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Nature-inspired architected materials have been widely used to achieve efficient structural materials by harnessing their
cellular and hierarchical structures. For example, biological materials observed in bone, shell, nacre, and wood contain
constituents, ranging from nanometers to centimeters, arranged in an ordered hierarchy. Because of their composited
structures that contain micro and nanoscale building blocks arranged in an ordered hierarchy and the material size effect in
the mechanical strength of nano-sized solids, bioceramic materials are mechanically robust and lightweight. The design
principles offered by hard biological materials of multiscale composite structures can assist in the creation of advanced
ceramic architectures. In addition, the evolution of additive manufacturing technologies has enabled the fabrication of
materials with intricate cellular architected materials. In this review, we discussed advanced additive manufacturing for the
fabrication of nature-inspired multiscale ceramic structures by combining conformal thin-film coating technique with
conventional additive manufacturing methods.
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NOMENCLATURE

DLP
SPPW = Self-Propagating Photopolymer Waveguide
TPL
PnP = Proximity Field Nanopatterning
FDM = Fused Deposition Modeling
DIW = Direct Ink Writing

CVD = Chemical Vapor Deposition

= Digital Light Processing

= Two-Photon Lithography

PVD = Physical Vapor Deposition

ALD = Atomic Layer Deposition

DMD = Digital Micromirror Device

FCC

= Face Centered Cubic

PBG = Photon Band Gap
ICME = Integrated Computational Materials Engineering

1. Introduction
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Fig. 1 Multiscale composite structures: hard biological materials and artificial architected materials. (a-c) Biological hierarchical lattice

materials gain high mechanical robustness from optimized topologies and mechanical size effects in their nanoscale basic building
blocks: (a) Vertebral bone and shells,' (b, ¢) Whole frustule membrane (External side of the diatom), areola structures (Internal surface
of the diatom) in initial stage of formation? (d-f) Artificial architected materials.* (d) CAD design of a hollow nanolattice, (¢) SEM
image of the focused ion beam (FIB)-milled edge of a hollow TiN nanolattice, and (f) SEM image of the full structure. The scale at the
bottom shows a comparison of the approximate sizes of the components of the structure. (Adapted from Refs. 1, 2, and 9 with

permission)
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2. Thin Film Deposition Process
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Fig. 2 Converting various thin-film materials into 3D architected materials. Abbreviations: CVD, chemical vapor deposition; ALD, atomic
layer deposition*”!%!1"15 (Adapted from Refs. 7, 11, 13, 14, and 15 with permission)
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Fig. 3 Additive manufacturing methods for fabricating polymeric templates. (a) TPL processes focus a laser beam into a photomonomer,
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7211 (b) PnP can produce complex and well-defined 3D

nanostructures,® (c) DLP creates centimeter-size arbitrary polymeric microstructures with minimal feature dimensions of 5-300 pm, in a
layer-by-layer fashion by polymerizing the surface layer of a photopolymer bath through a digital mask,> and (d) SPPW creates
polymeric microlattices, tens of centimeters in size, within minutes; while topologies are limited to linear extensions of the mask, feature

dimensions may be varied in a broad range, from >25 -mm-thick single unit-cell structures to lattices with members ~10 pm in diameter,
to hierarchical structures'®'??7 (Adapted from Refs. 10, 11, and 22 with permission)
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Fig. 4 Post-processing for synthesizing ceramic-polymer composite or hollow ceramic architectures based on polymer templates. (a) Schematic
for fabricating of hollow ceramic and composite architectures by polymer template, thin-film coating, and etching,"" (b) Chemical vapor

deposition or atomic layer deposition,”

(c) Self-assembly,*® (d) Dip-coating process®® to better illustrate the dip-coating method, ()

Electroless plating,”® and (f) Heat treatment to remove polymer or material conversion” (Adapted from Refs. 11, 15, 25, 28 with

permission)
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2.3 Available Materials with Thin-Film Deposition
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Fig. 5 Multiscale ceramic architectures via CVD and ALD process. (a) Hollow SiO, lattice manufactured by SPPW, CVD, chemical
etching,'"? (b) Hollow alumina microlattice fabricated by DLP, ALD, and thermal treatment,® (c) Hollow alumina nanolattice fabricated
by TPL, ALD, and O, plasma etching,'' and (d) Titanium nitride (TiN) nanoshell structure created by PnP, ALD, and microwave plasma

etching®' (Adapted from Refs. 6, 11, 21, and 26 with permission)
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Fig. 6 Ceramic architectures via volumetric shrinkage and, self-assembly, and dip-coating. (a) Graphene/ceramic/carbon composited architecture
via the isotropic shrinkage and conversion of a polymeric lattice to graphene network.>? Optical images demonstrating an 80% shrinkage
in each direction occurs after process completion resulting in an over 125x reduction in volume, (b) Hollow alumina microarchitectures
fabricated by DLP, ALD, and volumetric shrinkage controlled via calcination in the air,’> (c) The architecture of the SiO,/polymer and
hollow SiO, lattices formed by DLP, dip-coating, and calcination,' and (d) Silica inverse opal film by self-assembly and heat
treatment® (Adapted from Refs. 14, 32, 33, and 35 with permission)

DLP ¥ TPL 59| JF 7|9t A5 A= 7| o|-&shd o
3t &Ar9] Stretching-Dominant A&} 12E AT
Figs. 7()2} 7(b)ell A Holzo], d=eo] 7l Al= Aol
o Aot 2zt 720 A BE(el TR BAE) L (0
75o] o221 SAE(E o< pand o oc P AL UXFS 2Ae)
4 QIohS w3 Figs. 7©9F TelA & - o], TPLE}
ALDE AHg3te] AHE LhesA|2o) Aete)-Belw) A%} 7
20| 9, 1,000 kg/m'e] o}F G WEo|A 2t 280 MPac]
U= HEES A AL BTN, WElAAY Hlztu 2
el S4t A4 B4 Uehis At Basa
et

S, 3D P4t Aleby] Rt Amof whet 20 4%, A
712 £ A= 7Fssieh. Figs. 8(a)2t 8(b)oll w=H, 2
W Al (ALOs) AR F+20] 79 5 71414 st @A

4
b
H

Holdh B B4 7hd 5 glgo] HaH ek A4 el
; 71, 24 Bl Flsketael aglsel Aley
sy, 24 2

4 & 2mW 'K R, F5 vpo] 2

2 Ao tufolzo ] ERAQ B TEN AT 4
Y 5 9 AOR sl Fig 8b) Del2AY A
T8k AR T A5 ol gl ol B Aet
o the 22 727} i e ARSI B 44 W g
2 BAol Y 4 ok A ojulaich. o]g} tBo] Figs.
8(c)2} 8(el Mool #a Aty the 24 s oh9 v
° RARMWE 4 4 i, olefet Lowk Alzte e 7
2o} At v F712el Bhgy TR A vllam A%
W gRe] 71 AA B W A QPgAS 2E AsAEE B8

7N 4 ol




646 / September 2021

[A]orf
— Octet-truss
uf lattices
)
2 102
g
=
-
w
aZ, 109 A
2 /
-4 $ rr".‘.'--d-,s
@ el
& (‘:}'.
g 1 S
2 0
& Open-cell
&; Kelvin foam
10
[ = Solid HDDA (001)
< 101 E #Solid HDDA (111) | stretch-
-g F wSolid Al;Oy dominated 1.1
= [ OHollow-tube Ni-P lattices
%E’ 102} OHollow-tube A1;0; ,.-'—’]1.5
E e Solid HDDA Kelvin foam, e
g F bend-dominated L /'_.I/
2]
'z’ 10“‘5 1.2
g F 2.2|_ 1.2
& 104
g1
8
% 105 2.7|_ 16
e f
10‘ " " "
104 102 102 101

Relative density (p/p,)

XXX
XX
OZOTOZ

Stress [MPa]

v

IXDXIXX
XD
POZOI T

SR

&

4 Strain[%] 6 10

Fig. 7 Lightweight structures and metamaterials. (a) Relative stiffness and (b) relative strength as a function of relative density for hollow
ceramic microlattices.® (c) An in situ test of a polymer/ceramic composite nanolattices, and (d) Stress-strain curves of nanolattices.”
Alumina layers of the indicated thicknesses have been deposited onto a 3D polymeric template. With increasing layer thickness, the
compressive strength and stiffness increase strongly compared with bare polymeric templates (Adapted from Refs. 6 and 7 with

permission)
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Fig. 8 Multifunctional performance of hollow ceramic nanoarchitected
materials. (a) SEM image of hollow alumina nanolattice,*
(b) Material property plot of specific modulus versus thermal
conductivity. For the same specific stiffness, hollow alumina
nanolattices achieve an order of magnitude lower thermal
conductivity than do polymer foams and porous ceramics used
for space shuttle thermal protection systems, (c) Schematics of
hollow ceramic nanolattice capacitor,'’” and (d) Young’s
modulus vs dielectric constant plots of the nanolattice
compared with other Low-k materials (Adapted from Refs.
17 and 39 with permission)
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Fig. 9 Ceramic architected materials with photonic and optical applications. (a) Schematic of the chemical encoding procedure of the inner
surfaces of the inverse opal films, (b) SEM image of the inverse opal films,” (c) Optical images of an inverse opal film in which the
word “W-INK” is encoded via the surface chemistry in the film, and (d) Optical images of a film encoded with three bars displaying
distinct optical patterns when immersed in the common solvents, water, acetone, and isopropanol (Adapted from Ref. 37 with

permission)
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Fig. 10 Electrochemical devices and catalytic supports. (a) Schematic of the synthesis of metal nanoparticles embedded in silica porous
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illustration of 3D-structured, electrically conductive TiN nanoshells for biocatalytic CO,-to-formate conversion®' (Adapted from Refs.

21 and 40 with permission)
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Fig. 11 Typical geometric defects observed in architected materials
with thin-film deposition process. (a-b) Geometric properties
variations, and (c-d) Geometric imperfections at nodes and
nodal cracks* (Adapted from Ref. 42 with permission)
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