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a b s t r a c t

In-plane shear properties of three-dimensional (3D) surface-core braided composite are investigated by
numerical simulation and experimental tests. Based on RVE models, the mechanical responses under in-
plane shear load and the basic shear properties related to braiding parameters are predicted by using
finite element method. Numerical results indicate that two groups of surface-cores possess distinct
sensitivities to shear loads and identify the main load bearing components. In-plane shear tests are
conducted to compare the effects of surface cuttings on the mechanical properties of present material
and 3D 4-directional braided composite. The experimental data reveal that the cuttings degrade the
shear moduli and strengths of the two materials to varying degrees. 3D surface-core braided composite
can effectively restrain the decline of shear properties caused by cuttings. Scanning electron microscopy
(SEM) is used to identify the distinct damage mechanisms of tested materials.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Three-dimensional (3D) braided composites have been widely
used as structural components for aircraft, rocket and other high-
performance applications due to their excellent through-
thickness reinforcement, high damage tolerance, favorable fatigue
resistance and outstanding near-net-shape forming capacity
[1e13]. However, one notable disadvantage of 3D braided com-
posites is that their mechanical properties may easily degrade
when they suffer surface damages, because their integrated fiber
architecture can be seriously destroyed [14].

3D surface-core braided composite is a new material developed
from traditional braided composites. The most significant
improvement of this structure is that it can effectively limit the
performance degradation caused by surface damages, depending
on its particular “surface-core” structure. The effects of surface
cuttings on longitudinal tensile properties of 3D surface-core and
3D 4-directional braided composites were experimentally
compared [15]. The average tensile strength and modulus of new
material dropped only 18 and 19% while those of 3D 4-directional
braided composites with similar braiding angles and fiber volume
fractions dropped 63 and 41%. Up to now, other basic mechanical
behaviors of this new braided composite in certain conditions, such
as in-plane shear loading, have not been reported, and it is neces-
sary to carry out related research.

Currently, the studies on in-plane shear behavior of composite
materials have been conducted by various test methods. E. H. Rani
et al. [16] designed a modified Arcan fixture with butterfly spec-
imen geometry to measure the in-plane shear response of thick-
section pultruded FRP composites. Both the material shear stiff-
ness and its nonlinear stress-strain response up to ultimate stress
were determined. The specimen design minimized the stress con-
centrations at the edges, and allowed for approaching the nominal
stress at the center. Results from strain gage and Infrared ther-
mography measurements provided confirmation for the effective-
ness of the fixture and the specimen geometry. D. O. Adams et al.
[17] developed a V-notched rail shear test that incorporates the
attractive features of both the Iosipescu test and the two-rail shear
test. The V-notched specimen design reduces shear stress con-
centrations near the rails and produces relatively uniform shear
stress distributions in the specimen gage section for a variety of
carbon/epoxy laminates. Employing Iosipescu tests with a modified
shear fixture, Guo et al. [18] investigated the evolution of the in-
plane shear damage and the stressestrain behaviors of a two-
dimensional Hi-Nicalon fibre-reinforced silicon carbide composite
(2D-SiC/SiC) under monotonic, non-reverse and reverse cyclic load
conditions. Liang et al. [19] compared the nonlinear in-plane shear
properties of unidirectional fiber reinforced composites and fabric
reinforced composites by ±45� tension tests. The experimental
results revealed that fabric reinforced composite showed more
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Fig. 1. Structure description of 3D surface-core braided composites: (a) Braiding pro-
cess and (b) unit-cell division.
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ductile-like response in the preyield phase and better load bearing
ability in the post-yield phase compared to the unidirectional fiber
reinforced composite. Li et al. [20] characterized the in-plane shear
behavior of non-crimp fabrics (NCFs), including NCFs based on
T300 carbon fibers with chain or tricot-chain stitches by picture
frame and bias extension tests. The normalized results of these two
tests for shear force are consistent with each other in the direction
of shear of the stitching, while deviations in other directions are
attributed to the different strain mechanisms, as a result of the
clamping way of the sample in the test. A. C. Manalo et al. [21]
conducted an asymmetrical beam shear test to determine the
behavior of fiber composite sandwich beams under in-plane shear
loading. The experimental results showed a good agreement with
theoretical prediction, and the asymmetrical shear test was rec-
ommended as a test method for determining the shear properties
of sandwich structures with high strength core materials.

The objective of this paper is to investigate the in-plane shear
properties of 3D surface-core braided composite and its particular
superiority over traditional braided composites when they all suffer
surface damage. Firstly, the finite element method is employed to
present the mechanical response of established RVE models. The
stress distribution with significant characteristics identifies the
primary load bearing components, which indicates the possibility
that the shear properties will not remarkably degrade if the surface
damages do not destroy these components. Meanwhile, the basic
shear properties related to braiding parameters are characterized
by using homogenization approach and volume averaging method.
Secondly, the in-plane shear tests are conducted to compare the
effects of surface cuttings on the shear properties of present ma-
terial and traditional braided composite. The shear properties of
undamaged and pre-damaged 3D surface-core and 3D 4-
directional braided composites are measured by Arcan method,
respectively. The stress-strain behaviors, shear moduli, shear
strengths, failure modes and damage mechanisms of these two
materials including four configurations are contrasted in detail.
Both the numerical and experimental studies fill the gap in the in-
plane shear investigation of 3D surface-core braided composite,
which could give us new insights into the performance of this new
material.

2. Braiding process

Fig. 1(a) demonstrates the permutation and movement of car-
riers on a machine bed. The carriers can be divided into two
orthogonal systems. Every two rows or columns constitute a
moving sub-block in x or y direction. The braiding process is
composed of alternate two steps. At step 1, the carriers in x direc-
tional sub-blocks move clockwise one position. At step 2, the car-
riers in y directional sub-blocks move counterclockwise one
position. Each step is followed with a ‘jamming’ action. The unit
length of the resultant preform is defined as the braiding pitch,
denoted by h.

Repeating above steps, all the yarns in one sub-block are
continuously prolonged along their spatial traces, and a ‘surface-
core’ is finally formed. The number of surface-cores in x or y di-
rection is denoted by m or n. The size of 3D surface-core braided
preform is denoted by (m, n).

3. Finite element analysis

3D surface-core braided composite has a skin-core structure, as
shown in Fig. 1(b). For studying the material with periodic micro-
structure, the representative volume element is usually picked out
and analyzed instead of the whole structure. Based on the braiding
process and the spatial configuration of braiding yarns located in
the interior, surface and corner regions, three unit-cell models were
proposed in Ref. [15]. Fig. 2 demonstrates the solid structure
models of unit-cells. Considering the mutual squeezing of yarns is
more obvious due to the abrupt change of the yarn paths in the
exterior regions, the cross section of interior yarns is assumed to be
a hexagon inscribed with an ellipse which is regarded as the cross
section of yarns in exterior regions. The relationship between the
major and minor radii of the ellipse, a and b, is expressed as
a ¼

ffiffiffi
3

p
b cos g. The gradual change of the yarn's cross section shape

from the exterior regions to the interior is neglected.
In this study, the size of investigated 3D surface-core braided

preforms is (2, 14). The interior unit-cells and surface unit-cells A
and B account for 50.0 and 43.7% of the whole structure, respec-
tively. The corner unit-cells and surface unit-cells C and D occupy a
small part of the material, and are neglected for the finite element
analysis.
3.1. Finite element modeling

3D surface-core braided composites are composed of braiding
yarns and resin matrix. In this work, the braiding yarns containing
thousands of fibers and matrix are regarded as unidirectional
composites and are modeled as transversely isotropic material in
local coordinate system. The resinmatrix is assumed to be isotropic.
The elastic properties of component materials are listed in Table 1.
The elastic properties of braiding yarns are calculated by the
micromechanics formulae proposed by Chamis [22].

The 4-node linear tetrahedron element (C3D4) available in
ABAQUS is used for free mesh generation depending on its
outstanding geometry boundary adaptability. The general periodic
boundary conditions which can realize the application of periodic
boundary conditions with aperiodic mesh are adopted [23]. In



Fig. 2. Solid structure models of three unit-cells.
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order to satisfy the continuities of stress and displacement on the
interfaces between the component materials, the merged coinci-
dent meshes are adopted on the interfaces.

To simulate the in-plane shear load case, an independent set of
8>>>>><
>>>>>:

0
@uCDHG � uBAEF ¼ 0

vCDHG � vBAEF ¼ 0
wCDHG �wBAEF ¼ wC �wB ¼ wC

0
@uGHEF � uCDAB ¼ uF � uB ¼ uF

vGHEF � vCDAB ¼ 0
wGHEF �wCDAB ¼ 00

@uDAEH � uCBFG ¼ 0
vDAEH � vCBFG ¼ 0
wDAEH �wCBFG ¼ 0

0
@uB ¼ vB ¼ wB ¼ uA ¼ vA ¼ wA ¼ 0

uC ¼ vC ¼ vF ¼ wF ¼ 0
wC ¼ gxzWk;uF ¼ gxzh

ðk ¼ i; sÞ
global strain, namely, ½εx; εy; εz;gyz;gzx;gxy� ¼ ½0;0;0;0;0:002;0�, is
applied in finite element models. The shear load is imposed by
displacement which is determined by input global strain and
boundary dimension of the model. The displacement load com-
bined with corresponding boundary constraints can simulate in-
plane shear load case, as shown in Fig. 3. Corresponding to this
load case, the displacement load and the constraints by relative
displacement between opposite boundary surfaces of unit-cell are
expressed by
where u, v and w are the displacements in x, y and z directions,
respectively; W is the width of unit-cell and the subscript i and s
refer to the interior and surface unit-cells.

Global coordinate system is adopted by the interior unit-cell and
surface unit-cell A. Due to the antisymmetry of the structure, the



Fig. 3. Displacement loads and boundary constraints under in-plane shear load.

Table 1
Mechanical properties of fiber and resin.

Material components Young's modulus (GPa) Shear modulus (GPa) Poisson's ratio

E-glass fiber 73.0 30.0 0.22
Epoxy resin 3.5 1.3 0.35
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simulation of surface unit-cell B is realized by applying inverse
loads on surface unit-cell A and adopting a local coordinate system
in which the x and y axes are contrary to those in global coordinate
system.

3.2. Mechanical response of unit-cells

When a shear load is applied on a composite, it is not directly
imposed on the fibers but firstly on the resin matrix. The fibers
achieve the shear load from the matrix by stress transfer and pro-
duce stresses to balance the load. The axial stress is themain type of
the born stresses of fibers, thus more attention should be paid to it.
The following will present the mechanical response of unit-cells
with interior braiding angle of 30� by their deformation and
stress distribution, respectively.

Fig. 4 displays the deformation of unit-cells when the defor-
mation scale factor is 200. It is seen that the boundary surfaces of
unit-cells are warped. Each pair of opposite boundary surfaces have
the same deformation which guarantees the displacement conti-
nuity between the neighboring unit-cells and provides a reasonable
stress distribution. The warping extents of three sets of opposite
boundary surfaces are distinct, which is attributed to that the unit-
cell model of 3D surface-core braided composites does not have the
symmetries of geometrical structure and physical properties.
Fig. 4. Deformation of the finite element
Fig. 5 shows the stress nephogram of interior unit-cell. The
stress continuity at the opposite boundary surfaces has been
guaranteed and satisfied the periodic condition. Fig. 5 (a)-(c) de-
scribes the Mises stress distribution of the whole model, resin
matrix and yarns, respectively. It is seen that the yarns inclining to x
direction rather than y direction bear the primary load. The stresses
in main load-carrying yarns are more 8 times than those in resin
matrix on the average, which indicates that these yarns are the
main load bearing component for the composites. The stress con-
centration is distributed in the interlaced region of braiding yarns
and the contact area between yarns and matrix. The closer to these
regions, the greater stresses are produced. Fig. 5 (d) depicts the 1st
directional stress nephogram of the yarns. Since the yarns are
modeled as transversely isotropic material in local coordinate
system, the 1st directional stress indicates the axial stress for each
yarn. The regions with positive value bear tensile stress while those
with negative value bear compressive stress. It is seen that the
yarns inclining to positive x direction bear tensile stress while those
inclining to negative x direction bear compressive stress. Whether
tensile stresses or compressive stresses in the yarns along y direc-
tion, are far lower than those in the yarns along x direction.

Figs. 6 and 7 present the stress nephogram of surface unit-cells
A and B. The stress continuity at the opposite boundary surfaces has
still been guaranteed. Fig. 6 (a)-(c) and Fig. 7 (a)-(c) show the Mises
stress distributions of the two surface unit-cells. For both of them,
the primary loads are born by x directional yarns in which the
stresses are more 7 times than those in matrix on the average. The
abrupt changes of yarn paths lead to severer mutual squeezing of
yarns, causing obvious stress concentrations in their interlaced
areas. Fig. 6 (d) and Fig. 7 (d) depict the 1st directional stress (axial
stress) nephogram of yarns. It should be noted that the x and y axes
in local coordinate system of surface unit-cell B are inverse to those
in global coordinate system. Accordingly, the yarns inclining to
positive x direction (Global CS) bear tensile stress while those
inclining to negative x direction (Global CS) bear compressive
stress, and the stresses in the yarns along y direction are far weaker
than those in x directional yarns.

The stress nephogram can only describe the mechanical
response in a qualitative way by supplying the information about
stress distribution mainly on the surfaces or certain cross sections
[24]. To quantitatively demonstrate the stress everywhere, partic-
ularly in the interior of yarns, the cumulative sum of elements
models under in-plane shear load.



Fig. 5. Stress nephogram of interior unit-cell: Mises stress distribution of (a) whole model, (b) resin matrix and (c) braiding yarns, and (d) axial stress distribution of braiding yarns.
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volume with increasing stress level is counted according to the
stress and volume data of each element, which can determinewhat
percentage of the yarns exceeds a certain stress level. Since the
loads of finite element models are given artificially, which leads to
corresponding stress values, the obtained stresses are non-
dimensionalized by mean stress herein. For the axial stresses of
yarns, saxial is defined as their average value and is expressed by

saxial ¼
1
V

Z

V

jsaxialjdV (2)
where saxial indicates the 1st directional stress (axial stress for
yarns) of each element and V the volume of total yarns in a unit-cell.

To further compare the load bearing characteristics of yarns
inclining to distinct directions, the yarns are divided into two
groups. The Group 1 and Group 2 represent the yarns inclining to x
direction and y direction, respectively. The relationships between
stress level and volume proportion of yarns in these two groups for
three unit-cells are shown in Fig. 8. The more the curve increases in
a certain range of stress level, the more the yarn volumes are
distributed in this region. It is seen that the yarns of Group 1 are
distributed at obviously higher stress levels (including tensile and



Fig. 6. Stress nephogram of surface unit-cell A: Mises stress distribution of (a) whole model, (b) resin matrix and (c) braiding yarns, and (d) axial stress distribution of braiding
yarns.
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compressive stresses) than those of Group 2 for all three unit-cells.
Nearly 50% of Group 1 yarns in the interior unit-cell are distributed
from 1.5 to 2.2 times the mean stress and also nearly 50% from�2.2
to �1.5 times the mean stress. The yarns in these two stress in-
tervals incline to positive and negative x direction, respectively.
Between the two intervals, the curve of Group 1 undergoes a flat
stage, which indicates no Group 1 yarn is distributed in this stress
range. Besides, all yarns of Group 2 are distributed between the
stress levels of �1 and 1, and most of them are close to 0, which
means the stresses in these yarns are far less than the mean stress.
For the surface unit-cell A, about 40% of Group 1 yarns are
distributed from only 0.5 to 1.2 times the mean stress, while up to
60% from �2 to �1.3 times the mean stress, which indicates the
Group 1 yarns domore contributions to bearing compressive stress.
Conversely, about 60% of Group 1 yarns in surface unit-cell B are
distributed from 1.3 to 2 times the mean stress, while nearly 40%



Fig. 7. Stress nephogram of surface unit-cell B: Mises stress distribution of (a) whole model, (b) resin matrix and (c) braiding yarns, and (d) axial stress distribution of braiding yarns.
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from�1.2 to�0.5 times the mean stress, which reflects the yarns of
this group mainly bear tensile stress. In addition, the stresses of
Group 2 yarns in both the surface unit-cells A and B are still much
lower than the mean stress.

From above, the yarns inclining to x direction bear obviously
more stresses than those inclining to y direction. In other words,
the surface-cores parallel to the specimen surface rather than the
ones perpendicular to it are the primary load carrying components
under in-plane shear loads. When 3D surface-core braided com-
posites suffer surface cuttings, the surface-cores perpendicular to
material surface will be damaged while those parallel to it will still
maintain their integrality. Accordingly, it can be predicted that
since the main load bearing components of the material are not
destroyed by surface cuttings, its in-plane shear properties will not
significantly degrade. This predictionwill be verified bymechanical
tests introduced in Section 4.



Fig. 8. Relations between nondimensionalized axial stress and volume proportion of yarns for (a) interior unit-cell, (b) surface unit-cell A and (c) surface unit-cell B under in-plane
shear loads.
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3.3. Discussion on braiding parameters

According to the mechanical response of each unit-cell, the
effective in-plane shear properties of whole composite can be ob-
tained by homogenization approach and volume averaging method
[25e27]. The effects of two braiding parameters, namely braiding
angle and fiber volume fraction, on shear modulus are studied
herein.

Fig. 9 shows the variation of predicted in-plane shear modulus
Gxzwith braiding angle under three different fiber volume fractions.
It is seen that Gxz firstly increases steadily as the braiding angle
grows. When the braiding angle is greater than 35�, the increment
becomes smaller. At the braiding angle of 45�, Gxz reaches the peak
value. Besides, Gxz goes up with the increase of fiber volume frac-
tion, and the increment is relatively significant when the braiding
angle is large.
Fig. 9. Variation of shear modulus with braiding angle and fiber volume fraction.

4. Experimental program

To investigate the in-plane shear properties of 3D surface-core
braided composite, especially its superiority over the traditional
braided composites when they all suffer surface damage, the
specimens of this new material and 3D 4-directional braided
composite were prepared and the V-notched beam shear tests were
performed.
4.1. Materials and specimens

The reinforcement fiber for both the 3D surface-core and 3D 4-
directional braided preforms was E-glass fiber. The sizes of 3D
surface-core preforms contained (2, 14) and (4, 14). The latter was
used for surface cuttings. The preforms were consolidated into the



Fig. 10. Dimensions and surface morphology of specimens.
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final composites by impregnating with epoxy resin using RTM
process. The mechanical properties of the fiber and resin have been
given in Table 1. The pre-damaged specimens were processed by
cutting on both sides of the composites.

Fig. 10 shows the dimensions and actual surface morphology of
specimens. It is seen that the surface cuttings produced plenty of
broken yarns whose fracture sections were regularly distributed on
specimen surfaces of both the materials. In detail, the specimen
surface of 3D 4-directional braided composite was completely filled
with yarn fracture sections, since the spatial trace of each yarn was
not parallel with the boundary of specimen but throughout its
thickness, and all the yarns were cut off when they reached the cut
surface. In contrast, although broken yarns existed, plenty of intact
interior yarns were observed on the specimen surface of 3D
surface-core braided composite. Actually, the broken yarns were
produced by the surface-cores perpendicular to specimen surface,
and the intact yarns belonged to the adjacent surface-core parallel
to the specimen surface. Surface cuttings removed the superficial
surface-cores on both sides of specimen, but the left ones parallel to
cut surface well kept their integrality, which was the key to
maintain mechanical properties. The effect of surface cuttings on
shear properties of 3D surface-core braided composites has been
preliminarily predicted in the last paragraph of Section 3.2. The
following tests will minutely investigate how this damage in-
fluences the in-plane shear properties of the material.

4.2. Experimental

The specimens were loaded in a MTS 370.25 test machine by a
modified Arcan test fixture at a constant head speed of 1 mm/min,
as shown in Fig. 11. The strain gauges (Micro-Measurement type
BE120-3BC from ZEMIC, China) bonded in the middle of the spec-
imenmeasured strain oriented at ±45� to the loading axis (denoted
byε±45) to determine the shear response during the entire loading
procedure. The shear strain was then obtained from the strain
gauges by

g ¼ εþ45 � ε�45 (3)

The shear stress was determined by

t ¼ P
A

(4)

where P is the applied load, and A is the area of the cross section
between the notches. The apparent shear modulus was then
calculated by



Fig. 11. Test fixture for in-plane shear test.
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G ¼ t

g
(5)

4.3. Experimental results and discussion

4.3.1. Stress-strain behaviors
The in-plane shear stress-strain behaviors of 3D surface-core

and 3D 4-directional braided composites under shearing load are
shown in Figs. 12 and 13. The strains oriented at ±45� to the loading
axis and shear strains for uncut and cut specimens are simulta-
neously depicted in the figures. The initial elastic stress-strain be-
haviors can be observed in all curves, and then the nonlinear
behaviors appear sooner or later and become more significant with
increasing stress due to the occurrence and accumulation of shear
damage.

From Figs. 12 and 13, all curves of uncut specimen show a larger
Fig. 12. In-plane shear stress-strain curves of 3D surface-core braided composites.
linear range and reach a higher ultimate stress than corresponding
ones of cut specimen. For 3D surface-core braided composites, the
shear stress-strain curve of uncut specimen shows a linear phase
up to about 1.3% strain followed with a nonlinear region which
reaches the peak value at approximately 2.3% strain. In comparison,
the shear stress-strain curve of cut specimen shows a shorter linear
phase up to less than 0.7% strain with a relatively small slope, but
possesses a longer nonlinear region which reaches a plateau at
about 3.2% strain. Concerning 3D 4-directional braided composites,
the shear stress-strain curve of uncut specimen shows an initial
elastic phase up to about 0.8% strain and a nonlinear region which
reaches the peak value at about 2.6% strain. In contrast, the shear
stress-strain curve of cut specimen shows a smaller initial elastic
phase up to less than 0.5% strain followed with a longer nonlinear
region which reaches a plateau at about 2.7% strain.
4.3.2. Shear properties
The shear properties of the four configurations are presented in
Fig. 13. In-plane shear stress-strain curves of 3D 4-directional braided composites.



Table 2
Average shear modulus and shear strength.

Sample Braiding angle (�) Fiber volume fraction (%) Shear modulus (GPa) Shear strength (MPa)

MU 35 43 6.600 107.291
MC e e 6.070 83.758
TU 32 42 6.111 85.456
TC e e 4.245 43.873

Fig. 14. Load-displacement curves of uncut and cut specimens for 3D surface-core and
3D 4-directional braided composites.
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Table 2. MU and MC represent uncut and cut 3D surface-core
braided composites; TU and TC denote uncut and cut 3D 4-
directional braided composites. The shear moduli were calculated
over a 0.1e0.4% shear strain range.With similar braiding angles and
fiber volume fractions, the average shear moduli of uncut speci-
mens for 3D surface-core braided composites (6.600 GPa) and 3D 4-
directional braided composites (6.111 GPa) differ not obviously
while those of cut specimens for the two materials show a distinct
difference (6.070 GPa and 4.245 GPa). By comparison, the modulus
decline of 3D surface-core braided composites caused by surface
cuttings is significantly smaller. The shear strengths of the two
materials also have different response to surface cuttings. The
average shear strength of 3D surface-core braided composites
drops from 107.291 MPa to 83.758 MPa while that of 3D 4-
directional braided composites drops from 85.456 MPa to
43.873 MPa. Obviously, the latter is more sensitive to surface
cuttings.

It is seen from above that surface cuttings degrade the shear
properties of both the 3D surface-core and 3D 4-directional braided
Fig. 15. Failure modes of uncut and cut specimens for 3D s
composites, but the influences are distinct. The average shear
modulus and strength of 3D surface-core braided composites drop
8 and 22% while those of 3D 4-directional braided composites drop
31 and 49%. Consequently, the new material possesses relatively
better cutting resistance and effectively restrains the degradation of
shear properties.

The shear responses of the two braided composites including
the cut and uncut specimens are presented by the axial load-
displacement curves as shown in Fig. 14. Since the shear proper-
ties of each specimen in the same configuration fluctuate slightly,
one of the six specimens is demonstrated for all cases. Comparing
the curves of uncut and cut specimens for the two materials
respectively, the initial gradient and peak load of 3D 4-directional
braided composites decrease more severely than those of 3D
surface-core braided composites do, which reflects that the
modulus and strength of the former degrade more seriously. By
surface cuttings,MC and TC earlier go into the yield phases and later
reach the peak values than MU and TU do. When reaching the peak
value, MC undergoes a certain stationary phase while other curves
directly fall. Compared with MU, MC shows a more ductile load-
displacement response with a larger failure deformation.

4.3.3. Failure modes
The typical failure modes of the four configurations are shown

in Fig.15. For both the 3D surface-core and 3D 4-directional braided
composites, only the uncut specimens fail with shear fractures.
Possessing relatively intact fiber architectures, the uncut specimens
can fully mobilize their own carrying capacity, and bear higher
shear loads. From Fig. 15(a) and (b), the fracture surfaces with
broken fibers are produced in the shear areas. The white regions
close to the failure sections indicate the matrix shear failure.

The fracture morphologies of uncut specimens were observed
by scanning electron microscopy (SEM) to reveal their distinct in-
plane shear damage mechanisms. Fig. 16(a) shows the fracture
structure of 3D surface-core braided composite. It is seen that the
broken yarns are still kept in bunches, and their fibers are bonded
relatively well. From Fig. 16(b), plenty of flat fracture surfaces of
fibers are observed, indicating that these fibers are fractured in a
urface-core and 3D 4-directional braided composites.



Fig. 16. In-plane shear fracture morphologies of 3D surface-core braided composites: (a) fracture surface at low magnification, (b) fibers fracture and pullout, (c) fibers brittle
fracture and (d) fibers ductile fracture.
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brittle manner. Since the fiber distribution and orientation in
braided composites change greatly, the stress transfer is quite
complex. When some microcrack tips perpendicular to the fibers
possess focusing energy, the fibers can be impacted. Once enough
energy is focused on the micro-crack tips, the vicinal fibers may
break for the chain, which can cause the composites brittle failure.
Due to the smaller bonding strength in the fiber/matrix interface
than the ultimate strength of the matrix, slight interfacial
Fig. 17. In-plane shear fracture morphologies of 3D 4-directional braided composites: (a)
fracture and (d) fibers ductile fracture.
debonding between fibers and matrix occurs in the fiber bundles,
as shown in Fig. 16(c). Besides, a few pullout fibers are also
observed in Fig. 16(b). The fibers pullout is closely related to the
interface sliding stress which is produced during the shear load
transfer from matrix to fibers. When the interface sliding stress is
high enough to overcome the friction resistance and the bonding
strength of fiber/matrix is weak, the fibers will be easily pulled out
and will finally produce ductile fractures, as shown in Fig. 16(d).
fracture surface at low magnification, (b) fibers fracture and pullout, (c) fibers brittle
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In comparison, the broken yarns of 3D 4-directional braided
composite are relatively incompact on the fracture surface, leaving
end fibers radial distribution, as shown in Fig. 17(a). A large number
of pullout fibers are observed in Fig. 17(b) indicating the ductile
fractures are relatively common for the present braided composite.
Meanwhile, the brittle fracture sections of fibers can also be found,
accompanied by serious interface crack, as shown in Fig. 17(c).
During the loading process, the difference of strains between the
fibers and matrix is remarkable, which leads to high interfacial
shear stress. The interface accordingly produces certain plastic
deformations and stress concentrations, and is finally cracked. The
microcracks propagate on the fiber/matrix interface, and separate
the matrix from the fibers. Further crack growth and coalescence
disintegrate the matrix and make it drop from the fiber bundles, as
shown in Fig. 17(d).

The cut specimens of the two materials fail without shear
fractures but both produce relatively larger failure deformations, as
shown in Fig. 15(c) and (d). However, these deformations come
from different failure mechanisms of the two structures. Surface
cuttings break all braiding yarns of 3D 4-directional braided com-
posites, which severely damages the structural integrity and makes
the spatial fiber network much looser. Therefore the bearing ca-
pacity of the specimen obviously declines, and the shear defor-
mation can be easily produced. As the shear deformation increases,
the specimen yields soon, and then the load goes upmore andmore
slowly, maintaining at relatively low levels all along. Finally, the
specimen unloads, leaving a certain failure deformation. For 3D
surface-core braided composites, surface cuttings break the
surface-cores perpendicular to the specimen surface, while the
remaining ones parallel to it still maintain their integrality and the
fiber architecture is not completely destroyed. These intact surface-
cores well preserve their carrying capacity, thus the applied load
can reach relatively high levels, which subsequently brings the
specimen corresponding deformation. Meanwhile, the damages of
those surface-cores perpendicular to the specimen surface may
cause the specimen certain normal deformations in the local re-
gions. Under the high load, the shear area of specimen warps
slightly, which further intensifies the failure deformation.

5. Conclusion

RVE models are established to study the in-plane shear prop-
erties of 3D surface-core braided composite by using finite element
method. The numerical results indicate that the surface-cores
parallel to material surface bear primary shear load by producing
tensile or compressive axial stress in the fibers while the surface-
cores perpendicular to material surface are insensitive to the
load. Then the basic shear properties affected by braiding angle and
fiber volume fraction are obtained by adopting homogenization
approach and volume averaging method. In-plane shear properties
of undamaged and pre-damaged 3D surface-core and 3D 4-
directional braided composites are respectively measured by
Arcan method. The experimental data show that 3D surface-core
braided composites possess better performance to restrain the
degradation of shear properties caused by surface cuttings. For both
the materials, only the uncut specimens fail with fractures while
the cut ones fail leaving larger shear deformations. The fracture
surfaces are observed by scanning electron microscopy (SEM), and
the corresponding failure mechanisms of the two materials are
identified.
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