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Advanced Composites Inspired by Biological Structures and
Functions in Nature: Architecture Design, Strengthening
Mechanisms, and Mechanical-Functional Responses
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The natural design and coupling of biological structures are the root of
realizing the high strength, toughness, and unique functional properties of
biomaterials. Advanced architecture design is applied to many materials,
including metal materials, inorganic nonmetallic materials, polymer materials,
and so on. To improve the performance of advanced materials, the designed
architecture can be enhanced by bionics of biological structure, optimization
of structural parameters, and coupling of multiple types of structures. Herein,
the progress of structural materials is reviewed, the strengthening
mechanisms of di�erent types of structures are highlighted, and the impact of
architecture design on the performance of advanced materials is discussed.
Architecture design can improve the properties of materials at the micro level,
such as mechanical, electrical, and thermal conductivity. The synergistic e�ect
of structure makes traditional materials move toward advanced functional
materials, thus enriching the macroproperties of materials. Finally, the
challenges and opportunities of structural innovation of advanced materials in
improving material properties are discussed.
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�. Introduction
Advanced materials through architecture
design exhibit excellent mechanical prop-
erties, functional physical properties, and
unique coupling properties.[���] They play
a fundamental role in promoting the
progress of materials science, biology, and
physics.[����] Although many microstruc-
tures have been researched, designed, and
applied to improve the performance of
materials and gained beautiful achieve-
ments, the design and development of mi-
crostructure architectures are far more than
this.[�����] The existing architectures of na-
ture and the in�nite imaginations of hu-
man beings are the sources of promoting
the architecture design of advanced ma-
terials. These microstructures are very at-
tractive for the subversive improvement of
material properties, but the study of their
strengthening mechanism and interaction
properties still faces many challenges.

The evolution of human civilization has always been accompa-
nied by the design and development of material structures. Since
ancient times, structural materials with special functions have
been mainly used in the �elds of bridges, houses, vehicles, and
industrial manufacturing.[�����] In the early stage, due to the low
complexity of structural materials, the large size of components,
and the immature preparation technology, the performance im-
provement of composite materials is limited. In the past few
decades, due to the limitation of synthesis and control meth-
ods, most of the applied research focused on simple structural
materials. These structural materials with lightweight and high
mechanical properties are mainly designed and produced from
the perspective of basic mechanics. Generally, these studies are
mainly about the uniform distribution of reinforcement, inter-
face modi�cation, mixing ratio, size parameters, and strengthen-
ing mechanism.[�����] Since the last decade, many excellent com-
posites have been produced by imitating the structure of natural
materials.[�����] The design and preparation of biomimetic com-
posites usually need to scale up the size of biological structure,
which is conducive to its large-scale synthesis and processing in
the industry. However, the maximization of the properties and
the diversity of the functions of the composites need to improve
the �neness of the preparation technology and the complexity of
the microstructure architecture. With the further development
of characterization, simulation, modeling, and manufacturing
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Figure �. Typical architectures of nature-inspired. The compositions and unique structures across multiple length scales of biomaterials are key to
achieving extraordinary mechanical properties and functionality. Di�erent species of organisms have structures of varying complexity, largely depending
on the living environment and functional requirements. Inspired by these biological structures, a range of bionic architectures have been designed from
simple to complex.

techniques, scientists increasingly believe that bio-inspired struc-
turalmaterials with highmechanical properties and functionality
comparable to natural materials can be produced.
In recent years, the research of material microstructure archi-

tecture has made rapid progress. By imitating the microstruc-
ture in nature, some advanced materials with excellent perfor-
mance have been designed.[�����] For example, some typical natu-
ral structures (honeycomb, bamboo, sponge, bone, pearl mussel,
mantis shrimp) have excellent mechanical properties and have
received extensive attention in bionics (Figure �).[���	�] Natural
honeycombs are made of beeswax, which is mainly composed
of lipids, alkanes, alkanols, and others.[	�,	�] These organic mat-
ters provide the honeycomb with basic hardness and toughness.
Besides, the hexagonal cell of the honeycomb has the character-
istics of lightweight, high strength, and strong energy absorption
capacity.[	
���] Given these advantages, bionic honeycomb mate-
rials are developing rapidly in the direction of composite struc-
tures, multiple sizes, and integrated functions. The structure of
natural bamboo is somewhat similar to that of honeycombs, but
not identical. Bamboo is composed of cellulose, hemicellulose,
and lignin.[��,��] The parenchyma cells of di�erent lengths con-
stitute �ber bundles. The thickness of the �ber wall is a gradi-
ent from outside to inside. Therefore, the bionic materials based
on bamboo inspiration have honeycomb, �ber bundle, and gra-
dient structures.[�	���] Glass sponge is a typical net-like lattice ar-
chitecture. The thick silicon bone needles are at right angles to
each other and form a tridimensional lattice with the thin bone

needles.[	�,�����] This lattice architecture has received great atten-
tion due to its excellent mechanical stability. However, the po-
tential mechanical properties of the hierarchical and multiscale
structure of the net-like lattice architecture still need to be further
explored.
Bones support the whole weight of the human body and play

an important role in driving bodymovement. Therefore, the bone
architecture needs to have su
cient strength and certain tough-
ness. The network of interconnected bone sca�olds is composed
of hydroxyapatite, calcium phosphate, and collagen �bers.[����	]
The growth rule of the bone network structure is a�ected by
weight bearing, which makes it have the characteristics of good
stress dispersion, high strength, and high density.[�����] It is also
a challenge to develop bionic bone materials based on these
characteristics. Bone-inspired materials should have mechani-
cal properties, microstructure and biological characteristics sim-
ilar to bones. The shell of mussels is composed of CaCO� par-
ticles, protein, and chitin, which is a multistructure composite
architecture.[����	] In addition to the outermost cuticle, the pris-
matic layer in the middle and the nacre layer in the inner layer
are themain part of mechanical energy dissipation.[�����] Nacre is
a typical layered structure, which can de�ect cracks and prevent
crack propagation, so as to provide toughness and dissipate me-
chanical energy.[�
�
�] The architecture of the prismatic layer is
used to resist the impact load and wear.[
��
�] The mantis shrimp
has a better composite architecture to compete with mussels for
survival. The dactyl club of mantis shrimp is mainly composed of
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Figure �. A schematic overview of the architecture, preparation, and application of advanced materials. Advanced biomaterial-inspired architectures are
divided into six categories, and the design�mechanic�function relationships of the structures are described. In addition, the preparation methods and
applications of these architectures are brie�y presented.

mineralized hydroxyapatite, mineralized chitin �ber, and carbon-
ated calcium phosphate.[
��
�] The impact surface of the outer-
most layer is a closely packed structure composed of mineralized
hydroxyapatite particles and organic matter.[��,��] The impact re-
gion of the middle layer is a spatial complex network structure
composed of wavy chitin �bers and vertical �ber tubes.[
�,��,��]
The periodic region of the inner layer is a Bouligand structure
composed of spiral �ber laminates.[�	���] The periodic region has
been shown to have good damage tolerance and impact resis-
tance. Furthermore, the coupling of the three di�erent structures
enables the dactyl club of mantis shrimp to withstand an impact
force of ����N, mainly because the composite architecture can
resist the initiation of microcracks, as well as de�ection and twist
cracks.[��,�
����] Therefore, the multitype composite architectures
are not only the result of natural evolution, but also the direction
that material scientists need to study in depth.
Unlike other types of materials, advanced architecture mate-

rials not only have excellent mechanical properties but also de-
velop in an intelligent, functional and environment-friendly di-
rection. With the progress of preparation technology, structural
materials are endowed with various functions and good mechan-
ical properties, such as high strength and toughness composite,
smartmaterials for sensing and self-healing, functionalmaterials
for drug delivery and self-cleaning, and so on.[�������] Addition-
ally, this �eld is developing in a more complex and functional
direction that seamlessly blends arti�cial materials and natural
materials, such as biodegradable cellulose composites, hydrogel
structural materials for cell culture, biomimetic materials with
molecular precision, etc.[��
����]
In this review, our main purpose is to discuss the recent

theoretical and experimental progress in the �eld of material
strengthening by investigating the microstructure architecture
in advanced materials. We explored in detail the strengthen-
ing mechanism of six major types of microstructure architec-

tures, and brie�y introduced the relevant preparation methods
and application prospects (Figure �). Speci�cally, we discuss and
compare the functionality, applicability, and coupling of the mi-
crostructure architecture, providing a reference for the optimiza-
tion and selection of the architecture. Finally, we bring forward-
looking views on the work that may need to be developed in this
�eld in the future, as well as highlighting their important signif-
icance for material development and engineering application.

�. Homogenous and Inhomogeneous Architecture
�.�. Homogeneous Architecture

Homogeneous architecture is a kind of dense and uniform mi-
crostructure formed by various phases, reinforcing particles, and
grains of materials.[�������] The architecture achieves a break-
through inmaterial performance by combining the excellent per-
formance of various components with the re�nement and uni-
formity of the microstructure.[�������] The problems to be solved
include the inhibition of rapid grain growth, re�nement of struc-
ture, uniform distribution of components, and good interfacial
bonding.[�������] Besides, the mechanical and physical properties
of homogeneous structures are the result of the combined action
of various strengthening mechanisms. The dense and uniform
microstructure can e�ectively improve the strength, toughness,
electrical conductivity, and thermal conductivity of materials.
In the machining processes of homogeneous architecture, re-

inforcement is prone to deformation, aggregation, and folding,
which brings a series of dispersion problems to reinforcement.
Therefore, the preparation of homogeneous architecture requires
the combination of external force, surface chemical treatment,
mixed components, and preparation conditions to achieve uni-
form distribution of reinforcements.[�������] Typical preparation
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methods include stirring casting, powder processing, in situ
synthesis, andmolecular-level mixing. Stir casting is a method of
producing homogeneous materials in the liquid phase in which
the reinforcement is uniformly dispersed in the matrix by me-
chanical agitation.[���,���] The process ismainly aimed at compos-
ites with large-sized reinforcements, and the process is relatively
simple and economical. However, there are many disadvantages
of this process, such as the wettability between the two materials
and the possible chemical reaction, as well as the easy occurrence
of voids in the as-cast composite materials. Powder processing
generally refers to the production of uniformly mixed micron-
or nano-sized powders from raw materials through a powder-
making process, and then the use of densi�cation technology to
produce bulk materials.[��	,���] Generally, to improve the disper-
sion state of powder, mechanical ball milling, suspension mag-
netic stirring and supergeneration are used to uniformly disperse
the mixed powder. The disadvantage is that the mechanical force
may damage the structure of the reinforcing material and intro-
duce impurities. The densi�cation technologies include compact
sintering, spark plasma sintering, cold isostatic molding, and hot
isostatic molding. The basic properties of the mixed powder (�u-
idity, compressibility, particle size, and composition, etc.) and the
densi�cation conditions (temperature and pressure, etc.) can di-
rectly a�ect the quality of the compacts.
To overcome the damage and pollution of the material struc-

ture caused by mechanical force and chemical dispersion meth-
ods, scientists used in situ synthesis technology to pretreat the
material. For metal matrix composites, this technology is gen-
erally to directly synthesize the uniformly distributed �ne rein-
forcement phase on the metal matrix by adding appropriate reac-
tants (gas phase, liquid phase, and solid phase powders).[���,���]
For polymermatrix composites, this technology is generally used
to graft polymer molecules onto the surface of reinforcing ma-
terials by adding appropriate initiators.[��
,���] This preparation
technology ensures the good combination and uniform disper-
sion of reinforcement and matrix, but the relatively low produc-
tion e
ciency limits its application in mass production. In addi-
tion, the separation and processing in the post-treatment process
make the preparation technology lack stability and controllability.
Molecular-levelmixing refers to the attachment of small nanopar-
ticle materials to functionalized carbon nanomaterials.[�	�,�	�]
This method is conducive to interfacial bonding and uniform
dispersion of materials. However, due to the introduction of a
large number of defects on the surface of functional groups of
carbon nanomaterials, the mechanical and physical properties of
the composites have been greatly a�ected. Moreover, the control
of the oxidation and reduction steps is a challenge as well.
After many years of development, there are still many prob-

lems to be improved in the composite materials with uniform
microstructure architecture. It has been shown to be e�ective
in introducing alloying elements to re�ne the microstructure of
composites.[�	���		] This composite material combines the excel-
lent properties of various components, and the introduced metal
elements can re�ne the grain structure by solution segregation
and phase separation e�ect.[�	���	
] However, it is still a challenge
for the doped metal elements to be uniformly distributed in the
matrix and form ultra-�ne structures. Taking the W�Cu matrix
composite as an example, the homogeneous and compact W�Cu
alloy has excellent electrical, thermal and mechanical properties.

Li et al. prepared a W�Cu-based nanocomposite co-doped with
Cr and WC.[�	�] From the results of super-EDS analysis, it can be
seen that the microstructure has a uniformW and Cu phase dis-
tribution, which is attributed to the nanostructure of the in-situ
synthesized nanocomposite powder being maintained after sin-
tering (Figure �a). Moreover, the uniform distribution of Cr and
WC nanoparticles in the W�Cu matrix can signi�cantly improve
the hardness of the composite. Compared to coarse-grained W�
Cu composites, nanocrystalline W�Cu composites with higher
hardness have lower and more stable coe
cients of friction. Not
only that, the uniform distribution of re�ned Cr and WC phases
makes the stress distribution on the wear surface uniform and
suppresses the initiation of local cracks (Figure �b,c). In the plas-
tic deformation zone after wear, a strain gradient is formed be-
tween the hard phase (Cr and WC) and the soft phase (W and
Cu), and a large number of geometrically necessary dislocations
are generated, making the wear surface hardened (Figure �d).
Although the above W�Cu composites re�ne the reinforcing

phase, there are obvious di�erences in the shape and size of the
W, Cu, Cr, and WC phases. These di�erences a�ect the mechan-
ical properties and conductivity of the composites to some ex-
tent. To overcome the irregular shape and di
culty to control the
grain growth of W�Cu powder in W�Cu composites, a strategy
of core�shell W�Cu nanoparticles was developed by Li et al.[���]
At ���� °C, polyhedral W grains embedded in a continuous Cu
network formed a homogeneous microstructure, and this uni-
form dense structure was also evident from the distribution of
elements (Figure �e,f). The formation of the microscopic homo-
geneous structure is attributed to the fact that liquid Cu �lls the
voids and forms a network around the W grains when the sin-
tering temperature is higher than the melting point of Cu, ef-
fectively suppressing the coarsening of the W grains. Therefore,
the microhardness and electrical conductivity of the composites
obtained at ���� °C are the highest due to the high densities
and small grain sizes of the composites at this temperature (Fig-
ure �g). The homogeneous Cu network inside the composites is
the main reason for the high conductivity obtained.
The uniform microstructure was prepared by the in situ syn-

thesis methodmentioned above, and the compatibility of thema-
trix phase and reinforcement phase was good. In addition, severe
plastic deformation is also a common method to uniformly dis-
tribute and re�ne particles. Therefore, the combination of in situ
synthesis andmechanical force is a good strategy to prepare com-
posites with uniform distribution and �ne particles. Zhao et al.
used elliptical cross-section torsion extrusion (E-TE) to prepare
TiB� particle-reinforced Al-Zn-Mg-Cu-based composites.[���] The
composites treated by the E-TE process had a homogeneous ar-
chitecture and the �nest grain structure at ��� °C (Figure �h,i).
The purpose of re�ning and homogenizing the microstructure
of the composites is to obtain good properties with both strength
and ductility. By performing uniaxial tensile tests on E-TE-treated
samples, the ultimate strength and elongation of the samples
are improved.[���] Besides, small equiaxial dimples and obvious
ridges after step crack extension can be found on the fracture sur-
face of the samples, which indicates that the samples are duc-
tile fractures and TiB� particles are uniformly distributed (Fig-
ure �i). The homogeneous microstructure architecture hinders
crack propagation and creates di�erent crack propagation paths,
which in turn improves the plasticity of the samples.
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Figure �. Homogeneous architectures with uniform distribution of reinforcement in the matrix. a�d) Element distribution, surface wear morphology,
friction coe�cient and deformation gradient of nanocrystalline W�Cu composites. Reproduced with permission.[��
] Copyright ����, Elsevier B.V. e�g)
Scanning electron microscope (SEM) image, elemental distribution, microhardness and electrical conductivity of W�Cu compacts. Reproduced with
permission.[�
�] Copyright ����, Elsevier B.V. i) EBSD map of grain structure at ��� °C. Reproduced with permission.[�
�] Copyright ����, Elsevier Ltd.
j) The transverse section of the dactyl club consists of the impact surface (area �), impact region (area �) and periodic region (area �). Reproduced with
permission.[
�] Copyright ����, Springer Nature.

Homogeneous architectures have obvious advantages in in-
creasing the strength-toughness of materials, so some animals
in nature also adopt this architecture. In recent years, scientists
have found that the impact surface of mantis shrimp�s dactyl
club is a homogeneous architecture composed of hydroxyapatite
nanoparticles and an organic matrix.[��] The impact surface is
about �� µm thick, with a dense pack of hydroxyapatite nanoparti-
cles of about sub-��� nm and a packing density of about 

 vol%
(Figure �j). Microimpact experiments were performed on the im-
pact surface using spherical and cubic angle indenters. Particle
packing was observed in the impact surface, and particles were
worn o� the impact surface after ��� impacts. Furthermore, the
penetration depth in the presence of the impact surface was re-
duced by half compared to that without the impact surface at dif-
ferent loads. This indicates that the microstructure architecture
of the impact surface is able to locate the damaged area and pre-
vent crack initiating and extension. Further studies showed that
high strain rate or impact induced dislocation formation, amor-
phization, particle changes (breakage, rotation, and translation)
and organic phase changes (plastic deformation, �bril bridging)
are e�ective energy absorptionmechanisms. To verify this energy
dissipation mechanism, the strain rate of the bicontinuous net-
work was simulated at the nanoscale and the energy dissipation

of grain boundary fracture was simulated at the atomic scale. Hy-
droxyapatite nanoparticles deformmore uniformly at high strain
rates, localize deformation at low strain rates, and increase sti�-
ness and strength with increasing strain rates. Moreover, small-
angle grain boundaries lead to a decrease in the overall strength
of hydroxyapatite nanoparticle crystals. This homogeneous archi-
tecture composed of a hard mineral phase and a soft organic
phase brings dawn to the preparation of impact-resistant materi-
als with high strength and toughness.
The preparation methods for homogeneous architectures are

more abundant, such as casting, additivemanufacturing, powder
metallurgy, and in situ synthesis.[������
] However, the key to im-
proving the performance lies in the density and re�nement of the
reinforcement, the uniformity of distribution, and the bonding
strength of the interface. In addition, the integrity of the struc-
ture, shape, and composition of the reinforcing material should
be guaranteed during the processing, which will greatly a�ect
the mechanical properties and other functions of the compos-
ite. For particle-reinforced composites, the re�nement of the re-
inforcing particles leads to agglomeration of the particles in the
matrix.[���,���] Moreover, the density of the reinforcing particles
also a�ects the strength and toughness of the composite. There-
fore, reasonable regulation of the density, degree of re�nement,
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and homogeneity of the reinforcing phase is a factor to be con-
sidered for the design of homogeneous architectures. Further-
more, some preparationmethods inherently have certain defects,
such as the casting process may lead to voids inside the compos-
ite and powder metallurgy may destroy the structural integrity of
the reinforcement. Therefore, it is also important to enhance the
preparation techniques on the basis of the reasonable design of
the reinforcement phase.
In a nutshell, the improvement of mechanical properties of

homogeneous architectures mainly depends on the inherent
physicochemical properties of reinforcement and matrix as well
as the size, density, and dispersion state of reinforcement. The
uniformly dispersed reinforcement can make the stress uni-
formly distributed, prevent crack initiation and propagation, and
improve the strength and toughness of the composite. When the
size of reinforcement is small, the stress distribution is more
uniform, and it is di
cult to form high local stress. In addi-
tion, the reinforcement blocks the crack propagation path and
makes the crack diverge and de�ect. For metal matrix compos-
ites, the uniformly distributed �ne grains mainly strengthen the
composites by increasing the barrier of grain boundaries to dis-
locations. The increase of dislocations at grain boundaries signif-
icantly improves the strain-hardening ability of the material. Fur-
thermore, the more uniform and smaller the precipitated phase
distribution of the metal matrix composite, the more obvious
the strengthening e�ect of the composite. The precipitated phase
hinders the dislocation slip and improves the deformation resis-
tance of the composite. However, for di�erent types of materials,
the strengthening mechanism of homogeneous architecture is
di�erent. Here, homogeneous architecture is mainly applicable
to composites that need to improve mechanical properties. Addi-
tionally, the homogeneous architecture can also be used for com-
posites that need to improve conductivity, thermal conductivity,
and wear resistance.

�.�. Inhomogeneous Architecture

In addition to the excellent performance of homogeneous ar-
chitectures in improving the properties of composites, well-
designed inhomogeneous architectures can also play an unex-
pected role. The inhomogeneous architecture described in this
section refers to the distribution of various phases and com-
ponents of the composite in a non-uniform form in the ma-
trix, which distinguishes it from the inhomogeneous architec-
ture with a typical structure introduced in the later sections.
The strengthening of the inhomogeneous architecture depends
mainly on the basic properties, characteristic dimensions, vol-
ume fractions, and distribution characteristics of the various
components and phases.[������	] The main objective is to over-
come the paradox of strength and ductility in composites by sup-
pressing the initiation and propagation of local cracks.
Functional gradient structures belong to the more clas-

sical inhomogeneous architectures, which can synergistically
strengthen composites based on the interactions between ad-
jacent layers and the asynchronous deformation of the non-
uniform structure. For example, Lu et al. fabricated multilayered
in situ bulk metallic glass composites (BMGCs) using laser addi-
tive manufacturing techniques.[���] The purpose of this design is

to mitigate the elastic mismatch between adjacent layers by vary-
ing the strength layer by layer. Changing the strength is achieved
by adjusting the volume fraction of the crystal dendrites. The
mixture of glass matrix and crystalline dendrites can be clearly
seen near the interface region of glass dendrite (Figure �a). Uni-
axial tensile experiments were performed on BMGC with a frac-
ture angle of ��° from layer � to layer � and 	�° from layer � to
layer ��. From layer � to layer ��, the microhardness gradually
increased as the dendrites decreased. When the BMGC is sub-
jected to tensile forces, there is a strain distribution between the
soft and hard layers, resulting in a completely opposite micro-
hardness gradient after deformation (Figure 	b,c). By the above
analysis, the strengthening e�ect of this gradient architecture is
applicable to many other composites, and the synergistic defor-
mation of soft and hard phases can e�ectively improve the overall
toughness. Moreover, the interlocking structure formed by var-
ious phases with non-uniform distribution can be used as an
inhomogeneous architecture to enhance the mechanical prop-
erties of composites. The interlocked structure is di�erent from
the gradient structure mentioned above. The interlocked struc-
turemakes the fracture toughness of the composite basically con-
sistent in all directions. This high fracture toughness is mainly
due to the crack de�ection, bridging, and pull-out of the com-
posite in all directions caused by the inhomogeneous distribu-
tion and interlocking reinforcement phases. Liu et al. prepared
Al�O�/(NbTaMoW)C composites by in situ exothermic reactions,
whose microstructure consists of Al�O� phase and (NbTaMoW)C
phase with adjacent grains having di�erent crystal orientations
(size range of ���� µm) (Figure 	d,e).[���] Small grains are ob-
served randomly distributed between the large grains on the frac-
ture surface. This inhomogeneous distribution of grain sizes al-
lows the crack to de�ect when it encounters the grains. Further-
more, the liquid phase of Al�O� wrapped around the high entropy
carbide (HEC) at ����°C to form an interlocking structure (Fig-
ure 	f,g). Therefore, the synergistic e�ect of crack de�ection and
interlocking structure improves the �exural strength and fracture
toughness of the composites.
The cracks of composites are usually caused by localized plas-

tic deformation, and unstoppable crack propagation can cause
premature failure of the material.[���,��
] Inspired by biolog-
ical structures, scientists have been able to design inhomo-
geneous architectures that can e�ectively bu�er and prevent
crack propagation.[�������] Here, the strengtheningmechanism of
bionic inhomogeneous architecture composites is illustrated by
the example of herringbone eutectic high-entropy alloy.[���] The
Al��Fe��Co��Ni	� eutectic high-entropy alloy prepared by direc-
tional solidi�cation consists of aligned eutectic colonies (AEC)
and branched eutectic colony (BEC) lamellae (Figure 	h). The
herringbone microstructure contains the L�� phase (soft, face-
centered cubic) and the B� phase (hard, body-centered cubic).
The microcrack density increases rapidly at �����% strain, fol-
lowed by a slow increase (�����%). Moreover, the microcrack
density and length increase very slowly at 	����% strain (Fig-
ure 	i). In the AEC and BEC regions, when the microcracks pen-
etrate the B� hard phase, they are passivated in the L�� soft. This
implies that the alternating soft-hard phases are able to withstand
the high-density cracks and e�ectively passivate the crack tips and
bu�er the crack propagation. According to the synchrotron high-
energy X-ray di�raction (SHE-XRD) results, the yield of the L��
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Figure 
. Inhomogeneous architectures with nonuniform distribution of reinforcement in the matrix. a,b) High-resolution transmission electron mi-
croscopy (HRTEM) micrograph of the interface between the two phases. c) Fracture morphology of gradient BMGC �-�� layers and microhardness
evolution of A-K segment corresponding to layers �-��. a�c) Reproduced with permission.[��
] Copyright ����, Elsevier Ltd. d,e) Microstructure and
grain size distribution of Al�O�/(NbTaMoW)C composites. f,g) Fracture morphology of the composites and the distribution of Al�O� in the matrix. d�g)
Reproduced with permission.[���] Copyright ����, Elsevier Ltd. h) Eutectic high-entropy alloy (EHEA) with herringbone microstructure contains B� and
L�� phases. i) The relationships among microcrack density, microcrack length, and tensile strain in the AEC. j) Stress partitioning of B� and L�� phases
in situ synchrotron experiments. h�j) Reproduced with permission.[�	�] Copyright ����, American Association for the Advancement of Science.

soft phase makes the stress distribution of the B� hard phase in-
crease rapidly. At a strain of ��%, the B� hard phase undergoes a
slow decrease in stress, and the strain hardening of the L�� soft
phase makes the undergoing stress increase slowly (Figure 	j).
Therefore, the design of this herringbone inhomogeneous archi-
tecture enables the composite to have excellent fracture tough-
ness.
The above analysis shows that the design mentality of these

special inhomogeneous architectures is basically similar to the
classical inhomogeneous architectures mentioned below. Pre-
vention of crack initiation and propagation is the primary objec-
tive of microstructure design and distribution. In short, the ex-
cellent performance of the inhomogeneous architecture is due to
the special distribution and properties of the reinforcement and
matrix. Di�erent types of fracture occur in the hard phase and
soft phase of the composite, and the incompatible deformation
caused by this composite fracture will increase the stress in the
reinforcement. Non-uniform distribution of reinforcement will
lead to multipath, multitime, multistage, and multiregion char-
acteristics of material failure. In addition, the inhomogeneous
distribution of reinforcements blocks the movement of disloca-
tions and improves the strain-hardening ability of the matrix.

Furthermore, the coordination of the size, distribution, and con-
tent of soft and hard phases is also the key to determining the
�nal properties of the composites. Therefore, this kind of inho-
mogeneous architecture can greatly improve the overall perfor-
mance or single-aspect performance after careful design. Here,
several inhomogeneous architectures introduced in this review
are mainly applicable to composites that need to improve me-
chanical properties, but the applications don�t stop there. Ad-
ditionally, the application range of inhomogeneous architecture
is very wide, which can be applied to composite materials in
aerospace, automotive, microelectronics, and other �elds. Inho-
mogeneous architectures have incomparable advantages over ho-
mogeneous architectures in some aspects. The designability of
inhomogeneous architectures enables them to meet some spe-
cial requirements, such as functional gradient, multiple length
scales, and thermal barrier coating materials.

�. Lamellar Architecture
In the bionic laminar architecture, the nacre has been heav-
ily studied for its ability to combine strength and toughness to
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