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Abstract: Three-dimensional (3D) network topological
structure composite (3D-NTSC) is a new type of composite
in which both the matrix phase and the reinforced phase
have 3D continuous network structure and interweave
with each other. Different from fiber reinforcement and
particle reinforcement, the reinforcing phase in the com-
posite material runs through the whole matrix phase in a
continuous form without destroying the topological con-
tinuity of the matrix phase, so that each matrix phase in
the composite material can not only maintain its own
excellent performance, but also can cooperate with each
other and complement each other, so that the composite
material can play a greater performance advantage. In
recent years, 3D-NTSC has attracted the attention of
researchers and has been widely used in practical pro-
duction. At present, there are no comprehensive articles
summarizing the research progress of this kind of mate-
rials. In this review, we discussed the recent progress of
the preparation methods, including natural flow method,
vacuum infiltration process, pressure filling method, in situ
filling method, and co-building method. Furthermore,
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research progress on mechanical properties and some
regular results, shortcomings, challenges, and prospects of
3D-NTSC were also put forward, which would be helpful to
people working in the related fields.
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1 Introduction

With the progress of society and the development of
science and technology, traditional homogeneous mate-
rials have been difficult to meet actual needs [1,2]. There-
fore, how to prepare high-performance new composite
materials has become a current hot topic. In recent years,
Three-dimensional (3D) network topological structure
composite (3D-NTSC) with low density, high specific
modulus, high specific strength has been widely used
in fields such as the preparation of structural load-
bearing components [3], heat conduction [1], oil-water
separation [4], electrical conduction [5], and energy sto-
rage due to its special reinforcement method and struc-
tures. 3D-NTSC is a composite material composed of two
or more phases, and each phase is three-dimensionally
connected through a microstructure, and the character-
istics of each component in the network structure remain
basically unchanged. If one phase is removed, the remain-
ing phases will still maintain structural integrity and load-
bearing capacity [6,7]. 3D-NTSC combines the advantages
of three-dimensional braided materials and ordinary com-
posite materials, especially when subjected to external
forces, the network structures are mutually restrained
and the interaction force is strengthened, and the two
phases can be combined well, which is not achieved by
many traditional materials. It is this special three-dimen-
sional network topology that makes composite materials
have isotropic properties and exhibit excellent physical
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and mechanical properties, which are often superior to
traditional fiber or particle reinforced composite mate-
rials, providing new options for applications in many
fields [8-11].

In practice, the structural mechanics of 3D-NTSC play
a very important role, which determines whether it can be
used in engineering. However, the complete theory has
been developed to explain and predict the strength and
structure of final composite materials, it is still a big
challenge to effectively combine theory with practice.
Although great achievements have been made in the
research of 3D-NTSC, there is no instructive review of the
research progress. Therefore, this article will briefly review
the preparation methods and mechanical properties of
3D-NTSC. Furthermore, some shortcomings, challenges,
and prospects of 3D-NTSC are also put forward, which
will be helpful to people working in the related fields.

2 Composite structure

Composite materials can be divided into the following
three types according to the reinforcement method: fiber
reinforcement [12], particle reinforcement [2], and three-
dimensional network reinforcement [13]. Particle-rein-
forced composite materials are mainly based on carbide,
nitride, graphite, and other particle-reinforced metals or
alloys. Although the material has good isotropy, the pro-
cessing and preparation process are relatively simple, its
characteristic is that the particles used for reinforcement
are discontinuous, and the rigidity and strength are
slightly lower than that of continuous fiber-reinforced
materials, so its application will be limited. While the
fiber-reinforced composite material is composed of various
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fiber reinforcements placed in the matrix material, which
can provide good hardness, strength, and stability to the
whole material.

Their internal structure is shown in Figure 1, from
which it can be seen that the particles and fibers are
uniformly dispersed in the matrix. When the composite
material is damaged by external force, they can hinder
the crack propagation in the form of bridging at the crack
development, which can achieve the purpose of improv-
ing the mechanical properties of the material to a certain
extent. However, the particles of the reinforcing phase do
not contact each other, and there is no interaction, and a
certain destructive strength can make the cracks develop
rapidly. On the contrary, if the particles or fibers are con-
nected to each other, when the composite material is
damaged by external force, the stress can be transferred
and buffered along the reinforcing fillers. It is conceivable
that the enhancement effect brought by this enhancement
method far exceeds that of the dispersed enhancement
phase, which is the advantage of the three-dimensional
network enhancement. In addition, since the size of the
reinforcing phase of the composite material is generally
required to be small enough, this also makes the reinfor-
cing phase easy to agglomerate without being dispersed.
The three-dimensional topology network reinforcement
structure itself is a continuous phase, and there is no dis-
persion problem, which is also an advantage of the three-
dimensional network enhancement [14].

3 3D-NTSC preparation

Based on the special structure composition of 3D-NTSC
and many advantages, how to achieve effective preparation

(b)

Figure 1: Schematic diagram of the internal structure of composite materials with different reinforcement methods: (a) particle reinforce-
ment; (b) fiber reinforcement; and (c) three-dimensional network reinforcement.



DE GRUYTER

becomes a key point. The construction method of the
structure has a long origin, such as the mud wall built
by the combination of straw and mud, reinforced cement
composite structure. The prepared materials play an
important role in load-bearing, electrical, and thermal
conductivity. At present, the preparation methods of
3D-NTSC are mainly divided into two categories. One is
the pre-forming matrix method, in which the matrix is
prepared first and then the filling phase is introduced.
The other is co-construction method, forming the matrix
phase and reinforcement phase at the same time. The
following is a brief summary and discussion of the related
research on the preparation of 3D-NTSC according to the
two methods.

3.1 Preformed matrix method

The preforming matrix method means that the matrix
phase is preformed and then the filling phase is intro-
duced in a specific way. Remarkably, the preformed
matrix phase must present a three-dimensional network
structure to give space for the filling phase. The pre-
formed matrix phase can be prepared in a variety of
ways, it can be obtained from the natural environment,
such as natural sponge and loofah. In addition, it can
also be prepared artificially, such as aluminum foam
(AF), nickel foam, and aerogel. According to the intro-
duction mode of reinforcement phase, it can be divided
into four kinds, natural flow method, vacuum infiltration
process [15], pressure filling method [16], and in situ
filling method [17].

3.1.1 Natural flow method

The natural flow method is a simple molding method,
usually by introducing the filling phase into the matrix
phase in the natural state, without a vacuum or high-
pressure environment. Therefore, there are certain require-
ments on the filling phase, such as good fluidity and
wettability [18—20]. The first reported preparation method
of 3D-NTSC is the co-continuous ceramic composites
developed by Breslin. He burned ceramics into three-
dimensional continuous skeleton structure as the matrix
phase, and poured aluminum liquid as the filling phase
in the sintering process to get the final composite [21].
This method has also been studied by other researchers.
Aghajanian et al. made use of the fluidity of alumina to
fill alumina naturally in the aluminum matrix [22], and
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Hong et al. filled the Cu matrix with 83 vol% of TiB, to
produce a double-continuous TiB,/Cu matrix composite
with good thermal shock resistance [23]. In addition
to the simple introduction of the filler phase by the
inherent three-dimensional network structure of the
matrix, the three-dimensional network morphology of
the matrix phase is also further studied. By adjusting
the porosity, pore size, and pore density of the three-
dimensional network structure, the filling phase and
matrix phase can be better matched and combined,
and finally the composite material with better perfor-
mance can be obtained. Chen et al. [24] prepared
porous C¢/B,C—C preforms by reactive melt filtration
method, studied the influence of the pore structure of
C¢/B,C-C preforms on the microstructure and mechan-
ical properties of Cg/SiC-ZrC-ZrB, composites, and pre-
pared three-dimensional C¢/SiC-ZrC-ZrB, composites.

3.1.2 Vacuum infiltration process

The vacuum infiltration process refers to the method of
introducing the filling phase in a vacuum state. In this
state, the fluid extension is not hindered by gas, which
can avoid the problem of insufficient contact caused by
gas adhesion on the surface of the matrix phase. Therefore,
the mechanical properties of the composites prepared are
more stable. This method is mainly used for filling matrix
materials with compact network structure and of small
size, such as aerogel [25] (Figure 2a) and high-density
sponge [26] (Figure 2b).

The good dispersion and order structure of the three-
dimensional matrix skeleton are beneficial to the improve-
ment of the properties of the final composites. How to
ensure the effective combination between the filling
phase and the matrix phase is the key. Ni et al. used
graphene oxide (GO) aerogel as matrix skeleton to
adsorb a layer of poly (amidoamine) dendrimer as
reductant and cross-linking agent on the surface of
the skeleton and then impregnated it in epoxy (EP).
EP was poured into the aerogel under vacuum condi-
tion to obtain the composite material. Compared with
the GO composites directly mixed with EP, the mechanical
properties (tensile strength and compressive strength
increased by 120.9 and 148.3%, respectively) and thermal
stability (glass transition temperature increased by 19°C)
of the composites with aerogel content of only 0.20 wt%
were significantly improved [27] (Figure 2c-f). It is also
significant to select suitable filling phases for specific
types of skeletons. Liu and Gong used vacuum seepage
method to fill EP and polyethylene (PE) into aluminum
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Figure 2: The SEM images and their corresponding objects of (a) aerogel [25] (Copyright 2021, American Chemical Society) and (b) high-
density sponge [26] (Copyright 2018, Wiley). Preparation of EP/GO composites by (c) direct mixing and (d) vacuum seepage. (e) Mechanical
properties and (f) thermal stability of Ep/graphene composites [27] (Copyright 2015, American Chemical Society). (g) Schematic diagram of

high-speed seepage device [29] (Copyright 2016, Taylor & Francis).

foam, and compared the compression properties of the
two [28]. The research on high-speed seepage device [29]
(Figure 2g), to achieve excellent combination of matrix
phase and reinforcement phase, and to prepare excellent
comprehensive performance is the focus of subsequent
research.

3.1.3 Pressure filling method

Different from the vacuum infiltration process, the pres-
sure filling method needs to introduce the filling phase
under the condition of applying external pressure, which
requires the matrix skeleton network to have a certain
strength. Therefore, the type of matrix material is limited
when the composite material is prepared by this method.
The matrix material is usually metal material, and the
injection method is usually adopted to ensure the stable
output of pressure.

During the pressure filling, the key to the successful
preparation of the composite is to ensure the uniform
force flow of the filling phase, maintain the original

matrix structure, and stabilize the forming of the compo-
site. In order to ensure the realization of the above key
points, designing the matching processing mode is of
vital importance. Dukhan et al. took AF as the matrix to
design an injection mold, as shown in the Figure 3a. AF
was placed in the cavity of the mold, and the injection
pressure was adjusted to make polypropylene (PP) fill AF
evenly and completely. The final performance character-
ization shows that the structure of AF has a great influ-
ence on the properties of the composites, and the higher
the porosity, the higher the bending modulus (Figure 3b)
and bending (Figure 3c) strength of the composites [30].
Long et al. also used injection method to prepare a com-
posite material with AF as the matrix and filled with poly-
mers, and the bending and damping properties of the
composite material were improved [31,32]. Su et al. also
studied the mechanical and friction properties of the
composite material prepared on this basis [33]. For the
polymer material, on the basis of ensuring the perfor-
mance requirements of the final composite, part of the
embedded polymer in the matrix material may simplify
the processing procedure to a certain extent. Therefore,
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Figure 3: (a) Injection mold and AF/PP composite spline; (b) flexural modulus; and (c) strength of splines with different porosity [30]
(Copyright 2010, Elsevier). (d) Schematic diagram of matrix and composite with micropore and nanopore structure morphology prepared by
NMT technology [38] (Copyright 2021, Walter De Gruyter). (e) GA and (f) PMMA-filled GA digital photos and their FESEM pictures. The (g)
hardness, (h) thermal conductivity, and (i) electrical conductivity of GA/PMMA composites were prepared with the variation in graphene
content [40] (Copyright 2013, Multidisciplinary Digital Publishing Institute).

micro/nano forming technology (NMT) has also been 3.1.4 In situ filling method

widely used [34]. In this technology, the surface of metal

substrate is treated by specific forming technologies, In situ filling method is to construct a three-dimensional
such as anodic oxidation, acid etching, and alkali etching, matrix network in advance and then synthesize the filling
and micro/nano-holes with different sizes and morphology = phase in the matrix. Compared with the previous methods,
distribution are generated on the surface by controlling this method can also be applied to the matrix materials
reaction conditions. Finally, the combination of metal sub-  with denser network structure. This is because in a small
strate and resin is realized by means of pressure forming space, it is difficult for macromolecular fluid or fluid with
[35-37]. For example, Liu et al. implemented the anodic high viscosity to be fully infiltrated, so it is easier to
oxidation treatment strategy on the surface of the wrench achieve better filling by injecting small molecular mono-
to obtain a porous oxide film. By adjusting the voltage, mers into the network structure and then polymerizing
temperature, and electrolyte concentration, micro- and into polymer in situ to fill the network structure [39]. In
nano-holes with specific diameter were obtained and a this method, impregnation, decompression, and pressure
large hole sleeve keyhole structure was formed. Polyphe- are often used in operation.

nylene sulfide molecules are injected into the multiscale Zeng et al. reported that after pre-polymerization of
pores by the pinning effect, and the final composite mate- methyl methacrylate monomer to a certain viscosity, it
rial has good adhesion [38] (Figure 3d). was rapidly cooled to a temperature below 50°C to cease
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the pre-polymerization, the graphene aerogel (GAs) are
then pressed into the mixture and the mixture with the
GAs immersed is kept at a low temperature to remove air
bubbles (Figure 3e and f). Afterwards, the above mixture
is maintained in a water bath at 50-55°C for 30 h until it
completely solidifies. The obtained composites have a
conductivity (Figure 3g) of 0.859 S/m, a microhardness
(Figure 3h) of 462.5MPa, and a thermal conductivity
(Figure 3i) of 0.7 W/mXK [40]. Aldosari et al. [41] also
prepared polymethyl propene (PMMA/rGO) nanocompo-
sites by in situ bulk polymerization using two different
preparation techniques. According to the properties of
the filling phase, the research direction of this method
is to explore other types of filling phase (such as poly-
dimethylsiloxane) and rapid filling method.

3.2 Co-building method

The preformed matrix method requires the filling phase
to be filled into the matrix in the form of a fluid, which
often requires heating or a longer curing and molding
time for the filling phase, which makes the processing
procedure more complicated and also increases the eco-
nomic cost. The combination of the two phases during
filling is affected by the processing conditions, and there
may be non-contact interfaces or single-phase disconti-
nuities, which have an unpredictable impact on the
strength properties of the material. The co-building method
is a method of forming the matrix phase and the filling
at the same time, which greatly shortens the processing
time, and can also make the filling phase and the
matrix phase more uniform. The 3D-NTSC of porous
foam composite prepared by co-building method exhibit
excellent mechanical properties and thereby has a wide
range of research [42,43]. For example, Cao et al. fab-
ricated a novel nanofiber reinforced graphene aerogel
(aPANF/GA), which has a 3D interconnected hierarch-
ical microstructure with surface-treated PAN nanofiber
as a support scaffold throughout the entire graphene
network by ultrasonic dispersion and hydrothermal
reaction, which is shown in Figure 4a. This 3D inter-
connected microporous aPANF/GA aerogel combines an
excellent compressive stress and excellent conductivity,
which can be proved by the increase in the intensity of
the LED lamp as compression of the aPANF/GA increases.
As shown in Figure 4b, the aPANF/GA introduced with
aPAN nanofibers can withstand higher compressive stress
than PAN/GA and GA, under the same compressive strain,
which is proposed to be due to stronger connections
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between the alkaline treated PAN nanofibers and rGO
nanosheets than untreated PAN nanofibers and rGO
nanosheets [44]. In the other group, Wang et al. used
a similar method to prepare boron nitride nanosheets
(BNNS) and cellulose nanofibers (CNF) aerogel nanopa-
pers [45]. BNNS/CNF aerogel nanopaper has excellent
balanced thermal conductivity and electrical insulation
performance, which was much higher than that of
blended nanopaper, and holds great potential for a
multitude of applications associated with electronics.

Besides aerogel, hydrogels of 3D-NTSC have a wide
range of applications in the fields of bioengineering and
electronic equipment due to their excellent mechanical
robustness and conductivity. Si et al. presented a robust
strategy for creating high water containing and supere-
lastic NFHs with ordered cellular structures using sus-
tainable alginate and electrospun nanofibers (Figure 4c)
[46]. As shown in Figure 4d, the cellular architecture can
be distilled to four levels of hierarchy at three individual
dimension scales: unit cells, cell walls, and nanofibers.
Furthermore, the mechanical properties of NFHs could
be regulated simply by choosing different crosslinking
cations (Figure 4e), and the A1-NFHs reached the mechan-
ical strengths (16.04 kPa) for all samples. The inversion of
the nanofibrous cells occurs isotopically upon compres-
sive stress and suggests that this inversion is important
for realizing near-zero Poisson’s ratios, as illustrated in
Figure 4f. Gels formed via metal-ligand coordination
typically have very low branch functionality, as they
consist of 2-3 polymer chains linked to single metal
ions that serve as junctions. Thus, these materials are
very soft and unable to withstand network defects such
as dangling ends and loops. To solve the problems of
gel formed by metal-ligand coordination, usually with
very low branching functionality, Zhukhovitskiy et al.
reported a new gel from polymer ligand and metal—-or-
ganic cage (MOC) as a combination. They demonstrated
that in polyMOCs with large junctions and a high
number of loop defects it is possible to replace selec-
tively defects with functional free ligands to imbue the
material with a novel function without compromising
mechanical integrity [47].

4 Research progress on mechanical
properties of 3D-NTSC

As a composite material, its mechanical properties often
become the criterion to consider whether it can be used in
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practical application. Moreover, the advantage of 3D-NTSC
is to learn from each other’s strengths and make up for
each other’s weaknesses. Combining the advantages of
each single-phase material, the material presents excellent
performance. Its application is mainly focused on repla-
cing the existing parts as structural components, so its
mechanical properties are widely concerned. The mechan-
ical properties of single-phase skeleton materials are often
poor, but the mechanical properties can be improved after
composite. Contrast with the particle and fiber reinforced
way which developed maturely, the enhancement mecha-
nism of this composite has no related reviews with guidance
meaning, although there are some mechanics studies about
compression and damping properties, bending [48], tensile
[23] performances, but few can find all above in one report.

To represent the various types of mechanical studies of the
composite, some studies are summarized in Table 1. It shows
the excellent application prospect of 3D-NTSC.

Chen prepared AF composite materials filled with
rosin, EP, and EP filled with nano-montmorillonite by
natural infiltration method, and the results showed that
their compression, damping, and impact resistance proper-
ties were improved after filling with resin [49]. In another
group, the mechanical properties in bending tests of an
integrated composite sandwich panel of AF and EP resin
were studied through quasi-static four-point bending tests
[50]. The mechanical properties of the integrated composite
sandwich panel have been highly improved compared with
those of the traditional sandwich panel. The specimens
maintain good stability under bending, and no peeling-
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Table 1: Mechanical properties of different 3D-NTSCs
Materials Compression strength (MPa) Flexural strength (MPa) Tensile strength (MPa) Ref.
Matrix  Filler  Matrix Filler Composite Matrix Filler = Composite Matrix  Filler  Composite
AF Ep 5.8 66.2 42.7 - - - - - - [19]
AF Ep 10.0 - 30.0 - - - - - - [31]
AF PP - - - 42.0 39.6 43.6 45.0 20.0 29.0 [28,48]
AF SR! - - 140.0 - - - - - - [52]
AF POM - — 163.6 - - 184.9 - - - [30]
Tizs Ep 50.0 80.0 120.0 - - - - - - [59]
GA Ep 100.0 - 300.0 110.0 - 165.0 - - - [20]
GA Ep 54.0 - 150.0 - - - 50.0 - 140.0 [27]
AF PE 200.0 - 350.0 - - — - - - [28]
SS Cu — - - — - - 1,700 200 1,000 [48]
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Figure 5: Mechanical properties of the nanocomposites. (a) Stress—strain curves for two selected materials of D (0.25 CNT + 0.25 FLG) and
E (0.25 CNT + 0.25 CGS), (b) elastic modulus, and (c) tensile strength [54] (Copyright 2018, Elsevier). Compressive stress—strain curves and
energy absorption capacity curves of pure Al foam and in situ TiC-TiB,-reinforced Al foam: (d) and (e) compressive stress—strain curves and
pore structures (inset of d and e), and (f) energy absorption capacity curves [57] (Copyright 2020, Elsevier).

off or cracking appears between the composite layer and
core. Tilbrook studied the mechanical properties and
fatigue characteristics of AF/EP composites and found
that such interpenetrating phase composites (IPCs) are
more excellent [51]. Similarly, Dukhan et al. studied
AF/PP-IPCs and found that the smaller the AF pore
size, the greater the bending strength of the composite
material, and the mathematical relationship between
structural parameters and bending properties was estab-
lished [30]. Yin from the same group used a similar method
to prepare the composite materials. The filling phases he

used were silicone rubber and room temperature-vulcanized
rubber to study the damping properties of the composite
materials [52]. Liu and Gong prepared AF/PE-IPCs and AF/
EP-IPCs, and compared their static compression and energy
absorption properties with pure aluminum and AF, and
found that AL/EP-IPCs are materials with better absorption
properties [28]. Liu studied the cushioning performance of
AF/polyurethane-IPCs through finite element simulation
and found that it has good cushioning performance [53].
In addition, Avilés et al. studied the mechanical proper-
ties of thermosetting polymer nanocomposites comprising
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carbon nanotubes (CNTs, one-dimensional topology, 1D),
few-layer thermally reduced graphene oxide (FLG, two-
dimensional topology, 2D), cubic-shaped few-layer gra-
phene shells (CGSs, three-dimensional topology, 3D),
and hybrid combinations of them (1D-2D and 1D-3D).
The stress—strain curve of all nanocomposite materials
exhibits brittle behavior of thermoset material and the
mechanical properties of the D is the highest (Figure 5a)
[54]. By comparing the mechanical properties of com-
posites fabricated with only one filler (Figure 5b and c),
it is seen that those with CNTs have a better mechan-
ical performance, followed by those made from FLGs,
which indicate that this topological combination and
the high density of functional groups in the sheet are
beneficial to the stress transfer inside the composite.
Hou studied the reliability of auxetic (re-entrant hon-
eycomb) and nonauxetic (diamond lattice and conven-
tional honeycomb) lattice composites and the findings
pave the way for developing new class of auxetic lat-
tice composites, especially under cyclic loading condi-
tions, through a combination of rational design and 3D
printing [55]. In addition, polymers can be used to
strengthen the aluminum foams to make composites.
Recently, the Al composite foams reinforced by ceramic
particles have been developed due to the great poten-
tial of ceramic particles in improving the mechanical
properties of Al foam [56]. An et al. successfully fabricated
in situ TiC-TiB-reinforced AF with excellent mechanical
properties via a novel method by the combination of
Ti-BC self-propagating reaction and melt processing
technique [57]. The results showed that the interfacial
bonding of TiB/Al and TiC/Al was excellent and the
foams exhibited a superior mechanical property and
energy absorption capacity as well as uniform deforma-
tion simultaneously (inset of Figure 5d and e). Compared
with pure Al foams, the compressive strength (Figure 5d
and e) and energy absorption capacity (Figure 5f) of the
in situ TiC-TiB-reinforced Al foams improved by about
149 and 168%, respectively. Glass fibers are usually used
as enhanced materials, electrically insulating materials,
thermally insulating materials, circuit boards, and in
other fields. Tian’s group studied the effect of adding
hollow glass beads on the compression and bending
properties of AF/EP composites, and found that as
the volume content of hollow glass beads increase,
the mechanical properties of the composites gradually
decrease [18]. Jhaver and Tippur prepared two kinds of
hollow glass beads with different volume fractions and
IPCs formed by the composite foam formed by EP and
AF composited, which reached their effective elastic
modulus and yield stress, and the results show that
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the performance of composite materials is better than
that of syntactic foam [58].

While conducting experimental research on the
mechanical properties of the composite materials, it is
also necessary to explain them theoretically. Regarding
the enhancement mechanism of multiphase materials, var-
ious scholars have proposed a variety of models since the
1870s. The most classic model is the “Hashin—Shtrikman”
model established by Hashin and Shtrikman [60]. The
establishment of this model fills the gaps in the research
on the enhancement mechanism of network interweaving,
explains the enhancement mechanism of the network
structure to the composite material in a more scientific
way, and describes more accurately the changes in the
modulus and strength of the material after enhance-
ment, and can give the theoretical modulus and theo-
retical strength range of the composite materials [61].
The more classic calculation process is as follows (two-
phase material):

The two phases in the composite material penetrate
each other and each are continuous. The mass of the
material can be calculated by formula (1):

pV = Zini, 1)

where p and V are the density and volume of the material,
respectively, and i is the number of phases.

Defining the bulk elastic modulus of the low modulus
phase material as Kj, the shear modulus as G;, and the
volume fraction as V4 and the bulk elastic modulus of the
high modulus phase material as K, the shear modulus as
G,, and the volume fraction as V5, the effective volume
modulus range K;—Ky can be obtained by the following
formula:

|2
K=K+ — FRRECA ®))
K-K 3K + 4Gy
|4
Ki=lot =5 3)
K-K 3K + 4G,

Similarly, the prediction formulas of the shear mod-
ulus range are:

v
1 6ViK + 2G1) 4)
Gz - Gl 561(3K] + 461)

GL=GI+

"
1 6V +2G5) ©)
G] - Gz 562(31(2 + 462)

GH=G2+

From this, the predicted range of the Young’s mod-
ulus of the material can be calculated as:
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9K Gy,
F - Ey) :F=——"—, 6
(EL - En) : EL 3K, + G, (6)
9KyG
Ey = _Z\HYUH 7)
3KH + GH

However, with the further development of research,
people have found that the Hashin—Shtrikman model has
many shortcomings and its scope of application is also
limited. Later Tuchinskii model [62], the Gurson-Tver-
gaard—Needleman model [63] and others are more focused
on the interpretation of single problems such as unified
network structure and flexible failure of composite mate-
rials, which can more accurately reveal the mechanical
behavior of the composite materials [64]. For example,
Basirat et al. used a continuous failure model to simulate
and calculate the creep behavior of manganese-chromium
3D-NTSC [65].

On the basis of numerically predicting the strength
and modulus of the composite materials with mathema-
tical models, the mechanical behavior of composite mate-
rials can be simulated by computer, which can observe
and record the behavior changes of composite materials
in real time. Swanson developed a finite element simula-
tion program, which opened the history of simulation
and with the help of simulation software, loading the
force field, you can get the behavior change of the mate-
rial in the force process [66,67]. While studying the
mechanical properties of AF-based 3D-NTSC, Hong et al.
used finite element analysis methods to scientifically and
accurately predict the failure mode of the composite
materials during compression [23]. A mathematical model
of the compressive plateau stress of the AF/EP composite
material was established by using the “mixing ratio” and
“synergistic effect” of the composite material. Compared
with the experimental results and finite element simula-
tion results [68], the deformation and failure processes of
the material during compression and the variation of
stress—strain relationship with the structural parameters
and strain rates are in good agreement [69]. Jhaver and
Tippur used finite element analysis to obtain the force
mode and deformation of the cell network of the composite
material during compression [58]. Dukhan used finite ele-
ment analysis to analyze the deformation mode of the
composite materials under tensile stress and so on [70].

5 Summary and outlook

Throughout the related research of 3D-NTSC, we can see
that the performance and theoretical research of 3D-NTSC
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have been developed quite maturely, and people have
been able to successfully predict the modulus and strength
of composite materials theoretically. The increase in the
strength of composite materials is conducive to expand-
ing the application range of the composite materials
and demonstrating the functionality of the composite
materials. Based on the advantages of single-phase
materials, composite materials have excellent proper-
ties in electrical conductivity [71], thermal conductivity

[72,73], wave absorption [74,75], and damping [76,77].
However, in fact, the application of 3D-NTSC in prac-

tice is not very broad, the main reason is the lack of
preparation and performance. In preparation, if the mate-
rials are to be well infiltrated, either to improve the inter-
face properties or to remove the interface air or apply
external force, this will increase the actual production
cost and the process will be more complicated. The
mechanical properties of the reinforced materials cannot
be significantly improved under the condition of high-
performance retention. To a certain extent, it can be con-
sidered that the filling reinforcement is the damage to the
original structure. Therefore, the following prospects are
put forward regarding the development of 3D-NTSC:

(1) Try simpler processing techniques to prepare 3D-
NTSC, such as hot pressing.

(2) Establish the matching relationship between the
mechanical properties of the matrix phase and the
filling phase, and optimize the materials of each
phase through theoretical calculations in the early
stage, and obtain composite materials with excellent
comprehensive properties as much as possible without
damaging the characteristics of single-phase materials.

(3) The optimization of the properties of composite mate-
rials is achieved by optimizing the properties and
structural parameters of the network structure. The
main influencing factor in this respect is that the
quality of raw materials cannot be guaranteed in
our country at present.
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