.7% and 9.5% when unloaded from 500 and 800 μN, respec-
tively, after the 120 s hold.
For nanolattices with higher shell thickness, the time-

dependent anelastic behavior becomes less evident. As shown in
Fig. 3 B–D, the elastic deformation of a 40-nm thick Al2O3

nanolattice under 800 μN loading is 82.3 nm and further
reaches 84.3 nm after the 120-s hold time, leading to an anelas-
tic deformation ratio αr of 2.4%. After reducing the loading to
10 μN, the sample instantly recovers to the indentation depth of
35.6 nm and further reduces 33.7 nm at the end of the 120 s
unloading, with the anelastic recover ratio αd of 3.9%. The 30
nanoindentation test results of the 30-nm nanolattice sample at
both 500 and 800 μN hold loads are shown in SI Appendix,
section A. The time constants of the anelastic deformation and
recovery are determined through curve fitting and agree well
with the modeled diffusion behavior (SI Appendix, Fig. S3).
This anelastic behavior can also be observed in other materi-

als, albeit with different degrees. ZnO nanolattices with 75-nm
shell thickness are also examined under 1,000 μN loading, as

described in SI Appendix, section B. The ZnO nanolattices
show 10.1% of αd and 3.6% of αr. In addition, the variations
of the measurement data are high as well. This can be attrib-
uted to the relatively low fabrication yield of the thicker nano-
lattice samples, which can result in cracks during the thermal
treatment process. The anelastic deformation and recovery
behavior of ZnO samples with 75-nm shell thickness during
the 120 s hold after loading and unloading are shown in the SI
Appendix, section B.

Finite Element Analysis. To provide mechanistic insights into
the observed anelastic behavior, we conducted finite element
analysis (FEA) incorporating the diffusion of point defects. The
anelasticity in this case is essentially coupled with stress-assisted
diffusion. The diffusion equation is given by (47–49)

∂c
∂t

= D∇2c � D
V
RT

∇c � ∇σh � Dc
V
RT

∇2σh , [1]

where c is the point defect concentration, D is the diffusivity,
V = 1:4 × 10�29 m3 is the partial molar volume of the point
defect (29, 50), R is the universal gas constant, T is the abso-
lute temperature, and σh is the hydrostatic stress. In the diffu-
sion model, only one source of point defects, oxygen vacancy,
is considered. By solving Eq. 1, the defect concentration profile
for the nanolattice under stress can be calculated as a function
of time. Note that here we only consider the stress-driven diffu-
sion, while neglecting the diffusion-induced stresses. The diffu-
sion induced stresses can be estimated by 1=3EVc (with E as
the Young’s modulus) (22, 49), which is orders of magnitude
smaller than the bending-induced stresses.

COMSOL Multiphysics was used to solve the 3D coupled
structural-diffusion problem, as discussed in more details in SI
Appendix, section C. The nanolattice structure was modeled as a
top plate supported by thin-shell hollow tubes with the wavy
and tapered profile as observed in the experiments (Fig. 2).
Dimensions of the nanolattice structure were given in accordance
with the experimental values. A quarter of the nanolattice struc-
ture was modeled in view of the fourfold symmetry of the struc-
ture. Two approximations were made in the simulation. First,
only four tubes immediately below the indenter tip were simu-
lated (total 16 considering the fourfold symmetry), as shown in
Fig. 4A, instead of the very large number (>50) of tubes in the
experiment. According to our previous work (13), 16 tubes near
the contact region can well capture the deformation field, beyond

Fig. 2. SEM images of the nanolattice cross-sections. (A) Fabrication process of the nanolattices. (B) 30 nm Al2O3 nanolattices. (C) 40 nm Al2O3 nanolattices.
(D) 75 nm ZnO nanolattices.

PNAS 2022 Vol. 119 No. 38 e2201589119 https://doi.org/10.1073/pnas.2201589119 3 of 8

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

N
or

th
 C

ar
ol

in
a 

St
at

e 
U

ni
ve

rs
ity

 L
ib

ra
rie

s o
n 

Se
pt

em
be

r 1
4,

 2
02

2 
fr

om
 IP

 a
dd

re
ss

 1
52

.1
4.

11
4.

25
0.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201589119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201589119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201589119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201589119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201589119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201589119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201589119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201589119/-/DCSupplemental


which the deformation is negligible. For the convenience of the
subsequent analyses, the x-axis is set to be along the diagonal
direction (from the center of the indentation to the corner), as
shown in Fig. 4A. Second, in COMSOL it is challenging to sim-
ulate the full contact mechanics problem in the presence of
structural-diffusion coupling. Therefore, we obtained the contact
pressure distribution first and then applied the pressure to solve
the coupled structural-diffusion problem. Here the pressure dis-
tribution was simplified according to the contact between a
sphere and a half-space, as given by

pðrÞ = 1
π

6FE �2

R2

� �1=3
1� r2

a2

� �1=2
, [2]

where F is the applied force, R is the indenter radius, E � is the
reduced modulus defined by 1=E � = ð1� ν2Þ=E + ð1� ν2i Þ=Ei
with E and v the Young’s modulus and Poisson’s ratio of the
specimen (Al2O3 in this case) and Ei and νi the same parameters
for the indenter, and a =

ffiffiffiffiffiffi
Rd

p
is the contact area radius with d

the total deformation.
For Al2O3, the Young’s modulus used was E = 180 GPa

while the Poisson’s ratio was ν = 0.24. The diffusivity D =
6.5 × 10�17 m2/s and initial defects concentration
cini = 4 × 1014 m�3 were identified by solving the Eq. 1 and

comparing the force-displacement curves from experiments and
simulations, as shown in Fig. 4B. The indentation displacement
in the simulation increases from 97.4 to 113.8 nm under
500 μN loading for 120 s and recover from 52.8 to 37.9 nm as
the loading reduces from 500 to 10 μN. The corresponding αd
and αr are 16.8% and 24.5%, respectively. The defects distribu-
tion variation during the indentation process is shown in
Fig. 4C. The simulation result at 0 s means the defects distribu-
tion at the moment loading reaches 500 μN. The result of 60 and
120 s show the defects migration during the holding period. The
result demonstrates that the defect concentration varies dramati-
cally at the peak and valley of the wavy structures on the tubes.

To further understand the anelastic behavior, the simulated
hydrostatic stress, defect diffusion flux, and defect concentra-
tion are monitored at three different time stamps during the
loading period. The gradient of the hydrostatic stress drives the
diffusion of the defects, which can be quantified by the magni-
tude and direction of the defect flux, as discussed in more
details in SI Appendix, section D. The defect concentration var-
iation over time at different locations of the tube is shown
in Fig. 5, which demonstrates the defect migration behavior.
Fig. 5A shows the concentration variation along the thickness
of the tube at two different locations: the peak (A) and valley
(B) of the wavy structure at the center region of the tube. For

Fig. 3. Nanoindentation results of Al2O3 thin-shell nanolattices. (A) Force and displacement profiles over time of Al2O3 nanolattices. (B) Representative
force–displacement indentation profiles. (C) The anelastic deformation ratio αd over time during the holding period (after loading). (D) The anelastic recovery ratio
αr over time during the holding period (after unloading). In (C) and (D), the dashed curves are simulation results and all the solid curves are experimental results.
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the wavy geometry, the outer surface at section A sustains a ten-
sion while the inner surface is under compression. However, the
opposite hydrostatic stress distribution is found on the outer
and inner surface at section B. At zero second, the concentration
differences across the thickness are 1.41 × 1013 and 9.39 ×
1013 m�3 at section A and B, respectively. Note that such dif-
ferences are because the elastic loading (Stage I) took approxi-
mately 37 s in accordance with the experiments. However, the
hydrostatic gradient across the thickness direction at section A
will contribute to the defect diffusion toward the outer edge.
The opposite diffusion direction is seen at section B, where the
concentration is highest at the inner edge. Thus, the stress gra-
dient will result in more defect migration as time progresses. As
a result, the concentration differences through the thickness
increase to 5.51 × 1014 and 1.39 × 1015 m�3 at section A and
B, respectively, after 120 s of the holding period.
The defect concentration varies not only along the shell

thickness but also the tube height. Fig. 5B shows the concentra-
tion along the tube height at the outer edge, illustrating the
periodical variation between high and low concentrations at the
peak and valley of the wavy structure, respectively. This can be
attributed to the high stress gradient from local bending as a
result of the wavy profile. The local tension and compression
cause the fluctuation of the defect concentration. The defect
migration along different hydrostatic gradient can be found by
comparing the defect concentration from 0 to 120 s.
Fig. 5 C and D show the concentrations around the internal

and external circumferences at the section A and B, respectively.
Here, it can be observed that the postdiffusion concentration is
generally higher in the outer edge along section A but in the

inner edge along section B, consistent with that shown previously
in the through-thickness concentration profile in Fig. 5A. Symme-
try in the concentration profile along the x-axis (bending direc-
tion) is observed in the circumferential direction, however, the
variations are relatively small. The maximum and minimum con-
centrations are along 90 and 270° which corresponding to the
diagonal direction of the four-tube module and also the direction
of the bending. From the simulated concentration distributions,
we can determine that diffusion occurs in all tube directions,
namely across the shell thickness and along the tube height
between the peak and valley of the wavy profile. There is also dif-
fusion along the circumference, although to a lesser degree.

For the purpose of comparison, the anelastic behavior includ-
ing the defects and hydrostatic stress distribution of tubes with a
tapered but straight profile was studied in the simulation, as dis-
cussed in SI Appendix, section E. The calculated concentration
profile indicates that the dominant diffusion pathway is along
the height direction, which has a much lower stress gradient
than the wavy tubes. As a result, the anelastic effect is signifi-
cantly smaller, contributing to anelastic ratios αd = 2.1% and
αr = 3.2%, compared with 16.8% and 24.5% for the tubes
with the wavy profile. From these results, it is clear that the
wavy profile plays a significant role in the observed anelasticity.
This effect can be attributed to local bending of the wavy structure,
which results in higher stress gradient to drive the diffusion of
defects. In the fabrication process used in this work, the wavy tube
profiles are result of the interference effects due to the substrate
reflection during lithography. The period of the waviness can be
calculated as λ/2n (λ = 325 nm, n ∼ 1.6) or roughly 100 nm for
the current samples, which can be seen in the SEM images shown

Fig. 4. (A) Nanolattice model in COMSOL with the highlighted tube further analyzed. (B) Comparison between experiment and simulation in force versus
displacement curves during nanoindentation. (C) Sequence of images showing tube deformation and defect concentration levels during the holding period
from 0 s to 120 s. The unit for the defect concentrations shown is number/m3.
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in Fig. 2. The geometries of the waviness are important factors and
can be controlled by the amount of back reflection from the sub-
strate by controlling the thickness of the antireflection coating,
which is discussed further in SI Appendix, section F. Another effec-
tive method to use is TPP, which can more arbitrarily control the
structure and wavy profile.
The anelastic effect is expected to have a strong thickness

dependency since the through-thickness direction in the tubular
element has a high stress gradient and is one of the primary dif-
fusion pathways. The anelastic deformation and recovery ratios
as functions of thickness at 120 s have been calculated using the
mechanical-diffusion model, as illustrated in SI Appendix, Fig.
S11 in section G. The results indicate that the anelastic effects
decrease significantly to around 5% as the thickness is increased
to 50 nm, pointing to the significance of the thin shells. On the
other hand, the anelastic effect increases at smaller thickness, as
expected. However, in the low thickness limit the highly porous
materials have lower stiffness and strength, which can lead to
lower overall energy dissipation effects.
While this work investigated the time-dependent response

(relaxation and recovery) of a special type of nanolattice, the
underlying mechanism of anelasticity could provide valuable
insights into the reported recovery in other types of nanolattice
structures (11, 12). For example, in the case of hollow 3D
ceramic nanolattices fabricated using TPP direct laser writing,
large shape recovery was attributed to the elastic shell buckling.
In particular, it was reported that localized wrinkling and warp-
ing of the tube shells as a result of the shell buckling (12). The

wrinkling and warping of the tube shells could resemble the
wavy shape and bending in our hollow-tube nanolattice, which
can potentially yield anelastic effects.

Another factor to consider is the deformation of the nanolat-
tice in the current work, which consist of a combination of axial
compression and bending. The deformation mode examined is
significantly more complex than those observed when studying
anelasticity in 1D nanowires, which is mostly based on bending
alone. The effects of axial loading and bending can be further
isolated to study their contributions on the stress gradient in the
wavy thin shells. This can be achieved by using nanolattices con-
sisting of stretch-dominated octet-truss and bend-dominated tet-
rakaidekahedron (Kelvin foam) unit cells, which can be patterned
using TPP. However, the wavy profile is still expected to play a
significant role for hollow tubular elements in order to induce
high stress gradients along the thickness direction.

It is important to know that reported anelastic effect is stud-
ied using nanoindentation measurements combined with a cou-
pled mechanical-diffusion model. Our result predicts a high
concentration gradient in the thickness direction, which is
believed to be one of the dominant defect diffusion pathway.
To further validate the constructed model, direct measurement
of the concentration as a function of thickness using scanning
transmission electron microscopy/electron energy loss spectros-
copy (EDS/EELS) during loading would be useful, which has
been performed for bending of 1D nanowires (22). However,
given the wavy 3D geometry, the small length scale of 500-nm
period and tubular elements of the nanolattice, such

Fig. 5. Defect concentration distribution at different locations. (A) Defect concentration distribution across the tube thickness at A and B sections. (B) Defect
concentration along the height of the tube external shell. (C) Defect concentration around the internal and external circumferences of the tube at section A.
(D) Defect concentration around the internal and external circumferences of the tube at section B.
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experiments are difficult to perform without obstruction from
neighboring structures.
The observed anelastic behavior in the nanolattices can poten-

tially serve as an energy damping film in microdevices or ultralight
energy absorption coating for aerospace, sensor, and biomedical
industries. As the nanolattice thin film is flexible and can be uni-
formly fabricated on a specific area, it can be applied on arbitrary
surfaces. The future work will focus on further investigation of
the anelastic behavior of nanolattices with different unit cell
geometry, tube profile, materials, and thicknesses.

Conclusions

In summary, this work presents the observation and mechanistic
understanding of time-dependent anelastic behavior of 3D thin-
shelled nanolattices. The deformation is not instantaneous when
the indentation force is applied or removed but shows a time-
dependent behavior where the lattice continues to deform under
a constant load. This phenomenon occurs in a relatively smaller
time scale compared with creep and can be attributed to the dif-
fusion of point defects driven by a bending-induced stress gradi-
ent. The indentation result of 30 nm Al2O3 nanolattices under
500 and 800 μN for 120 s shows 18.1% and 14.9%, respec-
tively, of the anelastic deformation ratio αd. Upon unloading
from 500 and 800 μN, the corresponding anelastic recovery
ratio αr is 15.7% and 9.5%, respectively, after 120 s of holding
at 10 μN. The FEA results demonstrate that the wavy structures
on the nanolattices play a significant role in the defects diffusion
and the anelastic behavior. Due to the higher induced local stress
gradients, the nanolattices with the wavy profile have eight times
more anelastic ratio than those with the straight profile. The
FEA results of the anelastic deformation and recovery ratios are
in a qualitative agreement with the experiments. This work sheds
light on the anelastic behavior in nanolattice materials, which
can find applications for ultra-lightweight energy dissipation.

Materials and Methods

Nanolattice Fabrication. In this work, the silicon substrates (100-mm single-
side polished Si wafer, University Wafer) are employed after a layer of antireflec-
tion coating (ARC i-con-7, Brewer Science) with approximately 100-nm thickness
is applied to avoid the back reflection from the silicon substrates. A photoresist
(PFi-88A2, Sumitomo) layer is then spin-coated with the thicknesses of 1 μm.
The polystyrene nanospheres with the radius of 500 nm are applied as the peri-
odic phase elements of the near-field lithography. The water–base suspension is
first diluted with ethanol and spin-coated on a silicon wafer to achieve a mono-
layer of nanospheres on the substrate. The coated wafer is then immersed in
water and the nanospheres are transferred to the water surface and become hex-
agonal-closed-packing according to capillary force. Sodium dodecyl sulfate might
be used as the surfactant to accelerate the packing process. The monolayer of
closed-packing monodispersed nanospheres can be transferred to the photore-
sist surface as the phase elements. A 325-nm HeCd laser is employed as the
light source of the lithography.

Al2O3 or ZnO thin films are then coated on the polymer template with ALD
process by a custom-made vacuum reactor with viscous-flow, hot-walled ALD

system (42, 51, 52). Two self-limiting half reactions are included in ALD process
to yield a conformal thin film on the template surface. High purity nitrogen gas
(Machin & Welding Supply Co.) which is further purified with an Entegris Gate-
Keeper is employed to purge the reactor after the termination of each self-
limiting half reaction. Trimethyl aluminum (TMA, Strem Chemicals, min 98%) is
employed as the metal-containing precursor and coreacted with deionized water
with the recipe 1/30/1/60 (TMA dose/nitrogen purge/water dose/nitrogen purge
in seconds) for Al2O3 deposition with the growth rate of 1.1 Å per ALD cycle
under the condition of 550 mTorr and 90 °C. Diethyl zinc (DEZ, Strem Chemicals,
min 98%) is employed as the precursor to react with deionized water to deposit
ZnO under the growth rate of 1.6 Å per DEZ/water ALD cycle. To monitor the film
growth and thickness, a silicon wafer (University Wafers, P-type, <1 0 0>) is
placed in the front and back of the reactor chamber as the reference sample and
further examined by an α-SE ellipsometer (J.A. Woollam Co.) to determine the
film thickness.

Nanoindentation Test. A nanoindentation system (Ultra Nano Indentation
Tester UNHT, Anton Paar TriTec) is employed in this work for studying the defor-
mation of the nanolattice in nanoscale. The sample is first fixed on the system
stage and moved the desired test area under the indenter. A set of indentation
tests has 25 test points which are evenly arranged on a 5 × 5 matrix in which
each point is 250 μm away in both horizontal and vertical direction from its clos-
est neighborhood. Another three marks are made after the indentation test to
locate the position of the test area, and the sample is further inspected with a
SEM to check if any pop-in, damages, collapses due to the indentation or the
manufacture process happened and exclude the data of these damaged area
from the following analysis.

FEA Model. The pillar structure used in the simulation was designed in Solid-
Works and exported to COMSOL in the 3D space dimension. Two Physics mod-
ules were selected to model the problem: Solid Mechanics (Structural Mechanics
toolbox) and General Form PDE (Mathematics toolbox). Only one dependent var-
iable was defined as “c” to account for the point defect concentration in mol/m3.
The Time Dependent study setting was used.

Eq. 1 was input within the general form PDE model in x, y, and z directions
in the Conservative Flux section. Both the source term and the mass coefficient
were considered to be zero while the damping coefficient was 1. Zero flux was
set between the structure and its surrounding. An initial value was chosen for
the variable “c.” Linear elastic material properties were used in the model. For
the model’s structural boundary conditions, the bottom of every pillar was fixed
while a pressure was applied to the top plate.

Prior to meshing, the structure was partitioned. The time-dependent simula-
tion was set to run in increments of one second and geometry nonlinearity was
included in the study. In order to extract the concentration and stress at a particu-
lar region, cut lines were defined.

Data Availability. All study data are included in the article and/or
SI Appendix.
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