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Recent Progress in the Development of Lightweight
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Abstract: The realization of weight reduction with novel lightweight materials and structures is a key issue facing the de-
velopment of modern ecological society as well as a challenge facing scientists and engineers worldwide. From large-scale
structures such as oil platforms, high speed trains, aircraft fuselages, satellites and supersonic space vehicles to small-
scale electronic devices, optimization towards compactness and lightweight has become an integral part of their develop-
ment. Further, the reduction of weight is often accompanied by mulitfunctional requirements such as high strength/stiff-
ness, efficient heat dissipation, noise/vibration/damping control and actuation/sensing, demanding cross-disciplinary
research efforts across materials science, solid/fluid mechanics, physics, heat transfer, acoustics and applied mathemat-
ics. Low density porous materials have emerged as an important class of materials that has the potential to meet all these
requirements, including cellular foams having random morphologies and lattice-like materials having periodic morpholo-
gies. Based mainly upon our own research work funded by the National Basic Research Program of China (973 project) ,
this article presents a state-of-the-art review of recent research findings of lightweight porous materials and structures.
Combined interdisciplinary efforts devoted to promote the development of this new class of materials with specific or multi-
functional application potentials are summarized, covering such topics as materials processing, characterization of mechan-
ical, thermal and acoustic properties, nondestructive testing and optimal design.
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1 Introduction

Porous materials/structures having different scales of
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pore are present everywhere. Even in the so-called porous
world, the solid constituent may also exhibit porous morphol-
ogy at the micro/nano level. Due to cognitive and technical
limitations, only porous objects from atomic scale to planet
scale are summarized here, as shown in Fig. 1. The focus is
not placed upon soft machines such as ubiquitous plants and
animals, but rather upon man-made artificial porous materi-
als/structures scaling from nano to macro scale.

Artificial porous materials are a class of materials with
many different types of pore morphology, about 20% ~ 99%
in porosity, with pore size ranging from nano via micro to
macro scale. The existence of various types of pore (spheri-
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cal pore, polygonal core, random pore distribution, periodic
pore distribution, gradient pore distribution, closed pore,
open pore, etc. ) at a certain scale leads to a series of special
features such as physical, mechanical, biological, thermal,
electrical, acoustic and optical properties.

For micro-and nano-pored materials, the main focus of
development is to place functions first, lightweight second.
The functions include electronics, magnetics, photonics,
biotech, sensing, and filtration/separation.

For macro-pored materials, in addition to weight saving
(and hence less consumption of energy resources) , light-
weight porous metals have a combination of attractive me-
chanical, thermal, acoustic and other properties to meet
different civil and military application needs; and some can
be produced in large scale and cheaply. These materials
can be categorized into two main types: foams and lattice
truss materials. Whilst the former has random cellular mor-
phologies, either open- or close-celled, the latter has peri-
odically distributed cells (often with fluid-through morphol-

ogies) that can be precisely designed and controlled during
processing.

Highly porous cellular metallic materials are usually only
or less than one-tenth of the parent materials in density and
hence are typically termed ultralighweight cellular metals.
The cellular topologies can be tailored for optimal mechani-
cal, thermal and acoustic properties or their combination.
Compared with traditional dense materials, cellular metals
possess unique multifunctional attributes: low weight, high
specific strength/stiffness, high energy absorption, heat dis-
sipation, sound absorption, and multi-functional integration.
In addition to weight-sensitive structures such as high speed
transportation vehicles, other potential applications include
blast/ballistic resistant structures, multifunctional structures
(e. g, load bearing plus active cooling or noise reduction or
morphing or energy storage) , and replacement for the struc-
turally efficient but expensive aluminum honeycombs. Also,
traditional honeycomb-cores sandwich configurations usually
do not possess fluid-through morphologies.
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Fig. 1  Different scales in porous world

Nature has been a great and successful laboratory where
numerous porous objects have been invented. Most artificial
porous materials are developed based upon inspirations or
prototypes from the natural world. A current trend in the
design and production of porous materials and structures is to
produce materials with multi-scales, multi-structures, multi/
hybridized functions and other features. Whilst the processing
of such materials remains a challenge for materials scientists,
learning from the nature is an efficient route to produce mate-
rials that answer up the challenges.

This review summarizes recent advances on the design
and fabrication of porous materials supported by the 973
National Basic Research Program of China, shown in Fig. 2,
as well as the emerging interests in exploring their multifunc-
tional applications. For porous materials having macro pore
structures, emphasis is placed upon their application as load
supporting structures with added functionalities including

[1]
)

thermal management blast wave mitigation and ballistic

resistance > . For porous materials with micro/nano pore
structures, emphasis is placed upon special functionalities
targeting a wide range of application areas such as electron-
ics, magnetics, photonics, biotech, sensing, and filtration.
The types of porous material considered include lattice truss
structures, metallic foams, metallic felts, porous metals fab-
ricated with powder metallurgy, porous membranes, and bio-
morphic materials.

The different technological methods used to fabricate
porous materials are divided into welding, casting, powder
metallurgy , chemosynthesis, biomorphic mineralization, etc.
In general, each method can be used to prepare some types
of the porous material, for a certain range of relative density
and pore size. For materials processing, our research has fo-
cused on such porous materials as lattice truss materials,
metal foams ( open-or close-celled ), metal felts, powder
metallurgy porous metals, mesoporous films and biomorphic
materials, with pore sizes ranging from nanometers to milli-
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meters. The base materials that have been considered include
pure aluminum and its alloys, stainless steel, pure copper
and its alloys, FeCrAlY, SiC, TiO,, carbon fiber, etc. The
development of these materials is not only to master the rele-
vant fabrication technologies, but also to further address fun-
damental issues related to their processing, properties and
practical applications using a combination of experimental,
theoretical and numerical approaches.
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Fig. 2 Scope of porous materials discussed in this review

2 Lattice truss structures

The development of metallic lattice truss materials has
gone through two main stages: (a) matured technologies and
equipments for mass-production and practical implementation
of these materials; (b) further enhancement of material per-
formance (mechanical, thermal, acoustic etc. , or a combi-
nation of two or three different properties for multifunctional
applications ) through topology optimization and process re-
finement. The selection of base materials has been expanded
from metal materials to inorganic materials such as SiC and
carbon fibers.

2.1 Metallic lattice-cored structures

Recent development of ultralightweight lattice-cored
sandwiches has been reviewed by Lu and Zhang "', with fo-
cus placed upon various novel fabrication methods introduced
to strengthen these structures (see Fig. 3) and to enlarge the
size of sandwich panels (see Fig. 4).

We recently proposed ™’ a new type of topology for con-
structing flat or curved lattice-cored sandwich structures,
namely, the X-type structure as shown in Fig. 3c. It is
formed by two groups of staggered struts in the traditional py-
ramidal lattice structure, and fabricated by folding expanded
metal sheets along rows of offset nodes and then brazing the
folded structure (as the core) with top and bottom faceshe-
ets. It has been established, both experimentally and theoret-
ically, that the out-of-plane compressive and shear properties

of the X-type lattice structure are superior to those of the con-
ventional pyramidal lattice structure ( Fig. 3a) .

The introduction of work-hardening to lattice-cored sand-
wiches has been exploited "*~7'. For example, the extension
of expanded metal sheet folding method to work hardenable
materials (e. g. , 304 stainless steel or 6061 aluminum) of-
fers an opportunity to alter the mechanical properties of the
parent material and hence the strength of the resulting lattice
material (Fig. 3b). With this approach, almost 100% of the
original metal sheets can be made use of, lowering signifi-
cantly the production cost in comparison with other processing
methods. Experimental results show that the compressive and
shear peak strengths of the work-hardened lattice structure are
about 100% higher than those of the annealed one.
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Fig. 3 Lattice-cored sandwich structures fabricated from (a) brazed
pyramidal trusses, ( b) work-hardened pyramidal trusses,
(c) brazed X-type lattice trusses (a =0.5), (d) work-
hardened X-type lattice trusses (a = 0.5), (e) brazed
X-type lattice trusses (a =0.67), and ({) work-hardened
X-type lattice trusses (a =0.67)

Work hardening was also introduced to strengthen the X-
type lattice truss core of lightweight sandwiches (Fig. 3d and
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3f) ™. It was found that the enhanced mechanical properties

of the work-hardened X-type lattice structures mainly origi-

nate from the contribution of straight struts with work harden-

ing and low degree of curvature, rather than the two-dimen-

sional (2D) staggered nodes.
. v :

Fig. 4 Enlarged lattice-cored sandwich panel
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Minimum mass designs were obtained for box-section
sandwich beams of varying cross-sections ( Fig.5) in three-
point bending ). The overall compliance of the hollow, tu-
bular beams were decomposed additively into a global contri-
bution due to macroscopic bending ( Timoshenko beam theo-
ry) and a local contribution associated with transverse deflec-
tion of the walls of the hollow beam adjacent to the central
loading patch. The structural response was analyzed for
beams of square sections with various internal topologies; a
solid section, a foam-filled tube with monolithic walls, a hol-
low tube with walls made from sandwich plates, and a hollow
tube with walls reinforced by internal stiffeners ( Fig. 5a ~f).
Finite element analysis was used to validate analytical models
for the overall stiffness of the tubes in three-point bending.
Minimum mass designs were subsequently obtained as a func-
tion of the overall stiffness, and the relative merits of the
competing topologies were discussed.

Topology C
opoxtjgy
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Fig. 5 Square cross-section of a beam with various internal topologies: (a) a solid cross-section,
(b) a foam-filled tube, (c¢) a hollow tube with foam-cored sandwich walls, a hollow tube
with sandwich walls comprising, (d) a square honeycomb or (e) a corrugated core, and

(f) a hollow tube with rib-stiffened walls

The load bearing and active cooling of a novel light-
weight combustion chamber for pulse detonation engines was
systematically studied "'°~""7. All metallic, hollow sandwich
cylinders having 2D prismatic cores were optimally designed
for maximum thermo-mechanical performance at minimum
mass. The heated, sandwich-walled hollow cylinder was sub-
jected to uniform internal pressure and actively cooled by
forced air convection across the prismatic lattice core. The
use of two different core topologies was exploited; square-and
triangular-celled cores. The minimum mass design model was
so defined that three failure modes were prevented: facesheet
yielding, core member yielding, and core member buckling.
The method of intersection-of-asymptotes, in conjunction with a
fin analogy model, was employed to establish the optimization
model for maximum heat dissipation. A non-dimensional pa-
rameter was introduced to couple the two objectives-structural
and thermal-in a single cost function. It was found that the ge-
ometry corresponding to the maximum heat transfer rate was not
unique, with square-celled core sandwich cylinders ( Fig. 6)
outperforming those having triangular cells "', As prototype, a
four-layered sandwich cylinder with square cell was fabricated

using the assembly and brazing technology ( Fig. 6b) .
2.2 SiC/C lattice truss structures

Porous SiC parts with complex shapes (Fig. 7) have been
fabricated by combining stereolithography (SLA) with reaction
forming, with their geometries controlled by SLA. In this syn-

thetic route? ™"

, SLA was firstly used to fabricate sacrificial
molds of designated internal structures. Phenol resin mixtures
were then poured into the molds and, through curing and pyro-
lyzing, porous carbon preforms were obtained'"* "', Finally,
porous SiC parts were fabricated by reactive infiltration of the
preforms with liquid Si. However, the expensive mold mate-
rial ( photocurable resin) and the one-off mold not only in-
crease the preparation cost but also result in the resources
waste. To address the issue, cheap wax-molds were em-
ployed to fabricate SiC scaffolds .
2.3 Composite lattice truss structures

To deal with the disadvantage associated with conven-
tional technologies, a new fabrication technology for fiber-re-
inforced sandwiches with columnar or pyramidal lattice truss
cores (Fig. 8) was developed """ 7", Both ends of the truss
members were embedded into the facesheets without apparent
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Fig. 6 (a) Geometry of an internally pressurized hollow sandwich cylinder with its inner facesheet kept isothermally and cooled by

forced convection across the cellular core, (b) a four-layered sandwich cylinder with square cells

Fig. 7 Porous SiC parts fabricated by (a) direct sintering, (b) reaction forming combined with SLA using ( ¢) phenol-formaldehyde resins

(2]

Fig. 8 Carbon fiber-reinforced sandwiches with (a) columnar and
(b) pyramidal lattice truss cores

interface between the core and the facesheet. The design led
to significantly improved in-plane shear properties of the
sandwich. In order to fully exploit the intrinsic strength of fi-
ber-reinforced composites, another method for fabricating
carbon fiber-reinforced sandwiches with pyramidal truss cores
was developed based on the molding hot-press technique "’

In this method, the continuous fibers were all aligned in the
direction of struts and hence the truss structure can fully ex-
ploit the intrinsic strength of fiber-reinforced composites. Ex-
perimental measurements demonstrated that the low-density

truss cores had superior compressive strength. The low-veloc-
ity impact characteristics and residual tensile strength of the
lightweight composite sandwiches have also been investigated

experimentally and numerically "' .

2.4 Sandwich configurations having hybrid cores

Sandwich structures with polymer foam cores reinforced
by composite columns, a new concept of sandwich configura-
tion (Fig. 9), were designed and fabricated ™’. Samples
with different densities of composite columns were processed ,
tested and analyzed under bending, out-of-plane compressive
and shear loadings. The nonlinear behavior of the sandwich
subjected to bending and shear loads was mainly attributed to
the inclination and chain-like failure of the composite col-
umns.

|

Fig. 9 Foam-cored sandwiches reinforced by compos-
ite columns
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Polyurethane foam-cored sandwich structures reinforced
by metallic pyramidal trusses ( Fig. 10) were also designed
and fabricated with in-situ foaming "**'. Subsequent theoreti-
cal analysis showed that it is possible to design such materials

with zero or negative thermal expansion coefficients ">~

Fig. 10 Metallic truss-cored sandwich panel with

close-celled polymer foam inserted

To increase the ballistic resistance of all-metallic sand-
wiches with lattice truss cores ( Fig. 11a), ceramic prisms
were inserted in the core (Fig. 11b). To integrate the ceram-
ic prisms with the lattice trusses and the facesheets, the
sandwich was infiltrated with epoxy resin. The epoxy resin
and firming agent were injected uniformly into the ceramic
filled lattice (Fig. 11¢) and cured.

Systematic experimental measurements and numerical
simulations were carried out to evaluate three different types
of pyramidal lattice-cored sandwich, i e., empty lattice-
cored sandwich without any insertion, ceramic filled sand-
wich, and ceramic and epoxy resin filled sandwich. It was
demonstrated that the ceramic insertions lead to significantly
enhanced penetration resistance, while the additional use of
the epoxy resin appreciably improves the ballistic energy ab-
sorption capacity of the whole sandwich structures. There-
fore, the sandwich structure filled with ceramic and epoxy
resin has displayed a potential to outperform the two other
structures from the viewpoint of ballistic resistance and energy
absorption.

We also prepared an interpenetrating network of metal-
ceramic composite armor. Reaction bonded SiC ceramic
plates ( RBSC) with stagger arranged circular holes, as
shown in Fig. 12a, were used to fabricate ceramic-metal com-
posite plates. Upon fixing the RBSC plate ( after sandblast-
ing) with graphite columns in a specially designed graphite

mould, casting of the titanium alloy Ti-6Al-4V in vacuum
was carried out. The Ti-6Al-4V encapsulated SiC ceramic
composite plate fabricated using this route exhibits a sand-
wich-interpenetrating morphology, as shown in Fig. 12b. At
the Ti-6 Al-4V/SiC interface, no obvious transition or reaction
layer was found (Fig. 12¢), attributable to the rapid cooling
in the present casting process as well as the relatively low ac-
tivity of Ti in the Ti-6Al4V alloy.

The ballistic penetration of the plate was evaluated ex-
perimentally using ballistic rifle. Numerical simulations with
the method of finite elements were carried out to further ex-
plore the ballistic resistance of the plate in terms of local
stress distribution, energy absorption by each constituent,
ballistic limiting velocity and obliquity effect, as shown in
Fig. 13. Contributions of structural confinement and metal-
ceramic interfaces to the overall ballistic performance of the
plate were discussed. The excellent ballistic performance of
the composite plate was attributed to the envisioned 3D sand-
wich-interpenetrating configurations that dictate energy ab-
sorption and stress wave propagation.

Lattice truss

>

Ceramic prism

Epoxy resin

Fig. 11  Three different types of sandwich plate: (a) empty
lattice, (b) ceramic filled lattice, and (c) epoxy

resin and ceramic filled lattice

2] o]
Ti-6AI-4V. SiE)
100 min

Fig. 12

(a) SiC plate with ordered holes before casting, (b) cross-section of Ti-6Al4V encapsulated

SiC ceramic composite plate after casting, and (c¢) Ti-6Al4V/SiC interface
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(a) and (b) Finite element mesh details of projectile/plate system, (c) experimentally observed damage

state of plate upon projectile penetration, and (d) predicted damage state and planar distribution of Mises

stress around perforation

3 Metal foams

The study of cellular metallic foams has become attrac-
tive to researchers interested in both scientific and industrial
applications. There are two defining characteristics of metal
foams consisting of a solid metal ( commonly aluminum) and
a large volume fraction of gas-filled pores; one is high porosi-
ty, with typically 75% ~ 95% of the volume occupied by
void spaces; the other is pore structure, i. e. , sealed pores

(close-celled foam) , or interconnected network ( open-cell
foam). Zhang et al. " systematically summarized the pro-
gress made in close-celled aluminum foams. After the early
exploration stage, the technology development was increas-

28] and hence a

ingly focused upon strategic national needs
variety of special parts (Fig. 14a ~b) , large-sized aluminum
foam blocks ( Fig. 14c) with polygonal, sphere-like and
spherical pores (Fig. 15), and welded parts (Fig. 14d ~e) "™

were fabricated.

Fig. 14

Close-celled aluminum foam: (a) ~ (b) a variety of special parts manufactured by the method of two steps foaming,

(c) large-sized aluminum foam block, (d) ~ (e) brazed aluminum foam (integrity of brazing revealed after tensile

failure of foam) and sandwich panel with aluminum foam core

For a better understanding of the solidification ( cooling)
of porous aluminum melt ( Fig. 15a) , Zhang et al. **~*"" de-
veloped a theoretical model to predict the location of solidifi-
cation front and full solidification time. The model was vali-
dated with solidification experiments with distilled water con-
taining non-conducting circular pores. Full numerical simula-
tions were conducted to study the influence of pore shape and
calculate the pore shape factor introduced in the model
(Fig. 15b). Local solidification behavior around individual
pores was also characterized, both experimentally and numer-

ically. The theoretical model, simple and expressed in
closed-form, can be used to guide the fabrication of high
quality close-celled metallic foams via the direct foaming
route.

Open-cell metal foams (Fig. 16) are usually replicas u-
sing polyurethane foams with open cells as a skeleton. They
have found a wide variety of applications including compact
heat exchangers, energy absorption, infiltration, flow diffu-
sion and lightweight optics. For instance, exiremely fine
scale open-cell foams, with cells too small to be visible to the
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(a) Cross relationship between morphology, porosity and pore size for closed-cell metal foams, (b) influence of

pore shape on temporal evolution of solidification front (£) and full solidification time (7)
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Fig. 16 ~ Open-cell metal foams

naked eye, are used as high-temperature filters in the chemi-
cal industry. A variety of methods (Table 1) have been de-
veloped to expand the range of porosity for open-cell alumi-
num foams " including the high pressure infiltration
process. This process consists of three stages. First, a porous
compact made of NaCl powder or polymer particle is prepared
by die-press under a carefully selected pressure. Second, the

compact is infiltrated with commercially pure Al melt under
pressure, yielding an ingot composed of NaCl and Al. The
ingot is then machined to the required sample geometry. Fi-
nally, the NaCl particles in the finished sample are removed
by leaching in hot water. The pores of the foam thus pro-
duced are virtually replicas of the individual particles of the
NaCl powder used.

Table 1 Typical processing methods for open-cell metal foams
Preparation method Precast block Porosity/ % Pore size/mm
High pressure infiltration NaCl powder 57.3~70.0 0.5~7.0
Casting method/lost wax Plaster and open-cell polyurethane foam 92.0~96.0 2.5~5.5
High pressure infiltration  Freely accumulated plastic particles;: HDPE, LDPE, PP and TPV 74.5 ~87.3 2.0~6.0
High pressure infiltration Compressed plastic particles; HDPE, LDPE, PP and TPV 74.5~94.0 2.0~6.0

The ever increasing heat dissipation emitted by power
electronics has led to increasing size and volume of heat sinks.
Accordingly, the total weight of the heat sink is also increased.
To address the issue, a systematic experimental study on the
cooling performance of high porosity open-celled metal foam
heat sinks under axial fan flow impingement has been carried
out ™' It is demonstrated that, with only 50% of the total
weight and volume of a conventional fin heat sink, the metal
foam heat sink (Fig. 17) can achieve a better cooling perform-
ance, depending upon topological parameters such as porosity
and pore size. This remarkable reduction in total volume and

weight results from the fact that relatively thin metal foam heat
sinks could provide enough extended heat transfer area through
a 3D topological network of highly conducting solid ligaments.

4 Porous metals fabricated by thin filaments

Highly porous metal felts made with thin filaments (with
diameters ranging from 4 to 200 microns) of nonwoven metal

are attractive for a range of applications, including energy ab-

[36

sorption | heat transfer """ and sound absorption "**'. The

finer the filament, the more open area is provided in a pure
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Fig. 17 Conventional fin heat sink combined with axial fan (a), open-cell aluminum foam heat sink (b)

crosshatch pattern. Depending upon specific application
needs , filaments of stainless steel ', FeCrAlY, copper and
other metal elements can be selected to provide the required
performance ( Fig. 18 ). For enhanced filament bonding
strength and structural integrity, porous metals fabricated
with thin filaments are typically prepared using the sintering
process in vacuum. The porosity is controlled by pressing the
fibers (filaments) with a weight during sintering.

FeCrAlY felts ( brazed fibrous porous metals) were de-
veloped for sound absorption applications in high temperature
(up to 1 000 °C) and corrosive environment, where non-me-
tallic textile, ceramic or polymer products fail. In order to
improve the sound absorbing capability of the fibrous porous
metal at low frequencies and reduce the fluctuation of sound
absorption coefficient at high frequencies, the sound absorp-
tion of gradient fibrous porous metals with different pore struc-
tures were studied ). The gradient structures were assembled
in different ways, combining two or more layers having different
pore characteristics. The results showed that the gradient struc-
ture improved significantly the sound absorption coefficient at

Fig. 18
stainless steel fibers

low frequencies. It was also found that the arrangement of
porosity had obvious influence upon sound absorption, with the
arrangement from high porosity to low porosity in the direction
of incoming sound more beneficial. Built upon the phenome-
nological Biot-Allard model, a new effective bulk modulus
formula was obtained by considering heat exchange between
the metallic skeleton and air, and therefore an extended
sound absorption model was put forward*' "', Compared
with the Biot-Allard model, the predictions from the extended
model agreed better with experimental measurements, espe-
cially for surface acoustic impedance at high frequencies.

To characterize the complex pore structure of brazed me-
tallic fiber felts, the fractal theory has been proved effec-

3] Based on the fractal theory, the box dimension

tive
method was applied to characterize the pore structure by ana-
lyzing electronic scanning microscope images. The influences
of image resolution, threshold value, and image magnifica-
tion on the fractal analysis were investigated, and it was dem-
onstrated that these factors need to be properly selected to

achieve desirable accuracy of the fractal analysis.

¢100 pm

#200 nm

(a) Fine metallic fibers, (b) FeCrAlY felts, (c¢) copper felts, and (d) SEM images of porous metal media fabricated by
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5 Porous metals fabricated using powder
metallurgy method

The method of powder metallurgy has long been used to
manufacture cellular metals of relatively low porosi-
ties. Sintered porous metals have been established as relia-
ble, long-lasting media for efficient particle capture, flow re-
striction, sound attenuation, and gas/liquid contacting. More
recently, high porosity pure copper and steel alloy
(FeCrAl1Y) foams with open cells (Fig. 19a ~b) have been
fabricated via the metal sintering route. With this process,
metallic particles are suspended in a slurry, and the slurry is
then used to coat a polymer foam substrate. Once coated, the
precursor is put through a mechanical press to eliminate the
excess slurry. This procedure is repeated several times with
the orientation of the material remaining constant. Once the
polymer is coated with sufficient slurry to achieve the desira-
ble relative density, the material is placed on a conveyor and
passed through a series of furnaces. The firing process serves
to sinter the metal particles together while burning out the
polymer precursor. This method offers a cost-effective way for
mass production compared to the more costly techniques of
chemical vapor deposition (CVD) or investment casting.

Fig. 19 (a) Copper foam and (b) FeCrAlY foam fabricated

with sintering route

For sintered FeCrAlY foams having open cells, Lu et
al. ") characterized their low Reynolds number fluidic
properties, complementing previous studies on the influence
of processing defects on stiffness and strength. The static flow
resistance of the foam important for heat transfer, filtration
and sound absorption was modeled based on the flow past iso-
lated inclined cylinders and spheres at general incidence,
with the interaction between neighboring ligaments accounted
for. The model predictions, confirmed by comparison with
experimental measurements, were subsequently used by Lu et

. " in a phenomenological acoustic model to predict

the acoustic characteristics of the foam. The design space for
a simple acoustic absorber incorporating the foam ( targeting
high temperature applications such as the acoustic liner of jet
engines) was examined, with the effects of absorber size,
foam selection, and foam spacing explored.

6 Mesoporous fims

To prepare nanomaterials of titanium oxide with different
morphologies, Shang and co-workers ! developed a solvo-
thermal method. Nanostructures, such as wire, rod, cube,
and fiber, were synthesized in mass quantities by controlling
either the concentrations of the precursor or growth tempera-
ture and introducing different additives in one simple system
based on titanium tetroisopropoxide and ethylene glycol. In
addition, composite films were made by embedding nanopar-
ticles of p-type PdO semiconductor in a n-type titanium oxide
matrix. With the assistance of nitrogen ion beam, these PdO
nanoparticles were confined to less than a couple of nanome-
ters. The resulting nanocomposite films demonstrated an unu-
sual “redshift” in the optical absorption spectrum, contrary
to the well-known quantum size effect from semiconductor
nanoparticles. The absorption in the visible-light range was
shown to result from absorption by metallic-like nanoparticles
as palladium changed its valence state from Pd** to Pd in ni-
trogen-doped titanium oxide matrix under visible-light illumi-
nation . As photocatalyst makes better use of visible light,
the nanocomposite films may be used to make catalytic reac-
tors that kill bacteria and viruses.

7 Biomorphic materials

As previously discussed, nature has developed materi-
als, objects and processes that function from macroscale to
nanoscale. The emerging field of biomimetics allows us to
mimic biology or nature to develop nanomaterials, nanodevic-
es and processes. The properties of biological materials and
surfaces derive from a complex interplay between surface
morphology and physical/chemical properties. Hierarchical
structures with dimensions of features ranging from mac-
roscale to nanoscale are extremely common in nature to pro-
vide the properties of interest.

A team led by Wu "°~*" found that the mosquito’s legs
are covered by numerous scales consisting of uniform mi-
croscale longitudinal ridges ( nanoscale thickness and mi-
croscale spacing between ) and nanoscale cross ribs
(nanoscale thickness and spacing between). Such delicate
microstructures and/or nanostructures on the leg surface lead
to a water contact angle of 153°, leading to a surprising high
water-supporting ability. This finding is helpful for designing
innovative non-wetting materials. Alternatively, Fan and co-
workers 127* studied leaf structures (e. g , Fig 2077 1o
better understand the process in order to replicate a man-
made version of the leaf that could be adapted to do the in-
verse ( splitting water to make hydrogen fuel) using a typical
photocatalyst like titanium dioxide ( one of the most abundant
minerals on Earth). Using sunlight to split water into its
components ( hydrogen and oxygen) is one of the most prom-
ising methods for creating a sustainable, safe and cheap alter-
native to fossil fuels. There is no machine more efficient at u-
sing sunlight than the humble leaf. Through photosynthesis,
leaves use the power of sunlight to assemble sugars using only
carbon dioxide, oxygen and water.
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8 Nondestructive testing and evaluation of
porous materials

The presence of imperfections and defects in a porous
material (induced during processing or service) weakens its
mechanical , thermal, electrical and other properties. Nonde-
structive testing ( NDT) is a wide group of analysis tech-
niques developed to evaluate the properties of a material ,
component or system without causing damage. As conven-

Mesophylllcelll
o

tional methods such as ultrasonic testing ( UT) and radio-
graphic testing (RT) are not suitable for detecting flaw and
damage in porous materials, new techniques are needed.
With focus placed on quality control of manufacturing proces-
ses as well as quantitative inspection of defects occurring dur-
ing service, four methods have been developed for porous
metals; direct current potential drop (DCPD) method, ultra-
sonic immersed focusing method (UIFM) , eddy current testing
(ECT) technique, and vibration signal detection method, see
for example the experimental set-up shown in Fig. 21.

Fig. 20 Characterization of original Cinnamomum camphora leaf from macroscale to nanoscale: (a) digital picture of Cinnamomum camphora
leaves, (b) surface images obtained by digital microscope, (c¢) surface images obtained by Keyence, (d) cross-section obtained by
FESEM, (e) cross-section observed under optical microscope, (f) a magnified image of the square region of e, (g) cross-section
observed under confocal laser-scan microscope ( CLSM). The mesophyll cells are displayed by chlorophyll fluorescence (red) excited by
488 nm light while the vascular bundles, cuticles and mesophyll cell walls are displayed by blue fluorescence excited by 790 titanium
sapphire, (h) TEM image of a chloroplast, inset is the corresponding illustration, (i) granum-the layered nanostructure of thylakoid
membranes, a magnified image of the square region of h, inset is the illustration of the cross-section of such structure

\
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Fig. 21

focusing method ( UIFM)

The validity of the DCPD method for inspecting large
bubbles in metallic foams was examined by Chen and co-

Experiment setup of (a) direct current potential drop ( DCPD) method and (b) ultrasonic immersed

[56 -57]

. It was established that the DCPD is efficient
for the detection of volumetric flaws in the foam. In addition,

workers
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it was found that the position and size of cavity bubble flaws
could be recognized from the potential signals.

To evaluate the feasibility of the DCPD method for lat-
tice-cored sandwiches, a code for numerical simulation of
DCPD was developed based on the electrical resistance net-
work approach, with the facesheets and truss bars modeled as
resistance networks ™ "), Numerical simulations were per-
formed for different flaw sizes and electrodes arrangement.
The results show that the DCPD is suitable for detecting weld-
ing flaws in lattice-cored sandwiches.

The UIFM method was also employed to detect welding

defects in lattice-cored sandwich structures by C-scan inspec-
tion'*”. The major influencing factors on results obtained were
discussed and the testing error analyzed. Regarding the online
detection on an actual work piece, it was found that using inte-
grated ultrasonic immersed focusing array as well as multi-probe
data fusion technology enhanced the detection precision.
Chen and co-workers "*'! examined further the feasibility
of using the ECT technique for lattice truss structures. Nu-
merical models were proposed for two different kinds of lattice
truss-cored sandwich plates. The ECT signals from the cracks
in the welding zone and from the welding joints in the sand-
wich plate were simulated and their features were compared
with those obtained using an FEM-BEM ( finite element
method-boundary element method ) hybrid model. It was
shown that the phase property of the welding noise and that of
the crack signals were significantly different, the latter being
more sensitive to the excitation frequency, and the crack sig-
nal polluted by the welding noise could be extracted by using
the multifrequency signal processing algorithm. These results
suggested that ECT was a promising NDT method for lattice
truss-cored sandwich structures.

Though many methods exist for detecting damage in a
structure , few can be used to identify the debonding ( delami-
nation) defect between the facesheet and core layer of a lat-
tice truss-cored sandwich panel. A vibration signal based
nondestructive testing method using uniform load surface
(ULS) curvature was applied to detect such defects .
The feasibility of the approach was investigated through nu-
merical simulation for different damage configurations. The
results showed that there is a good possibility to detect delam-
ination defects from vibration signals by using the ULS curva-
ture strategy.

9 Summary

To fully explore the multifunctional application potentials
of lightweight porous materials in automotives, airplanes, re-
covery space capsules, high-speed trains, ships, high preci-
sion machineries, and microelectronics, to name just a few,
an integrated multidisciplinary approach combining materials
science and engineering, mechanical engineering, engineer-
ing mechanics, thermal sciences, acoustics and other disci-
plines is favored. Such an approach has been undertaken and
implemented by our research group, supported by key nation-
al funding agencies. The team assembles experts from differ-
ent disciplines to investigate the design, material processing,
property characterization ( stiffness/strength, vibration, ener-
gy absorption, damping, heat dissipation, sound proofing,
and so on) , optimal design, multifunctional integration, and
industrial applications of the material. A comprehensive re-
view of our research findings in recent years has been presen-
ted, with focus placed upon metallic foams and lattice truss
structures. More studies are nonetheless needed to address

major issues related to the low-cost mass production of these
materials for multifunctional applications.
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