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Abstract: Three-dimensional (3D) braided composites have
received much attention in the fields of aerospace, the
automotive industry, etc., due to their unique structure
and excellent performance. However, due to the com-
plexity of their preparation process, the generation of
defects is almost inevitable. With its wide application, it
has become crucial to understand and control its defects.
This article reviews the research progress on the defects
of braided composites. First, it analyses the connection
between the molding process parameters and the formation
of void defects. It also introduces some nondestructive
testing methods and principles for defects in 3D braided
composites. Second, for the yarn deformation defects caused
by the extrusion of component materials, the relevant
assumptions about cross-sectional deformation and uniform
yarn orientation are summarized, and the law of the influ-
ence of yarn distortion randomness on the material proper-
ties is summarized. For void defects, the differences and
connections between the matrix porosity model and the
matrix/yarn porosity model are discussed. In addition, the
effects of other types of defects on thematerial are summarized.

Finally, based on the summary of existing results, the prospect
of future research directions is proposed.

Keywords: 3D braided composites, defect, mechanical
properties

1 Introduction

In recent decades, with the rapid development of science
and technology, composite materials have gradually become
the focus of engineering applications with their unique
structure and superior performance and are the preferred
materials in many fields such as aerospace, automotive,
energy, and other fields [1,2]. However, with the increasing
popularity in industries, the defects during its manufac-
turing and application have attracted extensive attention.
The local non-uniformity caused by defects greatly reduces
the overall performance of the composite materials. As
common defects in traditional composite structures, delami-
nation and debonding can be divided into manufacturing
delamination, impact damage delamination, fatigue damage
delamination, and nail hole delamination according to dif-
ferent causes, which seriously affect the strength and ser-
vice life of materials [3]. This poses a new challenge to the
reliability and performance of materials. Three-dimensional
(3D) braided composites, due to their unique preparation
process and structural design, are textile composites made
by impregnating and solidifying braided preforms with
resin materials. By winding and braiding yarns, a spatial
near-net-shaped structure is formed, which successfully
overcomes the severe defects of traditional laminated com-
posites in interlayer strength and anti-delamination proper-
ties [4,5]. It has a wide range of applications in medical and
aviation fields [6,7]. So far, many scholars have studied the
microstructure and mechanical properties of 3D braided
composites [8–10]. However, since 3D braided composites
are generally processed by the resin transfer molding
(RTM) process, due to initial defects in the material, uneven
flow during resin injection, insufficient impregnation, etc. [11].
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The generation of defects is almost inevitable, including voids,
cracks, foreign objects, etc. These defects are difficult to observe
directly with the naked eye, andmost of them exist at themeso-
scale and micro-scale [12]. These defects may not only lead to
the decline of material properties but also have a noticeable
impact on the strength and reliability of the structure.

With the continuous improvement of the performance
requirements of engineering materials to ensure safety
and reliability in practical application, it is an inevitable
development trend to deeply study the defects of 3D braided
composites. It is of great significance to understand the
formation mechanism of these defects, the specific morpho-
logical characteristics of defects, their specific effects on
material properties, and the optimization and improvement
of nondestructive testing methods for solving the applica-
tion problems of 3D braided composites.

This article starts with the relationship between molding
processes and defect formation and improvement strategies.
It reviews the NDT methods applicable to 3D braided compo-
sites and summarizes the effects of yarn deformation, void,
and other specific defects on material properties. The entire
text is organized and elaborated along this line of thought. By
reviewing and summarizing the current state of research on
defects in 3D braided composites, this article aims to provide
valuable references and guidance for the design, fabrication,
and engineering application of these materials. Through an
in-depth summary of existing research findings, we hope to
offer new ideas and insights for future research directions
and practical applications.

2 Forming process of composite
materials

The unique structure and excellent performance of 3D
braided composites have attracted much attention in many
engineering fields. However, while pursuing the superior
properties of materials, the defects introduced in the molding
process have become one of the challenges that restrict their
wide application. Understanding and controlling the defects
in the molding process is very important to ensure the per-
formance and reliability of the final product.

The preparation process of 3D braided composites
usually involves key steps such as fiber lamination, resin
infiltration, and curing. In this series of complex processes,
many factors may lead to the formation of defects. Given
the connection between molding process and void defect
formation, Ya et al. [13] used CT scanning technology to
characterize the internal structure and porosity of 3D full

five-directional (3DF5D) braided composites nondestruc-
tively. Glass fiber yarn was added to the carbon fiber spe-
cimen as a tracer, and a tracer model was developed using
the 3D reconstruction method, which indicated that during
the RTMmolding process, there were elongated large voids
at the top and bottom of the sample at the inlet and outlet
of the epoxy resin, while the two smaller voids were dis-
tributed throughout the sample. Wu and Guo [14] investi-
gated the defect problems of 3D braided preforms/phenolic
composites obtained by RTM technology under different
conditions using a modified RTM technology. It is found
that the porosity of vacuum and compression-assisted
RTM process can reach 0.68%. In vacuum-assisted RTM,
the cavity shape mainly exists in the resin-rich area,
showing many irregular shapes, such as strips, triangles,
and ellipses. With the assistance of vacuum and compres-
sion, voids are mostly distributed in yarns. And the equiva-
lent large-size holes mostly appear in vacuum-assisted
RTM, and the medium-size and small-size holes mainly
appear in compression-assisted and vacuum-and compres-
sion-assisted RTM. Ge et al. [15] to characterize the void
features of 3D braided composites with void defects, the
NDT method micro-computed tomography (micro-CT) was
used for cross-scale damage analysis. The results of the
experiment are shown in Figure 1(a). In the RTM process,
holes are more likely to occur inside yarns than between
yarns.

Ruiz et al. [16] simultaneously investigated the link
between injection flow rate and void formation using
numerical simulation based on a two-scale flow model
and capillary number, as in Figure 1(b). An injection opti-
mization algorithm is proposed to minimize the percentage
of voids formed within the fiber reinforcement to improve
the performance of the finished product, as in Figure 1(c)
and (d). Fu et al. [11] derived the governing equations for
void generation, compression, and migration in 3D braided
composites using finite-element simulation, as shown in
Figure 1(e), introduced energy and mass equations to out-
line the relationship between resin properties and curing
process, and thus established a numerical model for void
formation during RTM molding. It was concluded that the
void content in 3D braided composites could be controlled
by adjusting the resin injection volume per unit time, and
the lower the outlet pressure, the lower the void content.
Jeffrey et al. [17] improved the existing numerical simula-
tions with the effects of capillary pressure and air entrain-
ment situations generated during the molding process at
the level of the fiber strand and on the formation of micro-
voids. It is proposed that both capillary effects and air
entrainment should be considered for the perfusion of
dual-scale fabrics and that methods such as slowing
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down the flow or allowing the resin to flow out through the
vents can be considered in reducing the formation of
micropores. Patel and Lee [18,19] visualized the flow beha-
vior of resins in various glass-fiber-reinforced materials
and developed an optical image analysis and processing
technique to help quantify/reduce void formation by asso-
ciating microscopic flow patterns, void formation, move-
ment, and removal with the microstructure of the fiber
preformance. Combined with the multiphase Darcy’s law,

a phenomenological model was established to predict the
macroscopic void fraction with flow rate and fluid proper-
ties, and a criterion for the movement of trapped voids was
also developed.

In summary, it can be seen that the composite molding
process has a great connection with the formation of
defects, and the distribution and formation of defects can
be obtained through the characterization and visualization
of the real molding process. Numerical simulation can be

Figure 1: Relationship between forming process and void formation (a) micro-CT pattern indicating inter- and intra-yarn void formation [15];
(b) infiltration mechanism in a two-scale porous medium [16]; (c) variation of void content with capillary number and Ca* [16]; (d) macro/micro-void
fractions as a function of the axial flow velocity [16]; and (e) relationship between void location and resin flow [11].
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used to study and improve the process parameters affecting
defect formation, such as air entrainment, capillary pres-
sure, and resin flow behavior, in order to obtain optimized
algorithms and processes to reduce the void content and
achieve the objectives of improving material properties,
reducing costs, and increasing productivity.

3 Detection method

Compared to two-dimensional laminated composites, the
multi-directional braiding of fibers in 3D braided struc-
tures increases the complexity and diversity of defects.
Therefore, in the process of preparation and application,
the defects in thesematerials often showmore changeable and
hidden characteristics. The introduction of NDT methods is
very important for understanding the formation mechanism
of defects in 3D braided composites. First of all, these methods
can provide in-depth insight into the internal structure without
destroying the sample. The non-invasive and high sensitivity of
these technologies make them a powerful tool to deeply under-
stand the internal structure of materials. Second, nondestruc-
tive testing methods play a key role in quality control in the
preparation process. Through real-timemonitoring and testing,
potential defects can be found in time to avoid further expan-
sion in the preparation process, thus improving the quality and
reliability of the final product.

3.1 Ultrasonic testing

Ultrasonic testing, utilizing the differences in reflection,
attenuation, and resonance of ultrasonic waves (frequency
≥ 20 kHz) between defective and normal areas, can identify

internal structures, defects, and inhomogeneities within
materials. It generates images of the material’s interior,
providing detailed information about its structure. As an
NDT method, it ensures the integrity of the material. Due
to these advantages of ultrasonic testing, many scholars
have used this method to study defects in 3D braided
composites.

Qu et al. [20] conducted internal defect detection of 3D
braided composites using the vertical incidence method of
ultrasonic longitudinal waves and conducted a compre-
hensive comparative analysis of the ultrasonic detection
results at different frequencies. The results show that the
comprehensive comparative method of multi-frequency
ultrasonic waves can be used to judge the distribution of
voids in different areas, as shown in Figure 2, but cannot
quantitatively detect the distribution of internal voids.

Xiao et al. [21] performed a quantitative inspection of
3D braided composites with artificial defects using ultra-
sonic C-scan technology. The results prove that ultrasonic
C-scan detection can accurately identify the location and
size of various defects, including voids, inclusions, and
resin particles, but the identification and differentiation of
voids and metal inclusions is still insufficient. Tian et al. [22]
proposed a multi-mode excitation method to eliminate the
standing wave problem in ultrasonic infrared thermography
detection for the detection of composite materials with crack
defects. The results show that the multi-mode excitation
method can not only effectively eliminate standing waves,
but also make the subharmonic and higher harmonics in
the response waveform more abundant, thereby improving
the detection capability of ultrasonic thermography tech-
nology and avoiding secondary damage to the material.
Morbidini and Cawley [23] proposed an ultrasonic infrared
calibration method to determine the threshold health index
(HI) that must be reached in industrial testing. The study
showed that the maximum temperature rise and the

Figure 2: Schematic diagram of abnormal area identification of samples at different frequencies [20].
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maximumheating index of the continuous testing of the speci-
mens have a high correlation, which can increase the accu-
racy of defect size detection.

Wan and Wang [24] used the back propagation (BP)
neural network to classify and identify void and micro-
cracking defects and to automatically identify defects in
3D braided composites. The experiment found that the
defect location will cause the ultrasonic signal energy to
fluctuate at a certain frequency, and the signal energy of
different frequency bands can describe the defect charac-
teristics, while the signal frequency energy change can
describe the defect type. However, for materials with com-
plex shapes, the error caused by human factors is large.
Guo et al. [25] proposed a new detection baseline model
based on a fully convolutional network (FCN) and gated
recurrent unit to classify ultrasonic signals for 3D braided
composites with delamination defects. The results show that
the model can classify ultrasonic defect signals and shows
certain advantages when competing with other models. Guo
et al. [26] employed semantic segmentation technology to
characterize defects in 3D braided composites using phased
array ultrasonic testing. They implemented semantic segmen-
tation pyramid scene parsing network to analyze ultrasonic
B-scan images obtained from flaw detection experiments.
They established a comprehensive database containing over
1,000 processed images and conducted a comparative evalua-
tion with four established segmentation models: U-Net,
SegNet, FCN, and pyramid scene parsing network. The results
demonstrate that the addition of the SE module enables small
sample recognition and reduces the phenomenon of classifi-
cation errors.

3.2 Magnetic flux change imaging method

Magnetic flux change imaging method, based on the quantum
effect of superconducting materials (SQUID), is an NDTmethod
that uses a sensor to scan for tiny magnetic field changes at a
certain height above the surface of a magnetic specimen or a
conductor specimen excited by a magnetic field, in order to
detect internal defects and heterogeneities. It has the advan-
tages of high sensitivity, good detection depth, and being by the
surface condition of the material.

Wan et al. [27] utilized the high magnetic field sensi-
tivity of quantum perturbation superconducting detection
sensors to apply the quantum perturbation superconducting
detection NDT technology to the NDT of internal defects in 3D
braided composites plate specimens and established a theo-
retical model suitable for the eddy current distribution of
thin-plate circular defects. The results show that this method
can accurately identify the location and size of hidden defects

that are invisible to the naked eye and has good detection and
positioning capabilities. It is an advanced NDT technology for
3D braided composites. Wang et al. [28] used a SQUID NDT
system to study the electromagnetic properties of 3D braided
composites and compared the results with those of defect-
free samples. The results show that SQUID-based flux ima-
ging can accurately display the location and size of defects
and can also distinguish different internal structures caused
by different braiding methods in 3D braided composites
based on the high sensitivity of SQUID to weak magnetic
fields, which provides a basis for the application of SQUID
in the NDT of 3D braided composites.

3.3 CT scanning technology

Computed tomography (CT) uses X-rays to scan the spe-
cimen in multiple directions, combines with computer
algorithms and synthesizes the collected data to construct
a 3D graph of the sample, to analyze and study the internal
structure, defects, and foreign bodies of the sample. It is a
nondestructive testing technology with high resolution and
wide practicability.

Ge et al. [15] in order to characterize the void charac-
teristics and tensile behavior of 3D braided composites
with voids, a cross-scale analysis was made based on
micro-CT. The results show that this method can well char-
acterize the characteristics of voids, and then predict the
tensile behavior of 3D braided composites with void defects.
Ya et al. [13] characterized the porosity and internal struc-
ture of 3D five-way braided composites using micro-CT at
yarn scale. The results showed that small voids were dis-
tributed inside the samples and large ones were distributed
at the top and bottom, and the voids appeared centrally in
the matrix and between the yarns, with almost none inside
the yarns. Feng et al. [29] used micro-CT technology to inves-
tigate the relationship between the yarn shape and porosity
of 3D C /SiCf m composites and gas transmission during the
chemical vapor infiltration (CVI) process, as shown in Figure
3(a). The study showed that the reconstructed porosity
images illustrate that the nucleation and growth rates of
CVI and chemical vapor deposition (CVD) are different, but
the processes are similar.

Qian et al. [30] used micro-XCT to scan 3D braided C/C
composites and trained image intelligent recognition using
a deep learning algorithm. Finally, it was found that micro-
XCT can quantitatively characterize the defect distribution
and morphology of 3D braided C/C with high precision, as
shown in Figure 3(b), and combined with the deep learning
algorithm, it can accurately and efficiently characterize
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and segment the internal microstructure of 3D braided C/C
composites. Gao et al. [31] investigated the microstructural
characteristics of reinforced composites of 3D braided pre-
forms using synchrotron radiation X-CT scanning technology.
The scanning results revealed information about the fibers,
matrix, and voids between and within the layers, as well as
the relevant structural changes and porosity. At the same
time, the mechanism of the influence of different preforms
on the microstructure was revealed to a certain extent. Zhou
et al. [32] adopted an NDT technology combining X-ray micro-
computed tomography (micro-CT) and acoustic emission to
comprehensively analyze the signal parameters, mechanical
properties, and internal damage morphology of 3D braided
composites. The results show that the two complementary
techniques have a good detection effect, providing a certain
foundation for structural health monitoring.

3.4 Carbon nanotube thread (CNT) sensor

CNT sensor, because of the excellent electrical properties of
carbon nanowires, can achieve the detection purpose by
monitoring the changes of electrical signals caused by
changes in the surrounding environment and converting
them into corresponding physical quantities. Because of its
high sensitivity and fast response, carbon nanowire

sensors are more widely used in real-time nondestructive
monitoring, which is different from traditional nondes-
tructive testing technology.

Wan et al. [33,34] analyzed the mechanical properties
of CNTs and methods for embedding them into 3D braided
composite preforms, as well as the mechanical properties
of CNT sensors, measuring the change in resistance using a
traditional strain amplifier and using the change in resis-
tance to analyze defects as shown in Figure 4. The data
show that CNT sensors have advantages such as easy
embedding in 3D braided composite specimens, good line-
arity during the loading process, and little influence on the
mechanical properties of the materials. Finally, the size
and location of defects can be accurately identified using
the resistance response surface theory.

In addition to defect detection, carbon nanowires also
have outstanding advantages in structural health detection
applications. Wan and Ying [35] proposed the application
of CNTs in the health monitoring of 3D braided composites
and proposed an algorithm based on a sliding window to
detect anomalies in data streams. The data show that infor-
mation on the strain, stress, and damage location in the
material can be obtained, and the model can also reduce
the amount of data processing and difficulty. Jia [36] based
on the four-step 3D six-directional (3D6D) braiding process,
analyzed the maximum embedded amount and position of

Figure 3: 3D braided composites CT image with defects: (a) local enlargement of sample reconstruction image at high resolution [29] and (b) 3D
braided C/C composites XCT original image [30].
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the CNT yarn sensor and verified the correctness of the opti-
mized configuration of the embedded CNT yarn sensor
through tensile and compressive stress experiments on unda-
maged specimens. It was found that the maximum error in
damage source location was less than 0.6mm, indicating that
the optimized configuration principle of CNT yarn sensors
can be used for damage detection of 3D braided composites.

In general, all kinds of existing nondestructive testing
methods have their unique advantages and detection cap-
abilities, but there are also some shortcomings. For example,
ultrasonic testing has limited flaw detection depth and
requires coupling agents in some cases; magnetic flux
change imaging method has high cost and high environ-
mental requirements. Therefore, in practical application, it
is necessary to choose the appropriate detection system and
operating parameters according to specific requirements to
balance its economy and accuracy of results. In the future, it
is necessary to develop nondestructive testing technology in
the direction of intelligence, multi-mode, digitalization, and
environmental adaptability to meet the increasingly com-
plex and demanding testing needs in different fields.

4 Waviness-section deformation

The unique braiding structure of 3D braided composites
and the complex interlacing of yarns, as well as the mutual

extrusion between yarns and external stress loading, will
lead to yarn deformation defects, which are non-uniform
in most cases and will have a certain impact on the proper-
ties of materials.

4.1 Randomness is not considered

For the deformation defects of yarns in 3D braided compo-
sites, in some articles, scholars have studied the waviness
and used the method of assuming the cross-sectional shape
of the yarn to simulate and explore.

Lei et al. [37] used numerical methods to investigate
the effect of defects on the compressive properties of 3D
multiaxial braided composites (3DMBCs) fabricated by a
novel five-step braiding process. The results showed that
a 7° waviness defect led to a 27% decrease in the compres-
sion modulus, and the waviness defect had a significant
effect on the mechanical properties of 3DMBCs. Shen et al.
[38] explored the effect of on the mechanical properties of
3D braided SiC /SiCf materials, as shown in Figure 5(a), by
assuming the yarn cross-section shape to be hexagonal in
conjunction with the realities observed by scanning elec-
tron microscopy in the development of the representative
volume element (RVE) model. Li et al. [39] through the
electron microscope scanning map, found that the

Figure 4: (a) Carbon nanowire sensor connection diagram [33] and (b) resistance change of carbon nanowire sensor [34].
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braided yarn axis was in a flat state, and the yarn cross-
sectional area was assumed to be hexagonal considering
the mutual extrusion of the yarns during the braiding
process. Thereby, a new parametric 3D finite element
model was established based on the fine structure. Zhang
et al. [40] based on microscopic image analysis, assumed
the cross-sections of the braided yarn and axial yarn to be
hexagons and quadrilaterals, as shown in Figure 5(b), and
established a finite-element model from the mesoscale
scale to evaluate the uniaxial and biaxial strength char-
acteristics of 3D braided composites. Huang et al. [41] assumed
the cross-sectional shape of the yarn to be an octagon, as
shown in Figure 5(c), and assumed that the major and minor
axes of the inscribed ellipse in the octagon represent the width
of the compressed yarn, and established a multi-scale finite-
elementmodel to predict the elastic properties of three-dimen-
sional four-directional (3D4D) rotational braided composites
containing voids defects.

Liu et al. [42] considered the different cross-sections
and lengths of 3D braided composites, assumed the yarn
cross-section to be hexagonal, and gave representative
yarn graphics of internal, surface, and corner defects, as
shown in Figure 6(a), and studied the compression beha-
vior of the material along the braiding direction under
high strain rates. Zhu et al. [43] considered the change in
the cross-sectional shape of the yarns along the axial

direction, as shown in Figure 6(b), from an initial ellipse
to becoming circular due to the mutual extrusion of the
yarns, and the degree of extrusion decreases and then
increases, while assuming that the deformation state of
the yarns extruded inside all the transverse and vertical
cross-sections is the same, and the cross-sectional areas are
equal. A fine-scale structural model was developed to pre-
dict the stiffness of the 3D braided composite. Ya et al. [13]
used micro-CT to nondestructively characterize the internal
structure of 3DF5D braided composites from the yarn scale.
The study found that due to the special internal structure,
the yarn cross-section has rectangles and fillets and will
change with height. The cross-sectional shape of the interior,
surface, and corner regions will alternate between a square
with rounded corners and a sector, as shown in Figure 6(c).

Li and Liu [44] studied the cross-section of yarns in 3D
braided composites and found that the cross-sectional
shape of the bundles at the edge of the material is trian-
gular, while the cross-sectional shape at the corner is a
right triangle, and the cross-sectional shape of the inner
yarns is a rhombus with four rounded corners. In addition,
the yarns undergo periodic cross-sectional deformation
due to squeezing in the preform, resulting in a decrease
in the cross-sectional area. Xu and Qian [45] considered
that the squeezing conditions of the inner yarn are dif-
ferent from those of the surface and corners and assumed

Figure 5: Yarn cross-sectional shape: (a) scanning electron microscope (SEM) images of yarn cross-sections and RVE model parameters [38]; (b) real
yarn cross-sections of 3D five-directional composites (3D5D) [40]; and (c) RVE model of 3D4D rotationally braided composites [41].
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that the cross-section of the inner yarn is an octagon, the
cross-section of the outer yarn is an ellipse, the inner yarn
is straight, and the surface corner yarn is straight and
divided into several sections. Then, a multi-unit cell model
was established, and the fiber volume fraction obtained from
the experiment was compared to verify its reliability in the
design and mechanical property research of 3D braided com-
posites. Zhang and Xu [46] considered the spatial structure of
the braided yarn and the different squeezing conditions in
different regions. It was assumed that the yarn cross-section
was elliptical, but the cross-sectional area was different in
different unit cell models. At the same time, the braided
yarn cross-sectional shape of the surface and corner regions
gradually changed inward. Three-unit cell models were estab-
lished to predict the elastic properties of 3D braided compo-
sites. Wang et al. [47] assumed that the yarn had a circular
cross-section before being squeezed, and the squeezed part
underwent a transition from a circular to an elliptical shape,
which in turn caused the fiber trajectory to bend. An
improved unit cell model was established for the continuous

change of the yarn cross-section shape from a circle to an
ellipse, which was used to predict the macroscopic elastic
constants of 3D4D braided composites. Jiang et al. [48] com-
bined existing research to introduce yarn curvature into the
model, established a geometric unit cell model for 3D braided
composites, and simulated the elastic mechanical properties.
It was found that Young’s modulus and shear modulus
obtained based on the spiral geometric model were higher
than those of traditional unit cell models, which were more
consistent with experimental results.

From the above results, it can be seen that when pre-
dicting the properties of 3D braided composites by simula-
tion, the yarn cross-section is usually simplified into
polygonal, circular, elliptical, and circular/elliptical gra-
dual changes. These assumptions reduce the error from
the real situation to some extent, but there is still a certain
gap between the simplified model and the real structure
of the material. In the future, the research on the assump-
tion of cross-section deformation shape should be
more detailed, comprehensive, and adaptable, so as to

Figure 6: Continuous variation of yarn cross-section. (a) Yarn cross-section shape and three basic types of representative yarns: internal, surface, and
corner [42]. (b) Schematic diagram of yarn cross-sectional shape inside [43]. (c) Axial yarn types and axial yarn sections [13].
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better simulate and predict the properties of 3D braided
composites.

4.2 Consider randomness

3D braided composites are usually made up of a variety of
different fibers. Due to the influence of the preparation

process and material properties, yarns will be randomly
deformed due to extrusion. Therefore, it is very important
to consider the random effect to deeply understand the
performance changes and variability of these materials.

Yushanov et al. [49] developed a general stochastic theory
for the elastic properties of continuous randomly curved spa-
tially reinforced composites, as shown in Figure 7(a), to assess
the elastic response of randomly corrugated multi-directional
reinforced composites. The results show that even small local

Figure 7: Random characterization of yarn deformation: (a) orthogonal decomposition of random fluctuation of yarn path [49]; (b) cross-section and
action of surface fiber path of yarn [51]; and (c) characteristic parameters and coordinate system of deformed yarn [52].
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waviness on the reinforcement path can have a significant
effect on the elastic response of the material. Bogdanovich
Yushanov and Bogdanovich [50] developed a general stochastic
theory for fiber-reinforced composites with continuous,
random curvature to quantify the effect of fiber deviation
from the assumed ideal path and used a random extension
of random function theory and themethod of directional aver-
aging to evaluate the mean and standard deviation of the full
tensor anisotropic stiffness properties.

Fang et al. [51] assumed that the cross-section of the
yarn was octagonal and that the surfaces of adjacent yarns
were in contact with each other. Each braided yarn in the
inner layer of the braided composite is divided into several
regions, and random variables are introduced to describe
the path of the fibers in the twisted yarn, as shown in
Figure 7(b). The effect of yarn deformation on the elasticity
and strength of 3D4D braided composites was considered
using the theory of random functions. Zhai et al. [52] pro-
vided an explanation based on the stochastic theory for the
factors influencing the distortion characteristics of mul-
tiple types of yarn, including path, cross-sectional shape,
and cross-sectional torsion effects. Meanwhile, the cross-
sectional shape is assumed to be elliptical and used to
describe the distorted characteristics of the yarn cross-sec-
tional shape. The elastic properties of yarns in 3D braided
composite materials were studied, as shown in Figure 7(c).
Kang et al. [53] divided the yarn cross-section into five
regions and introduced random theory to describe the twist
characteristics of interlaced yarns and obtain the compli-
ance of each region of the twisted yarn using random func-
tion theory. The influence of yarn deformation on the elastic
properties of 3D braided reinforced fiber rod composites
was studied. Zhang et al. [54] reconstructed the real yarn
cross-sections and fiber shape deviations of the molded
composites by combining micro-CT. The macroscopic and
microscopic mechanical properties of the 3D tubular
braided composites were simulated at different tempera-
tures. It was found that the transverse and shear properties
of the yarns were affected by the fiber shape, and the yarn
RVEs with elliptical fiber shapes exhibited better mechan-
ical properties than those with circular ones.

To sum up, the 3D braided composites model consid-
ering random effect can effectively simulate the yarn
deformation defects caused by braiding arrangement and
other factors in the actual situation. At the same time, it
also reduces the error in evaluating the properties of the
material to some extent. However, there is still a lack of
unified standards and models, and it is difficult to compare
different experiments. In addition to this, the nature of
randomness and the high computational cost make it a
pressing issue to consider random effects. Therefore, it is

necessary to carry out more in-depth theoretical research,
model verification, and experimental design. At the same
time, randomness research needs to be combined with prac-
tical application to ensure that the research results have
practical guiding significance for engineering practice.

5 Void defects

Void, as one of the most common defects in 3D braided
composites, refers to the voids or bubbles formed inside
the materials, which are mainly caused by gas release,
poor resin flow, or braided structure during preparation.
Therefore, it is an important subject to accurately under-
stand and control the void defects in 3D braided compo-
sites to improve their performance and reliability.

5.1 Dry spots in the bundle are not
considered

Due to the diversity and complexity of void-forming fac-
tors, the formation of voids is particularly complicated in
3D braided structures, and voids may be formed in yarns,
matrix, or interface areas. Some scholars have studied the
properties of 3D braided composites with void defects
without considering the dry spots in yarns.

Yang et al. [55] studied the off-axis tensile mechanical
properties of 3D5D braided composites and the axial mechan-
ical properties of two braided angle specimens by introducing
randomly distributed void defects in the microscopic model.
The results showed that the porosity had a greater effect on
reducing the tensile strength of the large-braided-angle speci-
mens than that of the small-braided-angle specimens, but
different porosities had less effect on the tensile strength.
Lu et al. [56] investigated the longitudinal tensile behavior
of 3DF5D braided composites by conducting multi-scale simu-
lations grounded on a novel 3D damage model that applies
the Linde failure criterion. It is found that the void defects
lead to a slight decrease in modulus and strength, but
increase the failure strain, which indicates that a proper
amount of void defects can improve the ductility of compo-
sites. Shen et al. [38] developed an RVE model to investigate
the effects of defect location, size, and shape on the mechan-
ical properties of 3D braided SiC /SiCf -ceramic matrix compo-
site. The results showed that the tensile properties of the
material decrease with increasing porosity, and the decrease
is insignificant at low porosity, as shown in Figure 8.

Gong et al. [57] considered the effects of void and inter-
face defects on the effective stiffness of 3D braided
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composites. The experiments showed that when the voids
were located in the matrix, the reduction in yarn stiffness
was much greater than when they were located at the
interface. When the void shape was spherical, the reduc-
tion in yarn stiffness was the smallest, and when it was
cylindrical, the yarn stiffness decreased slightly, while
when it was a disk, the yarn stiffness decreased signifi-
cantly. The interface properties did not change the effect
of void shape on stiffness, and the yarn modulus decreased
linearly with increasing porosity at different interface
thicknesses, as shown in Figure 9.

Shi et al. [58] simulated voids by introducing voids into
the unit cell model to investigate the effect of porosity on
the elastic constants of 3D braided ceramic matrix compo-
sites. It was concluded that the porosity had a significant
effect on the elastic constants, and the elastic modulus in
the direction of the yarn decreased with increasing por-
osity. Gao et al. [59] proposed a 3D constitutive model of
braided composites with void based on the microstructure,
and the elastic properties of materials with different por-
osities were predicted theoretically. Finally, it was con-
cluded that when the porosity increased by 1%, the mate-
rial strength decreased by 6.5% and the modulus decreased
by 2.04% at the same volume content. At the same porosity,
the mechanical properties were positively related to the
fiber volume and tended to converge. The strength is
more easily influenced by the matrix voids than the mod-
ulus. Wang et al. [60] took yarn extrusion and matrix void
defects into account to develop a realistic fine-scale RVE
model for 3D6D braided SiC /SiCf composites to test the
elastic modulus in comparison with the ideal model. The
data show that the ideal model I without defects and the
predicted model data modulus were compared to obtain a
prediction error of 3.67% for the initial modulus when ξf =
0.3. For the G model with ξf = 0.8, the computational error

of the initial modulus is 2.36% and the voids have a large
effect on the elastic properties of the material. Dong and
Gong [61] established a microscopic model of 3D braided
composites with random void defects to simulate the pro-
gressive damage process of tensile and proposed a stiffness
degradation method to generate random delamination
defect units and discussed the influence of void defects
on material damage extension and strength, as shown in
Figure 10. The results show that the random voids in the
matrix will lead to the redistribution of micro-stress and
reduce the strength and ductility of the material, and the
reduction effect is related to porosity. Initial porosity
increases almost every type of damage, especially the long-
itudinal damage propagation of yarn.

At present, simulating the mechanical properties of
defective materials through microscopic models is an effec-
tive method. As can be seen from the above studies, the
characteristic parameters such as shape, size, location, and
content of void defects between yarns will lead to changes
in the effective stiffness reduction effect of 3D braided
composites. As an important characteristic parameter,
the porosity between yarns will lead to a certain decrease
in the tensile and elastic properties of the material as it
increases. Moreover, the elastic strength is more easily
affected by the matrix void than the modulus, but a mod-
erate amount of porosity has a beneficial effect on the
ductility of the material. In addition, void can also aggra-
vate almost all types of damage.

5.2 Considering dry spots in yarns

As microscopic defects, in-beam dry spots have a signifi-
cant influence on the properties of materials. In order to

Figure 8: RVE modeling method of randomly distributed defects [38].
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more accurately predict the influence of void defects on
the properties of 3D braided composites, many scholars
have taken both in-beam dry spots and matrix voids into
consideration.

Ge et al. [62] established a multi-scale modeling to
predict failure modes and strength properties in 3D
braided composites containing void defects. According to
the periodic characteristics of the material across different
length scales, they developed a unit cell model based on
selective element formulation, and an explicit void mor-
phology model, as shown in Figure 11(a). The results show

that the two-scale damage failure analysis method based
on the void model is feasible. The void model is better than
the element model in predicting the mechanical properties
of 3D braided composites. Xu and Qian [63] established a
microscopic unit cell model based on the causes of void
defects in the RTM process and combined probabilistic
statistical methods to analyze the influence of porosity
and random distribution of defects on the equivalent
elastic properties of the material. The results show that
the elasticity of materials is more sensitive to porosity
than the random distribution of porosity to some extent.

Figure 9: Performance study of 3D braided composites with void defects: (a) effect of porosity and interface thickness (λ) on effective yarn modulus
(E11, E22, G12, G23) [57]; (b) effect of porosity (r) and void shape (rp, the ratio of the lengths of the two main axes determines the shape of the ellipsoid)
on effective yarn modulus (E11, E22, G12, G23) [57]; and (c) effect of porosity and void location on effective yarn modulus (E11, E22, G12, G23) [57].
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Figure 10: Effect of defects on damage expansion and stress distribution in different materials (a)–(f) Stress distribution in yarns and matrices
containing void defects: (a) yarn (Pmv = 0); (b) yarn (Pmv = 3%); (c) yarn (Pmv = 5%); (d) matrix (Pmv = 0); (e) matrix (Pmv = 3%); (f) matrix (Pmv = 5%); (g)–(j)
damage propagation curves for different porosity; (g) yarn L-type damage; (h) yarn ZL-type damage; (i) yarn LT-type damage; and (j) matrix
damage [61].
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The increase of porosity leads to the linear decrease of
material modulus, and the braiding angle will lead to the
change of the influence of defects on modulus. Song et al.
[64] developed an analysis method combining micro-CT
imaging, unsupervised machine learning, and progressive
damage analysis methods in order to cross-scale analyze
3D braided composite damage. It was shown that the
volume of voids in the interior is larger compared to the
surface of the material. An increase in porosity results in a
linear decrease in the strength and modulus of the mate-
rial, and the stress concentration generated by the voids
results in an increase in the strength reduction of the mate-
rial as the porosity increases. The presence of voids also
increases the damage to the material to some extent. Ge
et al. [65] developed a multi-scale viscoelastic analysis
method to characterize the viscoelastic behavior of porous
3D braided composites and established a semi-theoretical
model using the generalized unit method to calculate the

viscoelasticity of the yarn. The experimental results show
that the transverse viscoelastic behavior of 3D braided
composites with void defects is obviously reduced, but
the longitudinal long-term properties have little change.
Huang et al. [41] for the first time, created a multi-scale
finite-element model and an agent model for predicting the
elastic properties of 3D, four-way, void-containing rotary
braided composites and also proposed a BP neural network
model optimized by a genetic algorithm. The results show
that the maximum error of the predicted homogeneous
elastic constant is 9.4% compared with the experimental
results, and the porosity has a great influence on the trans-
verse and shear properties, but little influence on the axial
properties of yarns.

Xu and Qian [66], employed a finite element model
based on RVE and periodic unit cell to predict the finite elastic
properties of composites, while accounting for matrix voids
and yarn dry spots. The results show that the void volume

Figure 11: Modeling of composite materials considering yarn dry points: (a) bi-scale analysis algorithm for 3D4D composites with void defects [62]
and (b) microscopic void model with spherical defects [67].
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fraction has a great influence on the 3D braided composites,
and it is influenced by the braiding angle. Except for Poisson’s
ratio XZ and YZ directions, other elastic moduli are negatively
correlated with void volume. Ge et al. [67] used multi-scale
modeling to predict the elastic behavior of porous 3D5D, as
shown in Figure 11(b), and homogenized the defective matrix
to simplify the experiment. The results show that fiber dis-
tributions, void types, and void distributions have little effect
on the effective elastic constant of yarn, and fiber content is
negatively correlated with porosity. The increase of porosity
will lead to the decrease of the elastic constant of yarn. For
3D5D, elastic modulus and shear modulus will decrease with
the increase of porosity, but Poisson’s ratio is opposite, as
shown in Figure 12.

Ge et al. [68] proposed an improved Chamis model and
established a RVE with void defects to predict the elastic
constants of 3D braided composites and also established a
homogenized full-size model. It is found that the elastic
modulus and shear modulus decrease with the increase
of void content, while Poisson’s ratio changes inversely.
The sensitivity of elastic constants in different directions
to defects is different, and the full-scale homogenization
model can improve the economic and time problems of
evaluating material properties, as shown in Figure 13.

Wei et al. [69] considered the void defects of fiber-
reinforced phase, matrix phase, and interface phase and
studied the influence of void on the elastic properties of 3D
braided C/C composites from a multi-scale perspective. The

Figure 12: Effect of porosity on micro- and meso-scale unit models and response equivalent models [67].
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results show that the porosity has a great influence on
the elastic constant. For example, when the porosity is
10%, the axial and radial tensile modulus of the material
decrease by 11.7 and 12.3%, respectively; the in-plane and
out-of-plane shear modulus decrease by 11.28 and 29.74%,
respectively; and the out-of-plane Poisson ratio decrease by
29.32%, while the in-plane Poisson ratio increases by 0.26%.
The influence of porosity of each phase is fiber-reinforced
phase >matrix phase > interface direction. Zhang et al. [70]
introduced units to simulate dry spots and inter-bundle

porosity within yarns at micro and fine scales, respectively,
and established a macroscopic homogeneous model for the
prediction of macroscopic elastic constants. The results
indicated that the dry spots have a greater effect on the
macroscopic elastic properties than the inter-bundle por-
osity, and the increase in dry spot porosity leads to a
decrease in the longitudinal Poisson’s ratio, and the oppo-
site is true for the inter-bundle porosity. Qi et al. [71] intro-
duced voids into the model to simulate dry spots and voids
in the matrix and yarns and discussed the effect of defects

Figure 13: In-beam dry spot effects on material stresses and properties (a)–(c) stress distribution of RVC under X-direction and Z-direction loading
[68]. (a) Yarn, (b) matrix and (c) whole cell; and (d) effect of porosity content on the properties of 3D5D composites with α as 40° and 23° [68].
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on the mechanical properties of the material. The data
show that when the porosity is constant, the influence of
the void position on the elastic modulus along the knitting
direction can be ignored. The increase of porosity leads to a
downward trend in all mechanical properties except trans-
verse Poisson’s ratio, and the influence of defects in yarns
is greater than that in the matrix. Dong and Chen [72]
established models from both the mesoscopic and micro-
scopic scales to study the macro-mechanical properties of
3D braided composites with voids and dry spots. The
experiments found that all engineering elastic constants
decreased with increasing porosity, except for the longitu-
dinal and transverse Poisson’s ratios. The compressive
elastic modulus and shear elastic modulus were more
affected by the porosity of the yarns. In addition, the
main reason for the reduced stiffness of the material was
the dry spots in the yarns. Dong and Huo [12] based on a
dual-scale model, considered matrix voids and dry spots in
yarns to predict the effective elastic properties and micro-
scopic stress of 3D braided composites. The calculation
results showed that the void volume fraction had different
effects on each elastic constant. The void volume fraction of
the yarn had a greater effect on the elastic constant than
that in the matrix. The presence of voids increased the
transverse deformation of the material under longitudinal
loading.

Zhang et al. [73] constructed a cross-scale plastic damage
constitutive model that includes plastic effects and damage
accumulation to analyze the nonlinear behavior of 3D tubular
braided composites with defects. The experiment shows that
interfacial or void defects greatly affect the transverse or

shear strength of yarns. The calculated longitudinal tensile
strength of uncoupled void defects and collective plasticity is
613.21MPa, with an error of 14.09% from the experimental
results, and the calculated result of the coupled model is
499.19MPa, with an error of 7.13% from the experimental
results as in Figure 14.

Liu et al. [74] established a full-scale microstructure
finite-element analysis model to study the impact compres-
sion properties of 3D carbon fiber/epoxy resin ring-braided
composite tubes under the influence of defects based on
the numerical method, as shown in Figure 15(a). The
experiments found that with the change of defect content
and braiding angle, the compression properties, initial
modulus, and failure strain of the material will change to
a certain extent. A smaller braiding angle will lead to ear-
lier failure and a greater decreasing trend in some of the
elastic constants and defects in the yarns. It will have a
greater impact on the compressive properties and initial
modulus than those in the matrix. Liu et al. [75] used a finite-
element method and introduced random defects into fiber
tows using the Monte Carlo method to numerically investi-
gate the effect of random defects on the compressive beha-
vior of 3D braided composites. It is found that random
defects have a certain influence on the compressive mod-
ulus and strength of materials along the in-plane direction
but have no obvious influence on the compressive proper-
ties under out-of-plane impact, as shown in Figure 15(b)–(e).
Liu et al. [42] studied the size effect of the compressive
behavior of 3D braided composites with and without
defects under high strain rates through numerical simu-
lation. According to the results, the defects in yarns have

Figure 14: Effect of void defects on the tensile properties of 3D woven composites: (a) cross-scale analysis framework for 3D tubular braided
composites and (b) macroscopic stress–strain curve [73].
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great influence on the compressive properties of mate-
rials. The increase of defect volume fraction will lead to
the decrease of modulus and strength, and the fracture
strain will also increase.

Zhang et al. [54], based on the micro-CT multi-scale
modeling framework, reconstructed the real yarn cross-
section, fiber deformation, and defects inside the matrix
of the molded 3D braided composites and simulated the
multi-scale mechanical properties of the materials at dif-
ferent temperatures using the elastic–plastic damage model
and the traction-separation eigenstructure model. It was
found that the internal porosity of the yarns was higher
than that between the yarns due to the low permeability
property of the resin, and the increase in temperature
resulted in a significant decrease in the yield strength,
breaking strength, and stiffness of the defect-containing
materials under tensile or compressive loading, as shown
in Figure 16(a), but the longitudinal mechanical properties
were basically unaffected by the temperature. The overall
mechanical response of the matrix was negatively corre-
lated with porosity, independent of the location of the voids.
Wei et al. [76] considered the void defects of fiber reinforce-
ments, yarns, and interfaces and predicted the effective

thermal conductivity of the material from the fiber scale
and yarn scale based on the AH method. The experiments
found that the random distribution of voids had little effect
on the effective thermal conductivity, while the finite thermal
conductivity decreased linearly with increasing porosity
volume fraction. The effect of matrix porosity volume fraction
on thermal conductivity was greater than that of fiber reinfor-
cement porosity volume fraction. Increasing the interface
thermal conductivity would lead to the effect of interface por-
osity volume fraction on effective thermal conductivity. The
porosity volume fraction in yarns had a greater effect on trans-
verse thermal conductivity than longitudinal thermal conduc-
tivity. Wang et al. [77] generated a RVE with detailed geometric
features to reconstruct the microstructure of SiC /SiCf . Com-
bined with the Markworth and parallel models, the effect of
porosity on the effective thermal conductivity of SiC /SiCf was
investigated. The results showed that when the porosity was
5%, the thermal conductivity in the transverse and longitudinal
directions was reduced by 20 and 10%, respectively. The long-
itudinal thermal conductivity decreased linearly with
increasing porosity, while the transverse thermal conductivity
decreased nonlinearly as in Figure 16(b), and an improved
Markworth model was proposed.

Figure 15: Effect of void defects on the compressive properties of 3D woven composites: (a) geometrical model of 3D braided composites tube [74];
(b) stress–strain curves of BCs under impact in out-of-plane direction; (c) stress–strain curves of BCs under impact in the in-plane direction; (d)
fracture modes of defect-free composites in fiber tows under impact in the out-of-plane direction; and (e) fracture modes of defective BCs in fiber tows
under impact in the out-of-plane direction [75].
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In summary, the multi-scale modeling method takes
into account the voids in the yarns. It is found that porosity
has a greater influence on the elastic constants of the mate-
rial than the void type and distribution, and the voids in
the yarns have a greater influence on the elastic constants
of the material than the voids between the yarns. The
elastic constants all decrease to varying degrees with
increasing porosity, except for Poisson’s ratio. The

presence of void defects also leads to a certain decrease
in tensile properties, compressive properties, and effective
thermal conductivity, and the effect on tensile strength is
much greater than that on tensile modulus. In summary,
choosing whether or not to consider dry spots in the bun-
dles, based on the research purpose, model complexity,
and computability, helps to gain a deeper understanding
of the effect of porosity on composites.

Figure 16: Temperature effects of 3D braided composites under the influence of defects: (a) compressive and tensile stress–strain curves of epoxy
resin matrix at different temperatures. (MRVE1-3 are matrices with the same void radius and a random distribution of voids at 2.0% porosity; MRVE-4
are matrices with different void radii and a random distribution of voids at 2.0% porosity; MRVE-5 are matrices with different void radii and a random
distribution of voids at 1.6% porosity; and MRVE-6 are non-voids matrices.) [54]; (b) subplots of the distribution of the heat flow component Q2 when
65% fiber fraction RVE model (Vp = 5%) is used in the thermal conductivity calculations at 200°C and a comparison between the RVE model and the
modified parallel model in the thermal conductivity calculations at 1,000°C as well as a comparison of the distribution of the heat flow component q
when 65% fiber fraction RVE model (Vp = 5%) subplots of heat flow component q distribution [77].
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6 Other defects

In addition to void defects, there are many other complex
and diverse defects, such as cracks and fiber dislocation.

The existence of these defects may reduce the strength,
toughness, and fatigue properties of materials and affect
their reliability in practical applications. Therefore, it is
very important to study the formation mechanism of these

Figure 17: Modeling of 3D braided composites with embedded defects: (a) scanning electron microscopy observation of the interface between
3DMBCs particles and matrix in 3D braided composites; (b) 3D micro-CT reconstruction of Cen-dc to observe the shape of the yarns; (c) geometrical
model of 3D braided composites with defects; (d) comparison of the geometrical model and cross-section photographs from micro-CT images
between the cross-section photographs of the test samples. (The cross-sectional view is of the composite at the 1/2 particle cross-section.) Surf-dc,
surface defective composite; Cor-dc, corner defective composite; and Cen-dc center defective composite [79].
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Figure 18: Failure evolution, stress distribution, and interfacial damage of composites containing defects at different locations under low-velocity
impacts. (a) Failure evolutions of composites under low-velocity impact compression: perfect composite, Surf-dc, Cor-dc, and Cen-dc. (b) Stress
distribution and interfacial damage of the composite and its components at the peak stress point (point B); and (c) the stress distribution and
interfacial failure of the composite and its components at the point of maximum deformation (point D) [79].
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Figure 19: Internal damage morphology of four samples (a) along the X direction and along the y direction [82]; and (b) numerical simulation results
of RUC with different fiber breakage defect contents [37].
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defects and their relationship with material properties for
formulating effective defect repair and prevention strate-
gies. These research results can not only improve the
overall quality of 3D braided composites but also provide
powerful guidance for material engineers and designers so
that they can make better use of the excellent properties of
these materials.

Guo et al. [78] investigate the influence of defect size at
different locations on the compressive behavior of 3D
braided composites, embedded polytetrafluoroethylene
(PTFE) particles to form defects, conducted low-velocity
impact compression tests, and analyzed the results using
high-speed photography and micro-CT. The results show
that the increase of defect size will lead to the decrease
of compressive strength and the deterioration of damage.
Compared with the surface area, the defect will have a
greater size effect in the central area. There is stress con-
centration around the defect, and the change of stress is
positively related to the size of the defect. The stress
change in the shear zone caused by defects is considered
to be the main reason for the decrease of tensile strength.
Guo et al. [79] placed PTFE particles at different locations
and modeled the material morphology obtained using
scanning electron microscopy and micro-CT, as shown in
Figure 17(a)–(c). By comparing the perfect sample with the
defective sample, as depicted in Figure 17(d), they investi-
gated the influence of defect location on the transverse
compression behavior of the material under low-velocity
impact. It was found that defects in the corner and center
regions have a more significant effect on the compressive
behavior of 3D woven composites than defects in the
bottom position, leading to a reduction in the peak stress
of the material and an increase in damage deformation.
Defects also lead to localized stress concentrations in the
surrounding yarns, as shown in Figure 18.

Zeng et al. [80] proposed a simplified model of 3D
braided composites containing transverse and longitudinal
cracks and used the homogenization theorem to calculate
the effective Young’s modulus and Poisson’s ratio of the
material to predict its mechanical properties. The calcula-
tion results show that the braiding angle and the composi-
tion of braided composites largely determine the degree of
reduction of Young’s modulus and Poisson’s ratio caused
by transverse and longitudinal cracks. Liang et al. [81] per-
formed theoretical calculations on the thermal expansion
coefficient of 3D braided composites with oriented matrix
microcracks and analyzed the effect of microcrack density
on the thermal expansion coefficient. The experiments
showed that the presence of micro-defects such as micro-
cracks greatly affects the properties of the material,
causing a reduction in both the stiffness and thermal

expansion coefficient of the composites. Sun et al. [82]
used micro-CT technology to investigate the influence of
braiding defects and braiding angles on the behavior and
failure mechanisms of 3D braided carbon/epoxy compo-
sites under low-velocity impact conditions. The results
showed that structural defects significantly affect the
impact mechanical properties of 3D braided composites.
Materials with yarn missing defects have lower loads and
smaller deformations than defect-free specimens, as
shown in Figure 19(a). Lei et al. [37] numerically investi-
gated the effect of defects on the compressive properties
and failure mechanisms of 3DMBCs fabricated by a novel
five-step braiding process in different directions. The
results showed that one of the main defects produced
during the fabrication of 3DMBCs is fiber breakage, and a
defect containing 25% fiber breakage decreases the com-
pressive modulus of the composites by 40%, as shown in
Figure 19(b).

It can be seen that it is an effective method to simulate
the influence of impurity defects on the mechanical prop-
erties of 3D braided composites by embedding PTFE parti-
cles. It is found that the position and size of impurity
defects have different effects on the compression and ten-
sile properties of materials. However, crack defects will
lead to the attenuation of elastic properties and thermal
expansion coefficient of materials, yarn loss (structural
defects) will have a serious impact on the impact mechan-
ical properties of materials, and fiber fracture will lead to
the reduction of compression modulus. However, in gener-
ally, the research on other defects of 3D braided composites
is still insufficient. In order to promote the overall develop-
ment and application of 3D braided composites, the research
on other defects needs to be further deepened.

7 Conclusion and prospect

3D braided composites have excellent mechanical proper-
ties and shape adaptability due to their unique fiber mesh
interlocked structure, and they are widely used in many
fields. Defects, as an important factor affecting the perfor-
mance of practical applications, restrict the further devel-
opment of 3D braided composites. Numerous scholars have
conducted extensive research on defects in 3D braided
composites and have achieved fruitful results. This article
provides a comprehensive review of the research progress
on various aspects of defects in 3D braided composites,
including the relationship between the molding process
and defect formation, nondestructive testing methods for
defects, and the effects of yarn deformation, void, and
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other defects. This review aims to summarize and system-
atize the relatively scattered research findings, forming a
comprehensive knowledge system of defects in 3D braided
composites, in order to provide some assistance for future
research in related fields.
1) The stage from resin flow behavior in the mold to final

curing is critical for void generation. Air entrainment,
capillary pressure, resin flow behavior, and auxiliary
processes used during this stage can all influence void
formation. To reduce void defects, it is necessary to
optimize and improve relevant parameters using
methods such as visualization analysis and numerical
simulation. Regarding nondestructive testing methods,
existing techniques like ultrasonic testing, CT scanning,
and magnetic flux leakage imaging each have their
advantages and disadvantages in defect detection. At
the same time, for nondestructive testing methods, it
is necessary to select appropriate testing systems and
operating parameters in combination with actual appli-
cation needs to ensure accurate results while mini-
mizing costs. To meet the increasing demands for 3D
braided composites, future research should focus on
developing real-time monitoring and control systems
with higher precision. Using low-viscosity, high-flow
resins is essential for controlling and minimizing
defect generation. Additionally, nondestructive
testing techniques should evolve toward intelligence,
automation, and multimodality to enhance the accu-
racy and comprehensiveness of defect identification.

2) It is of great significance to study the deformation
defects of yarns in 3D braided composites for the opti-
mization of overall properties. Yarn orientation change
and cross-section deformation caused by external pres-
sure and mutual extrusion during the braiding process
will directly affect the mechanical properties of the
material. When establishing the simulation model,
how to be closer to the real structure inside the material
is a problem that researchers need to consider.
Therefore, it is an inevitable trend to combine micro-
scopic XCT scanning with deep learning algorithms to
carry out imaging and characterization of material
microstructure and statistical analysis of characteristic
parameters, so as to solve the problem that it is difficult
to introduce real microstructure characteristics changes
into the calculation model. This enables more efficient
and accurate prediction of yarn deformation behavior
and reduces the impact of yarn deformation defects on
material properties.

3) As one of the most common defects, void can lead to
varying degrees of degradation in elastic properties,

tensile properties, compressive properties, and effective
thermal conductivity. It can also increase material
damage, particularly by significantly accelerating yarn
longitudinal damage propagation. However, it is worth
noting that Poisson’s ratio does not decrease with
increasing porosity, and a moderate amount of porosity
can even improve the ductility of the material. The influ-
ence of void defects on 3D braided composites is related
to the characteristic parameters, but it usually seems that
the porosity has the greatest influence, and the void
defects in yarns have a greater influence on the elastic
properties than those in thematrix. However, most of the
existing research studies are focused on the elastic prop-
erties of 3D braided composites due to void defects, but
few studies have been made on tensile, compressive, and
thermal conductivity properties, and the research on
other types of defects (impurities, cracks, fiber breakage,
etc.) is still insufficient. In the future, numerical simulation,
theoretical, and experimental verification can be combined
to further quantify the influence of different types of defects
on the strength, stiffness, and fatigue life of materials and
provide scientific basis for designing more durable and
reliable 3D braided composites. The development of effi-
cient techniques for repairing void defects is also crucial
for material usage and cost reduction.
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