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Abstract Cut-edge is a kind of damage for the three-dimensional four-directional (3D4d)
braided composites which is inevitable because of machining to meet requisite shape and working
in the abominable environment. The longitudinal tensile experiment of the 3D4d braided
composites with different braiding angles between cut-edge and the ones without cut-edge was
conducted. Then representative volume cell (RVC) with interface zones was established to
analyze the tensile properties through the fracture and damage mechanics. The periodic boundary
conditions under the cut-edge and uncut-edge conditions were imposed to simulate the failure
mechanism. Stress-strain distribution and the damage evolution nephogram in cut-edge
condition were conducted. Numerical results were coincident with the experimental
results. Finally the variation of cut-edge effect with the specimen thickness was
simulated by superimposing inner cells. The consequence showed that thickness
increase can effectively reduce cut-edge influence on longitudinal strength for 3D4d
braided composites. Cut-edge simulation of braided composites has guiding signifi-
cance on the actual engineering application.

Keywords Cut-edge - 3D4d braided composites - Interface - Numerical results - Inner cells

1 Introduction

Three-dimensional (3D) braided composites had been studied for decades. As a kind of textile
composites, 3D braided composites have been attractive for industrial applications because of
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their excellent mechanical performances, such as better out-of-plane stiffness, strength and
impact resistance compared to the fiber reinforced laminated composites [1—6]. In recent years,
3D braided composites have been broadly used in thermal protection cone, brake block, the
hot-end guard tile and rocket engine throat lining. On one hand, the braided integrity
structurally will be damaged in poor working circumstance such as mar, abrasion and ablation.
On the other hand, some composites configuration have to be incised on purpose of meeting
the final product dimension which will destroy structures and demolish the spatial integrity of
the fiber architecture in 3D braided composites.

Experimental investigation on the mechanical property of cut-edge was conducted by
Macander [7] in 1986. The result showed that cut-edge had great effect on the tensile,
compression and flexure stiffness, strength and poisson ratio for 3D braided composites.
The average tensile strength of 3D4d braided composites dropped nearly 60 % over the
uncut-edge ones. Li [8] carried out a suite of experiments on the mechanical properties of
braided composites between cut-edge and uncut-edge in 2006. The experiments in consider-
ation of three different ways of cut-edge and two braiding angles made a deep research on the
effect of the cut-edge. The loss of stiffness and strength on width was less than that ones on
thickness which can be attributed to more inner cells along width direction than thickness
direction in 3D braided composites.

While cut-edge effect on 3D braided composites was merely researched through
experimental method. The loss of strength for cut-edge specimens was obtained, but
there was no in-depth study on its stress distribution field and failure mechanism.
Further researches on the cut-edge effect of different braiding angels and different
braiding patterns are needed, whereas relevant experiments will take much time and
cost and limited results may be still restricted to promote the analysis of structural
mechanics. Simulation analysis can easily control variables and complete some works
which cannot be implemented in the actual experiments. So a research on the cut-edge
effect of 3D braided composites using simulation method not only reduces the cost
but also has guidance for practical engineering application.

Adopting the method of simulation and experiment was efficient to analyze material
mechanical properties. Ref. [9] studied free-edge effect on the effective stiffness of
single-layer braided composite by this way in which the number of inner cells
represented the width of specimen. In recent years, simulation studies on 3D braided
composites had been continuously expanding. Researches have been carried out on the
micro-structures and predictions of mechanical properties using finite element method
(FEM). Li [10] created a RVC of 3D4d braided composites based on the locus of the
yarns’ movement which was used to predict the tensile modulus under periodic
boundary condition. Zhang [11] established three distinct solid structure models of
unit-cell located in the interior, surface and corner regions and studied the stiffness for
each cell. Researches of damage evolution about 3D braided composites under
longitudinal tensile already had a lot which primarily concentrated on integrated
braided composites. Fang [12] established a new RVC and used the progressive
damage model to predict the modulus, strength and the damage progress of 3D4d
braided composites under tensile and compressive load. He investigated the influence
of interface damage to the fracture of the 3D4d braided composites under tension
load. Zeng [13] predicted the nonlinear response and damage evolution using finite
element method. Hu [14] investigated the progressive damage and failure mechanism
of three dimensional full five-directional braided composites. In summary, according
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to above literature and Refs. [15-19], it should be noticed that simulation method has
been developing rapidly, the research of cut-edge effect by simulation method will
promote the researchers’ understanding and find a way to improve the mechanical
performance after trimming.

This paper is aiming at elucidating the influence of cut-edge on the tensile properties of
3D4d braided composites using progressive damage and nonlinear analysis method. Firstly,
longitudinal tensile experiment was conducted for cut-edge and uncut-edge specimens with
interior braiding angels20 and 40°.The RVC model of 3D4d braided composites with interface
was established and periodic boundary conditions in cut-edge and uncut-edge situations were
imposed in section 3. The stress-strain curves in cut-edge and uncut-edge conditions and
nephogram of the RVE damage evolution were obtained. Numerical results were compared
with the experimental data in section 5. The variation of cut-edge effect with thickness was
investigate through progressive damage analysis method in section 6. Finally, some valuable
conclusions were obtained.

2 Experiment
2.1 Specimens Preparation

Numbers of research works were focused on mechanical properties of 3D braided
composites by experiment methods [20-23]. Experimental research can intuitively
reflect the destruction form of the material and ultimate bearing capacity, at the same
time provide guidance for the simulation analysis. This paper four-step 1 X 1 braiding
procedure was used to fabricate the preforms. The array of yarn carriers was 24 x 3
for the 3D4d specimens. The T700-12 K carbon fibers from Toray company were used as
reinforcement. The TDE-86 epoxy resins were injected into preforms by the resin transfer
molding (RTM) process and then consolidated to produce the specimens. The braided angles of
the coupons were 20 and 40°.

3D braided composites are made up of three different regions that are interior cell region,
surface cell region and corner cell region as shown in Fig. 1. Zhang [10] studied the three cells
models in detail which indicated the thickness of interior cell was 2.39 times as much as the
surface cell for the 3D4d braided composites. The experiment specimens were fabricated by
three rows so that one interior cell and two surface cells existed in the specimens. The portion
of the corner cells and surface cells were incised from the coupon to compared with the below

Fig. 1 The constitution of 3D4d
braided composites
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simulation results. Figure 2 showed the cut scheme of 3D4d braided composites. All speci-
mens dimension and the numbers were listed in Table 1.

A series of tensile tests were performed using WDW-2000 testing machine in order to
compare the properties and failure mechanisms of 3D braided uncut-edge and cut-edge
composites. 3D4dC specimen was shown in Fig. 3.

2.2 Experiment Results

Figure 4 and Fig. 5 showed the damage morphologies of specimens with different braiding
angels respectively. The fracture morphologies showing brittle fracture of the 3D4dU speci-
mens were nearly with some yarns fractured. For little braiding angel, there was obviously
tensile shear failure of yarns, fiber breakage and no the phenomenon of fiber pulling-out as
shown in Fig. 4a. The damage constituent of the 3D4dU braided composites with large
braiding angle was controlled by several mechanisms, such as fiber breakage, the localization
of matrix cracking and interfacial debonding shown in Fig. 5a. For 3D4dC braided composites,
since the breaking yarns in surface destructed the integrity of specimens, the fracture of yarns
did not occur while the interface between the fiber bundles damaged. For large braiding angel,
interface debonding appeared earlier as there was large shear stress between the fiber bundles
and the crack shape of the 3D4dC-40 braided composites liked saw.

3 Finite Element Model
3.1 Geometry Model of RVC
The 3D4d braided composites are fabricated by the 4-step 1 x 1 rectangular braiding method

and are made up of four directional braided yarns and resin matrix. Because of the periodic
micro-structure of braided composites’ structures, the RVC model is used to analyze their
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Fig. 2 Cut schematic diagram
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Table 1 Numbers and physical dimension of specimens

Specimen number Braided angle () Size/mm Cut-Edge
3D4dU-20 20° 25 x 3.5 x 250 No
3D4dC-20 20° 25 x 1.9 x 250 Yes
3D4dU-40 40° 25 x 3.5 x 250 NO
3D4dC-40 40° 25 x 1.9 x 250 YES

mechanical properties. Some assumptions have been proposed based on the analysis to

establish the RVC.

1) The path of yarns in the interior of 3D4d braided composites keeps straight based on
simulation of braid process as shown in Fig. 6a.

2) The cross section shape of the braiding yarn is hexagon in Fig. 6b.

3) Every two yarns in the RVC is surface contacted in Fig. 6c¢.

According to the geometric relationships, the relations of geometry parameters of the RVC

can be expressed as follows:

Fig. 3 3D4dC specimen
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Fiber fracture

Fiber extraction

a 3D4DU-20 b 3D4DC-20

Fig. 4 The fracture morphologies of the 3D4d specimens with v=20"

W=T=v2a (4)

H denotes braiding pitch length and the height of RVC. Wand T are the width and thickness
of RVC respectively. xis the compact factor of the fiber tow.

Due to the micro-structure complexity, the tetrahedron elements are applied to mesh the
braiding yarns and resin. In order to study the effect of the interfaces damage, the interface
elements whose behavior is characterized by cohesive model are created. It is assumed that
there is a very thin layer of interface which is controlled by a Cohesive Zone Model (CZM)
using to predict the interfacial debonding behavior in Refs. [24-26]. A 6-node cohesion
element (COH3D6) is implemented in the ABAQUS finite element code.

3.2 Periodical Boundary Condition

The boundary condition is very crucial to predict the mechanical properties by the RVC model,
ordinary periodic boundary is imposed to the RVC to keep stress and strain continuous among
the three opposite faces in previous study. In this paper, ordinary periodic boundary condition
is used to simulate the specimens in the uncut-edge condition according to Eq. 3—5. The
experiment specimens are fabricated by three rows of carriers so that one interior cell and two
surface cells distribute in the specimens, When the surface cells are removed from the coupon
which will lead to no periodicity and only one inner cell in the T-T direction, here T-T direction
represents the direction along thickness as shown in Fig. 7. So new periodic boundary
condition should be imposed to the other two opposite faces according to Eq.3—-6.

Fiber extraction

Fiber fracture

Fiber extraction

3D4DU-40 3D4DC-40
Fig. 5 The fracture morphologies of the 3D4d specimens with = 40°
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Fig. 6 RVC model of 3D4d
braided composites. a The
distributions of yamns; b The cross
section of braiding yarmns; ¢
Contacting relation of braiding
yams

Uscor—Uapue = Up~Uy = Up, Vecgr—V apue = 0, Wecor—W aphe = 0

Wergn—W apcp = Weg=W 4 = Wi, Ugrga—Uascp = 0, Vergu—V aBcp = 0 (5)

Vepug—V aer = Up—U4 = Up, Ucpuc—Uaser = 0, Wepng—W aser = 0
Uy=Vy=Wy=0Wp=Up=Vg=0

Uscgr—Uapue = Up—U,4 = U, Vecgr—V apuE = 0, WecGr—W apaE = 0
Wercu—Wasco = We=W 4 = Wg, Ugrgu—Uascp = 0, Vergu—Vascp =0 (6)
Ugy=Vi=Wy=0Wp=Up=Vg=0

Table 2 presents the mechanical properties of the fiber and resin matrix. The TDE86 resin
matrix is assumed to be an elastic-perfectly-plastic material. The fracture energy of the fiber
bundles is listed in Table 3.
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Table 2 Mechanical properties of the fiber and resin matrix

Eyi (GPa) E, (GPa) vy, Gy, (GPa) G,; (GPa) o (MPa) o° (MPa) Gy(N/mm) Gy, (N/mm)

T700 230 40 026 24 14.3 4900 2470 8
Matrix 3.5 0.35 80 241 1.5

4 Damage Model
4.1 Progressive Damage Models for the Fiber Yarns

The yarns in the 3D braided composites are assumed to be transversely isotropic. Each yarn
under tensile contains one or more damage modes such as tensile, compressive and shear
failures in longitudinal and transverse directions. In this paper the initial failure criteria of yarns
is the three-dimensional Hashin [27] failure criterion.

Once the damage initiation criteria is satisfied, further loading will cause degrada-
tion of the mechanical property which plays an important role in the damage evolve-
ment. In order to realize accurate simulation of the material soften behavior after
initial damage appears, an improved damage evolvement model proposed by Fang
[11] is adopted instead of traditional direct stiffness reduction model. The evolution
law of the damage variable in the post-damage initiation phase is based on the fracture
energy dissipated. To alleviate mesh dependency during material softening, a characteristic
length of element is introduced into the simulation. The element dissipated energy is
expressed as:

1
Gr==olell, (7)

Where /.is a characteristic length of the element and Gjis the fracture energy which is a
material property that must be specified. U;anndsefqis the equivalent failure stress and strain
respectively.

The reduction of the stiffness coefficients is controlled by damage variables D that might
vary from zero (undamaged state) to one (fully damage state). As a result, the macroscopic
failure process of materials is a monotone decreasing function about damage variable D. For
fiber bundles, take the damage variable of different damage models into constitutive equations
of fiber bundles to achieve the stiffness reduction. The energy hypothesis advanced by
Cordebos-Sidoroff [28] is implemented to draw damage variables into stiffness matrix as
follow:

C(d)=C(D)=M"(D):Cy: M"(D) (8)

WhereCpandC(d)are the stiffhess tensors for the undamaged and damaged configurations
respectively.

Table 3 Fracture energy of fiber reinforced-epoxy composites

G (N/mm) Gre (N/mm) G (N/mm) Gre (N/mm) Gy (N/mm) Gine (N/mm)

8.0 8.0 1.5 1.5 1.0 1.0

@ Springer



Appl Compos Mater (2016) 23:839-856 847

4.2 Cohesive Zone Model

To investigate the interfaces damage mechanism in the RVC model, the CZM de-
scribed by traction—separation law is established. The initial traction-separation law
can be written as:

t, K, On
t= tl‘ = Ktt 6; (9)
tS KSS 6‘\‘

Heret,, tsand tare the stress components in the normal, first and second shear
direction,d,,d,and Jrepresent the displacement components in the normal, first and
second shear direction.X,,,,,K,K,, are the stiffness coefficient of interface respectively.
Interface damage is assumed to be initial when the quadratic interaction function
involving the nominal stress ratios reaches a value of one. The criterion can be

represented as:
(9 6 .

N and S are normal and shear strength of interface. A scalar damage variable d is used to

represent the extent of damage in the interface. It initially has a value of 0, and the mechanical
properties are linear. It monotonically evolves from 0 to 1 upon further loading. Damage
stiffness matrix can be derived as the following equation:

(1=d)K
K(d) = (I=d)Ku (11)
(1=d)K

The damage variable d is computed from:

515

d = max< 0, min 1,5{ -
o2 (8751

(12)

52 Al 5{ are the equivalence displacements corresponding to initial damage and final failure.
In this work, damage evolution and extension are based on the theory of fracture
energy theory. The fracture energy is equal to the area under the traction-separation curve as
shown in Fig. 8.

Fig. 8 The traction-separation law Traction 4

of damage of interface element
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4.3 Matrix Model

The Von-Mises failure criterion is chosen to predict the damage of the isotropic resin matrix
noting that the epoxy matrix material is no longer isotropic once the matrix failure occurs. The
matrix is assumed to be an elastic-perfectly-plastic material.

(01-02)" + (01703)° + (03702)* + 6(7], + 735 + 73,) = 207, (13)

The damage initiation criterion of matrix within the braided composites can adopt the
maximum principle stress criterion which can be expressed as:

2
Fy = (”ma"> >1 (14)

For the undamaged elements of matrix, damage factor equals 0. the stiffness of matrix
element drops to zero after plastic failure happens.

In order to conduct failure analysis based on an element-by-element scheme, the constitu-
tive equations formulated, the failure criteria, and the degradation model were implemented by
using the user-defined material subroutine (UMAT) of ABAQUS in FORTRAN code. UMAT
allows material properties to be a direct function of predefined state variables, which them-
selves can be defined as a function of any quantity at each material integration point such as
stress and strain.

5 Results and Discussion
5.1 Simulation Results

The simulation results are compared with experiment data in Table 4. The biggest deviation of
the simulation results and experimental result is within 15 %, so the microscomic simulation
method of 3D braided composites is reasonable. Here EXP and SIM represent the results of
experiment and simulation. For 3D4dC braided composites with one interior cell along
thickness direction, there are approximately 20 % reduction in tensile modulus and 60 %
reduction in tensile strength compared with the specimens without cut-edge for small braiding
angel, while 30 % and 75 % for large braiding angel. It can be discoverable that cut-edge effect
is more serious for 3D4d braided composites with larger braiding angle than the ones with
smaller braiding angel, so we can appropriately dilute the influence of cut-edge via minishing
braiding angle.

Table 4 The comparison of the results of simulation and experiment

Tensile modulus(GPa) Tensile strength(MPa)

EXP SIM Relative errors(%) EXP SIM Relative errors(%)
3D4dU-20 98.6 92.7 59 % 1156.2 1010.86 12.5 %
3D4dC-20 78.5 72.6 7.5 % 409.75 3734 8.8 %
3D4dU-40 39.5 40.96 37 % 673.5 621.5 7.7 %
3D4dC40 279 27.44 1.6 % 149.7 156.3 44 %
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Fig. 9 The tensile stress—strain 1200
curves of 3D4d braided —— SIM-U-20
composites with y=20" 1000 — EXP-U-20
—— SIM-C-20
—— EXP-C-20
3, 800
=
-
% 600
g
17}
400 -
200 -
0 1 1 1 1
0.000 0.005 0.010 0.015 0.020

Strain

5.2 The Tensile Stress—Strain Curves

As elaborated in section 3, there are different failure modes for braiding yarns, interface and resin
matrix. The multiple damage modes might be emerged simultaneously as long as the correspond-
ing failure criteria are satisfied with the increasing tensile stress. The tensile stress—strain curves of
3D4dU and 3D4dC braided composites in comparison with the experimental and numerical results
are illustrated in Fig. 9 and Fig. 10. The stress-strain curve of specimens without cut-edge shows
linear increase before the initiation damage occurs. The slope of curves and maximum stress of the
simulation results are lower than the experimental data which can be attributed to only choose the
interior structures but not consider the surface structures. For 3D4dU braided composites, as initial
damage occurs, fracture characteristics presents brittle and the stress drops quickly with the increase
of strain. The stress-strain curve of the specimens with cut-edge exhibits nonlinear in a short strain
range before damage occurs. The initial elastic modulus and ultimate stress decrease with the
increase of braiding angle, which is mainly due to tilt level relative to the longitudinal direction of
braiding yarns is more inclined for the ones with larger braiding angel. The predicted curves are in
good agreement with the experiment data in the linear period of the curves.

The stress—strain curves of 3D4dU and 3D4dC braided composites in comparison with
numerical results are illustrated in Fig. 11 and Fig. 12. The initial damage of resin, interface
and yarns including longitudinal and transverse damage are marked in stress—strain curves.

Fig. 10 The tensile stress—strain 700 |-  SIM-N-40
curves of 3D4d braided —— EXP-N-40
composites with y=40" 600 | —— SIM-C-40
—— EXP-C-40
500
<
2
= 400 |
=
w2
£ 300
5]
200
100 -
. . . . . .

0
0.000 0.005 0.010 0.015 0.020 0.025 0.030
Strain
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Fig. 11 The tensile stress—strain 1200
curves of simulation with =20’
v — SIM-U-20
1000 - —— SIM-C-20
800 -
<
o
% 600
j7el
(9]
% B initinal damage of longitudinal damage
400 |- @ initinal damage of tranverse damage
¥ initinal damage of interface
200 |- ® initinal damage of matrix
0 1 1 1 1
0.000 0.005 0.010 0.015 0.020

Strain

Transverse damage for large braiding angel is more serious and appears nearly at the same time
with longitudinal damage in Fig. 12. Relative to the initial damage of 3D4dU composite, since
cutting effect led to the reductions of the interface mechanical performance, the interface
damage occurs even if strain value is relativey very small. Fiber extractions are found in the
cutting face of the specimen which is consistent with the experimental phenomenon.

5.3 Evolution of Damage

The damage evolution of the constituents is important for the numerical results. Damage
evolution analysis have a thorough understanding of material failure mechanism and the
regularity of damage evolution for each component, especially this part of the research in the
condition of cut-edge is very scarce. In addition, Fig. 13 shows the damage evolution of 3D4dU
braided composites when the braiding angel is40°. The damage initiation of interface occurs at
€ =0.48%,the mechanical property almost has not been affected and the curve remains linear for
the initial damage is local and little. When € = 1.29%,the longitudinal and transverse damage
appear in the stress concentration zones where braiding yarns and resin matrix contact. Resin
matrix do not yield and the damage factor of interface is less than 0.3 contributing little

Fig. 12 The tensile stress—strain 700
curves of simulation with y=40" —— SIM-C-40
600 - ——— SIM-N-40
< 500 -
o
2 400 -
172
172
g
»n 300
@ initinal damage of tranverse damage
200 |- ®  jnitinal damage of longitudinal damage
W initinal damage of interface
100 - ® initinal damage of matrix
0 L L L L L L
0.000 0.005 0.010 0.015 0.020 0.025 0.030

Strain
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Fig. 13 The propagation of 3D4dU braided composites with y=40"
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influence on the mechanical property. When € = 1.64%j(the stress peak of the 3D4dU curve in
Fig. 12), the longitudinal and transverse damage extend from contacting region to surrounding
region, part of elements are completely destructive at the same time the stress drops quickly
with the increase of strain. For the yield behaviour of resin, its plasticity occurs at € =1.31%.
When ¢ =2.2%,the degree of longitudinal and transverse damage of yarns reaches extreme, a
large area of resin and interface are destructive in the RVE model. There are longitudinal tensile-
shear and transverse shear failure. Some yarns are pulled out so there exists the phenomenon of
interface debonding, and the results of simulation and experiment are consistent in agreement.

Figure 14 shows the damage evolution of 3D4dC braided composites with y=40", the
initial damage emerges in the interface near the cutting face at € =0.16%. As the strain comes
to 0.6 %, the interface damage area expands from the cut face into interior part and the
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Fig. 14 The propagation of 3D4dC braided composites with v=40"

transverse damage of yarns emerges in the zones where the yarns interlace each other. The
yielding of the resin matrix occurs near the cutting face. The slope of the curve begins to drop
slowly at £ = 0.84%(stress peak of 3D4dC curve in Fig. 12). The curve remains nonlinear and
the slope descends more rapidly than before because the destruction of interface weaken
bonding performances between braiding yarns under longitudinal tensile. At the peak stress
point, the damage area of braiding yarns is small and concentrated in the contact region. The
extent of interfaces damage between the yarns are too seriously to bear load at € =1.12%.
3D4dC braided composites cannot bear load continuously due to the fiber pulling-out and
interfaces debonding.
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6 The Variation of Cut-Edge Effect with Thickness

By comparing the simulation and experimental results we have verified the rationality of the
progressive damage analysis on the cut-edge effect in section 5. When the thickness of the
specimens corresponding to the number interior cells along thickness direction increase,it
inevitably will be another cut-edge effect. Experimental researches of each kind of specimen
will augment the cost and time, so it is significant to study the variation of cut-edge effect with
thickness through simulation method. Stack the RVCs together and exert the periodic bound-
ary condition of cut-edge state on RVCs. Here consider the braiding angle of 40°as the analysis
object and 7 as the number of interior cells. As stacking one more inner cell, the thickness adds
to 1.9 mm. For example, when n = 4, the thickness of 3D4dU braided composites with
braiding angel 40°is 9.2 mm.

Figure 15 shows the stress-strain curves of uncut-edge condition and cut-edge conditions of
different numbers of interior cells. With the increase of the thickness, the slope and maximum
stress of the curve largen, that stiffness and strength continuously strengthen. Cut-edge
influence on the mechanical properties of 3D4d braided composites is weakening with the
increase of thickness. The stress-strain curves of 3D4dC-5 and 3D4dC-10 nearly overlap
meaning there exists an upper limit of cut-edge effect with the increase of thickness.

Figure 16 shows the tensile stiffness and strength values of different numbers of internal
cell. There are approximately 9.3 % reduction in tensile modulus and 17.6 % reduction in the
tensile strength when n greater than or equal five.

When 7 equals one in Section 5, the debonding of interface and pulling out of yarns lead to
the failure of 3D4dC braided composites. While the thickness of the specimen increases, the
cut-edge on the surface may only has influence on the near surface area and less influence on
internal structure. Internal braiding yarns are the main load bearing. Figure 17 shows
the interface propagation of 3D4dC-4 braided composites. The initial damage emerges
near the cutting face at £ =0.35% and expands from the cut face into interior part.
The cut portion and surrounding portion of the interface just completely destroyed
when materials forfeit bearring capacity at ¢ =1.3%, internal interface although appears
imparity degrees of damage, but the damage factors are relatively small. It is visible that the
increase in the thickness enhance the overall interface properties and the mechanical properties
of 3D4d braided composites.

. - 700
Fig. 15 The variation of cut-edge  3badu

effect with thickness ——— 3D4dC-1
600 |- ———3D4dC-2

500 —3D4dC-4

—— 3D4dC-10

Stress/Mpa
(%) B

8 8

T T

[

(=3

(=1
T

0 1 1 1 1 1 1
0.000 0.005 0.010 0.015 0.020 0.025 0.030
Strain

@ Springer



854 Appl Compos Mater (2016) 23:839-856
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7 Conclusions

In this paper, the cut-edge effect on uniaxial tensile property of the 3D4d braided composites
with different braiding angels is studied by experiment and simulation method. This paper
adopts a new kind of periodic boundary condition to simulate the cut-edge and verifies
rationality of the simulation analysis method, finally discuss the variation of cut-edge effect
with thickness through superimposing inner cells. The goal of simulation of cut-edge effect is
weakening the cut-edge influence on material mechanics as much as possible in actual
engineering application.

(1) Cut-edge has a great influence on the longitudinal strength for thin 3D4d braided
composites along thickness direction. The fracture of yarns, debonding of interface and
pulling out of yarns lead to the failure of 3D4dC braided composites when subjected
tensile;

&= 0.35% e=0.8%

0
08

FTEN

e=1.12% e=1.30%
Fig. 17 The interface propagation of 3D4dC-4 braided composite
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2

3)

The damage propagation of a representative volume cell (RVC) is analyzed by using a
damage model in finite element method to evaluate the non-linear behavior of the 3D4d
braided composites. To investigate the interfaces debonding, the cohesive zone model
described by traction-separation law is established. Two different periodic boundary
conditions are applied for cue-edge and uncut-edge conditions. Stress-strain distribution
and the damage evolution nephogram in cut-edge conditions were conducted by simu-
lation analysis method.

The variation of cut-edge effect with thickness was studied through simulation method.
Cut-edge influence on the mechanical properties of 3D4d braided composites is weak-
ening with the increase of thickness. That is when the numbers of interior cells of 3D4d
braided composites is greater than or equal to five, the mechanical properties of cut-edge
condition in this paper come to a head.
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