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Abstract: Benefiting from the multi-directional load-bearing capability, the three-dimensional braided
composites (3DBC) have found a wide application in primary structures. It is therefore of great
importance to fully understand their mechanical behavior and failure modes. In the present paper,
the tensile and compressive tests were carried out, according to standardized testing methods, for
eight types of 3DBC, which were manufactured by resin transfer molding (RTM). It was found that
the mechanical properties of the 3DBCs decreased with an increasing braiding angle. When the
braiding angle was 20◦, 3D 5-directional braided composite (3D5dBC) exhibited the best mechanical
properties, while for the braiding angle of 40◦, the mechanical properties of 3D6dBC were the most
prominent. Moreover, the tensile strength of the 3DBCs is approximately two times as much as the
compressive strength; however, the compressive modulus is always 10% higher than the tensile
modulus. The failure modes of the 3DBCs with a braiding angle of 20◦greatly depended on the
braiding structures. However, they tend to be consistent when the braiding angle increases to 40◦.

Keywords: 3D braided composite; braiding architecture; braiding angle; mechanical behavior;
failure mode

1. Introduction

Due to their outstanding structural integrity, three-dimensional braided composites
(3DBCs) present excellent performances in mechanical strength and stiffness, energy ab-
sorption, damage toleration and impact resistance, compared to two-dimensional (2D)
laminated composites and two and half-dimensional (2.5D) woven composites [1–6]. Thus,
3DBCs have been increasingly used in primary load-bearing structures to improve struc-
tural performance and reduce structural weight [7–12]. Given the flexible and complex
spatial braiding architecture of 3DBCs, it is necessary to fully understand the effect of
braiding architecture on its mechanical and failure behaviors.

In recent decades, great efforts have been focused on analytical predictive models,
such as fiber inclination model [13] and the three-cell model [14], which are widely used to
evaluate the elastic properties of 3DBCs. Furthermore, Chen et al. [15], Zheng et al. [16]
and Mahmood et al. [17] accounted the effect of the yarn cross-section shape on the elastic
properties into their predictive models. However, the analytical models are not able to
precisely predict the mechanical properties and failure modes due to the over-simplified
assumptions [18].

Benefiting from the finite element analysis (FEA) techniques, numerous FE models
have been proposed to give an insight into the mechanical behavior and damage mechanism
of 3DBCs [19,20]. Fang et al. [21–23] investigated the mechanical and failure performance
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of a 3DBC using different numerical models. Wang et al. [24] evaluated the effect of yarn
deformation on the mechanical properties of a 3DBC. Gu et al. [25,26] built up full-scale
microstructural numerical models to study the mechanical properties of a 3DBC. Numerical
modeling techniques for the 3DBC were summarized in [27,28].

Experimental studies have been conducted to understand the mechanical and failure
behaviors of 3DBCs. Filatovs et al. [29] identified the failure mode of a 3DBC by using the
mode I-type notched compact tension specimens. Kalidindi and Abusafieh [30] studied
the longitudinal and transverse compressive properties of a 3DBC with different braiding
angles. Li et al. [31] found that the application of the cut-edge could significantly reduce the
mechanical behavior and alter the failure mode of a 3DBC. Li et al. [32] introduced a novel
method to test and predict the modulus of a 3DBC. A comparative study on the tensile prop-
erties between a biaxial and triaxial 3DBC has been performed by Boris et al. [33]. Recently,
acoustic emission (AE) and micro-computed tomography (micro-CT) technologies have
been adopted to track the damage of 3DBCs [34–38]. Additionally, the mechanical behaviors
of 3DBCs subjected to three-point bending [39], impact [10,40–42] and fatigue [39,43,44]
load have also been experimentally investigated.

These research endeavors promoted the application of 3DBC in engineering; how-
ever, a major defect of these analytical and numerical models is that they are valid for
one braiding architecture and may run ineffective for other kinds of 3DBC. Therefore,
an experimental study is still the most important method for the comprehension of the
mechanical properties of 3DBC. With respect to the insufficient experimental research for
3DBC, especially for 3D six-directional (3D6d) and 3D seven-directional (3D7d) braided
composites, it is still worthy of attention on the effects of braiding architectures on the
mechanical behaviors, as well as the failure mechanisms.

In the present study, the quasi-static tensile and compressive behaviors of 3DBCs
with eight different braiding architectures were studied experimentally. The effects of
braiding architectures on the modulus and strengths of the 3DBCs were subsequently
investigated. In addition, the failure mechanism and failure modes were analyzed on the
macroscopic level. The main innovation of this work is to reveal the mechanisms of the
braiding structure and braiding angle of 3DBCs on the mechanical properties and failure
processes, the contribution of which would benefit the industrial safety of 3DBCs as well as
promote the application of 3DBCs to prominent structures. Moreover, the experimental
results could provide a basis for the numerical analysis of 3DBCs.

2. Braiding Process and Characterization of the 3DBC

In the present study, the preforms of 3DBC are fabricated by the 4 × 4 braiding process,
as illustrated in Figure 1. In order to study the effects of braiding architecture on the
behavior of 3DBC, four braiding structures were fabricated and studied in the present
paper, namely 3D four-directional (3D4d), 3D five-directional (3D5d), 3D six-directional
(3D6d) and 3D seven-directional (3D7d) braiding structures, as illustrated in Figure 2, and
two braiding angles of 20◦ and 40◦ were applied to describe the inclination of the braiding
yarns in 3D space, as shown in Figure 3.
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Figure 3. (a) The surface of the braided composite and (b) the applied braiding angle.

3. Specimens and Tests

In this paper, the preformed 3DBCs were fabricated using carbon fiber tows (T700-3K,
Toray®, Tokyo, Japan) and the epoxy resin (TDE-86, Jingdong®, Tianjin, China) through
the resin transfer modeling (RTM) processes, as shown in Figure 4, and the mechanical
properties of the fabricated 3DBC specimens are shown in Table 1. The braiding parameters,
thickness and fiber volume fraction (FVF) of the specimens are listed in Table 2, and the
overall dimensions of the specimens are shown in Figure 5. It should be noted that the
3DBC specimens were not edge-trimmed.
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Table 1. Mechanical properties of T700-12K carbon fiber and TDE86 resin.

T700-12K TDE86

Mechanical
properties

Ef1 = 230GPa; Ef2= Ef3 = 18.226 GPa;
vf12 = 0.27; vf13= vf12; vf23 = 0.3;

Gf12 = Gf13 = 36.6GPa; Gf23 = 7.01 GPa;
Xft = 4.9 GPa; Xfc = 1.4 GPa

Em = 3.45 GPa; vm = 0.35;
Tm = 0.08 GPa; Cm = 0.180 GPa;

Sm = 0.2 GPa

Ef1, Ef2 and Ef3 represent the longitudinal, transverse and normal modulus of the fiber. vf12, vf13 and vf23 are
the Poisson's ratios of the fiber. Gf12, Gf13 and Gf23 are the shear moduli of the fiber. Xft and Xfc represent
the longitudinal tensile and compressive strength of the fiber. Em, vm, Tm, Cm and Sm represent the modulus,
Poisson's ratio, tensile strength, compressive strength and shear strength of the epoxy resin.

Table 2. Braiding parameters, thickness and FVF of specimens.

Specimen m × n Thickness (mm) FVF (%) Specimen m × n Thickness (mm) FVF (%)

T-4d-A 6 × 34 3.29 59.7 C-4d-A 6 × 17 3.36 57.7
T-4d-B 6 × 31 3.47 59.9 C-4d-B 6 × 14 3.41 55.2
T-5d-A 5 × 29 3.50 59.7 C-5d-A 5 × 14 3.36 60.4
T-5d-B 4 × 25 3.47 53.1 C-5d-B 4 × 12 3.35 51.0
T-6d-A 4 × 25 3.48 58.3 C-6d-A 4 × 12 3.38 56.9
T-6d-B 4 × 24 3.42 55.1 C-6d-B 4 × 12 3.36 55.5
T-7d-A 4 × 25 3.42 51.2 C-7d-A 4 × 12 3.29 50.3
T-7d-B 4 × 23 3.33 52.1 C-7d-B 4 × 11 3.42 56.0

T or C corresponds to tension or compression, 4d, 5d, 6d or 7d means 3D4d, 3D5d, 3D6d or 3D7d braided
composite, A or B means the braiding angle is 20◦ or 40◦. The thickness and fiber volume fraction are the average
values of five specimens. m or n represents the number of rows or columns of braiding yarns.
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The tensile and compressive tests were conducted on a DNS200 electromechanical
testing machine with a displacement control of 1 mm/min, following the ASTM D3039 [45]
and ASTM D6641 [46] standards, respectively. Strain gauges were attached to specimens to
record their strain response, as shown in Figure 5. Each test was repeated 5 times, and the
average values were used as the results to ensure accuracy.

4. Results and Discussion
4.1. Mechanical Behavior

All the stress–strain curves obtained from the tensile and compressive tests performed
on the different types of 3DBC specimens tend to exhibit linear increasing trends, as
presented in Figures 6 and 7, respectively. It was found that the tensile/compressive
modulus and strength decreased with increasing braiding angle when the same braiding
structure was employed. This is because the smaller the braiding angle, the more fiber
content equivalent to the longitudinal direction. Moreover, a smaller braiding angle resulted
in a higher tensile failure strain and a lower compressive failure strain for the 3DBC with
the same braiding structure, except for the 6d braided composite. When subjected to a
tensile load, the matrix cracking and interface debonding occurred at a larger braiding
angle due to the Poisson effect, thus resulting in a lower failure strain. When subjected
to a compressive load, not only the matrix cracking and interface debonding but also the
fiber kinking occurred at a smaller braiding angle, thus leading to a lower failure strain.
Similar results were reported in [47]. As for 3D6dBC with a large braiding angle under
the tensile loading conditions and a smaller braiding angle under the compressive loading
conditions, it tends to inhibit the crack propagation along the longitudinal direction of the
material by reducing its Poisson ratio. This phenomenon could also be found in [48], which
indicated that the braiding architecture has significant effects on the mechanical behaviors
of the 3DBCs.
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Figure 6. The tensile stress–strain curves of (a) 3D4dBC, (b) 3D5dBC, (c) 3D6dBC and (d) 3D7dBC.
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Figure 7. The compressive stress–strain curves of (a) 3D4dBC, (b) 3D5dBC, (c) 3D6dBC and
(d) 3D7dBC.

Figures 8 and 9 compared the tensile and compressive properties of different 3DBCs.
The comparison between the results obtained from the 20◦ braiding composites and 40◦

braiding composites showed that a smaller braiding angle could result in a higher load
carrying capability for the 3DBCs with the same braiding structure. In general, the tensile
strength of the 3DBC should be much higher than its compressive strength. For example,
the tensile strength of the T-4d-A was 2.3 times as much as its compressive strength.
However, the compressive modulus of the 3DBC, except the 7d-B, was higher than its
tensile modulus. Similar results were reported in [31]. This was because the dominant
load-bearing component was the fiber bundle under the tensile loading conditions. When
subjected to a compressive load, the support of the matrix prevented the fiber bundle from
kinking, and the transverse crack propagation through the matrix was obstructed by the
fiber bundles, which are much tougher and stronger, thus resulting in a higher compressive
module before failure.

Polymers 2022, 14, x FOR PEER REVIEW  6  of  11 
 

 

 

Figure 7. The compressive stress–strain curves of (a) 3D4dBC, (b) 3D5dBC, (c) 3D6dBC and (d) 

3D7dBC. 

Figures 8 and 9 compared the tensile and compressive properties of different 3DBCs. 

The comparison between the results obtained from the 20° braiding composites and 40° 

braiding composites showed that a smaller braiding angle could result in a higher load 

carrying capability for the 3DBCs with the same braiding structure. In general, the tensile 

strength of the 3DBC should be much higher than its compressive strength. For example, 

the tensile strength of the T‐4d‐A was 2.3 times as much as its compressive strength. How‐

ever, the compressive modulus of the 3DBC, except the 7d‐B, was higher than its tensile 

modulus. Similar results were reported in [31]. This was because the dominant load‐bear‐

ing component was the fiber bundle under the tensile loading conditions. When subjected 

to a compressive load, the support of the matrix prevented the fiber bundle from kinking, 

and the transverse crack propagation through the matrix was obstructed by the fiber bun‐

dles, which are much tougher and stronger, thus resulting in a higher compressive mod‐

ule before failure. 

 

Figure 8. The tensile (a) modulus and (b) strength of 3DBC. 

0 -2000 -4000 -6000 -8000
0

100

200

300

400

500

0 -2000 -4000 -6000 -8000
0

100

200

300

400

500

600

0 -2000 -4000 -6000 -8000
0

100

200

300

400

500

600

0 -2000 -4000 -6000 -8000
0

100

200

300

400

500

600

St
re

ss
/M

P
a

Strain/μξ

(a)

C-4d-A

C-4d-B

St
re

ss
/M

P
a

Strain/μξ

(b)
C-5d-A

C-5d-B

(c)

S
tr

es
s/

M
P

a

Strain/μξ

C-6d-A

C-6d-B

S
tr

es
s/

M
P

a
Strain/μξ

(d)

C-7d-A

C-7d-B

3D4d 3D5d 3D6d 3D7d
0

30

60

90

120

150

M
od

u
lu

s/
G

P
a

 A  B

3D4d 3D5d 3D6d 3D7d
0

300

600

900

1200

1500

S
tr

en
gt

h
/M

P
a

 A  B

Braiding Structure Braiding Structure

Braiding Angle Braiding Angle(b)(a)

Figure 8. The tensile (a) modulus and (b) strength of 3DBC.
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Figure 9. The compressive (a) modulus and (b) strength of different specimens.

The mechanical properties of 3DBCs with the same braiding angle were compared
in Figure 10. When using a braiding angle of 20◦, the 5d-A exhibited the highest tensile
and compressive strengths, among all these 20◦ braiding composite specimens, which
were approximately 60% higher than those of the 7d-A. When using a braiding angle of
40◦, the tensile and compressive strengths, as well as tensile and compressive modulus
of the 6d-B, were the highest, while those values of the 4d-B and 7d-B were the lowest.
The strength and modulus of the T-6d-B were 50% higher than those of the 4d-B and 7d-B.
The comparison between the moduli and strengths of the 5d-A specimens and the 6d-B
specimens, which are the best candidates in their corresponding group, shows that the
5d-A specimen presented the best performance.
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Figure 10. The mechanical properties of 3DBCs with the braiding angle of (a) 20◦ and (b) 40◦. (TM,
CM, TS and CS stand for tensile module, compressive module, tensile strength and compressive
strength, respectively).

4.2. Failure Modes

In order to study the effect of braiding architecture on the failure modes, the fracture
characteristics of the 3DBC were analyzed from a macroscopic view.

Figures 11 and 12 illustrate the tensile failure modes of the 3DBC with different
braiding structures and angles. For the 3DBCs with a braiding angle of 20◦, the dominant
tensile failure mode of the T-6d-A was fiber fracture perpendicular to the loading direction,
which was also observed from the tensile tests of other types of composite specimens, as
shown in Figure 11. Differently, the fracture planes parallel to the Z-axis along the braiding
angle were also found in the T-4d-A and T-7d-A specimens. For the T-5D-A, there is a
fiber split parallel to the X-axis, which was not found in the tensile tests of other types of
composite specimens. This is mainly because in the 3D4d and 3D5d braided composites,
the matrix damage will propagate along the braiding yarns and the X-axial yarns, while in
the 3D6d braided composites, the Y-axial yarns will prevent the crack from propagating
along the longitudinal direction. In the 3D7d braided composite material, the content of Y-
and Z-axial yarns is relatively low, and the braided and axial yarns play a major role.
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For the 3DBC with a braiding angle of 40◦, the main tensile failure mode was fiber
fracture perpendicular to the loading direction, suggesting that both braiding and axial
yarns can carry the tensile load, as shown in Figure 12. However, an obvious difference in
the fiber extractions was found in the middle region of the fracture surfaces of different
types of composite specimens. This is mainly because with the increase in the braiding
angle, the braided yarn will bear larger shear stress during the loading process, thus
showing tensile shear failure. Therefore, the X- and Y-axial yarns significantly affect the
failure modes of the 3DBC with a small braiding angle. By increasing the braiding angle,
the fracture face tended to become flat, and the matrix cracking and debonding tended to
grow along the interfaces, thus leading to the fiber extraction.

Figures 13 and 14 illustrate the compressive failure modes of the 3DBC. For the C-
4d-A and C-5d-A specimens, the failure modes were compressive shear failure along the
braiding angle. By increasing the braiding angle, the failure mode of the C-4d-B and C-5d-B
specimens became interface debonding, resulting in sudden fiber crushing or kinking.
Due to the presence of the Y-axial yarns, the compressive failure modes of the C-6d-A
transferred to fiber crushing or kinking, while an obvious transverse shear fracture plane
was observed from the C-7d-A specimen. For the C-6d-B and C-7d-B, the failure modes
were transverse shear fracture accompanied by fiber kinking and matrix cracking.
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5. Conclusions

In the present paper, the effects of braiding architectures on the mechanical and failure
behaviors of eight different 3DBCs were experimentally studied and analyzed. The results
showed that the mechanical and failure behaviors of the 3DBC are highly related to the
braiding structures and braiding angles. The influences of braiding architectures on the
behaviors of the 3DBCs can be reflected by the changes in the stress–strain responses,
failure strain and cracking paths, etc. Relevant conclusions have been outlined below:

(1) The modulus and strength of the 3DBC were higher with a smaller braiding angle
under both tensile and compressive loading conditions. Moreover, a smaller braiding angle
resulted in a higher tensile failure strain and a lower compressive failure strain of composite
specimens with the same braiding structure.

(2) The 3DBC with a braiding angle of 20◦, i.e., 3D5dBC, exhibited the highest tensile
and compressive modulus/strengths, which were 121.48GPa/1016.93MPa and 139.35GPa/
511.31MPa, respectively. In contrast, the 3DBC with a braiding angle of 40◦, i.e., 3D6dBC, ex-
hibited the highest modulus/strengths under the tensile and compressive loading conditions,
which were 73.61GPa/625.39MPa and 84.61GPa/329.54MPa, respectively.

(3) With the same braiding structure and angle, the tensile strength of the 3DBC was
almost two times as much as its compressive strength; however, the tensile modulus of the
3DBC was approximately 10% lower than its compressive modulus.

(4) The dominant tensile failure modes for the 3DBC with a braiding angle of 20◦ were
fiber splits and fracture along the braiding angle. In addition, the fiber extractions in the
middle of the fracture surfaces were observed for the 3DBC with a braiding angle of 40◦.

(5) By increasing the braiding angle, the compressive failure modes of the 4d and 5d
braided composites transformed from the compression shear along the braiding angle to
the interface debonding and fiber crushing/kinking. The dominant compressive failure
modes of the 6d and 7d braided composites were transverse shear fracture regardless of
the braiding angle.
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