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Abstract

Braided composite structures, characterized by their inherent brittleness,
necessitate precise damage prediction and prevention to ensure structural
integrity/reliability. This study introduces an innovative method for enhancing
damage resistance in tubular triaxial hybrid braided composites. These com-
posites employ Epoxy resin as the matrix, with polyester serving as the bias
yarn, and glass and basalt as the axial yarns, woven at varying braiding angles.
Tensile tests reveal a compelling trend: a reduction in the braiding angle corre-
lates with an increase in the failure load, indicative of quasi-ductile behavior.
A model is also derived for predicting tensile elastic modulus, which demon-
strates a strong correlation with experimental results. Furthermore, finite ele-
ment simulations are utilized to analyze damage within the triaxial hybrid
braided composite specimens, providing empirical confirmation of progressive
damage occurrence. This research offers a promising avenue for designing/
manufacturing advanced composite materials with superior damage-resistance
holding immense potential across a spectrum of engineering applications.

Highlights

o The tubular triaxial hybrid braided composites were produced by Epoxy
resin as the matrix, with polyester as the bias yarn, and glass and basalt as
the axial yarns at different braiding angles.

« An innovative method was introduced for enhancing damage resistance in
tubular triaxial hybrid braided composites.

« The effect of operating parameters (braiding angle, type of bias yarns, pro-
duction method) was investigated.

« Was tried to predict tensile modulus values in tubular triaxial hybrid
braided composites by finite element simulation and developed equations.

« Finite element simulation exhibited excellent performance in the prediction
of tensile behavior of structures manufactured by the innovative method.
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1 | INTRODUCTION

Damage in a braided composite mainly includes matrix
crack, fiber breakage, and fiber-matrix debond. In other
words, these are the main forms of damage in braided com-
posite structures. As the applied stress to this structure
increases, cracks grow gradually, slowly, and steadily, and
the amount of damage inside the body structure increases.
Eventually, the material may split into two or more pieces.
Thus, the failure phenomenon occurs. Braided composite
materials are usually used in high-loading capacity compo-
nents. Therefore, their resistance to failure and preventing
sudden failure is an important issue. Therefore, prediction
of initiation and propagation of the damage is essential in
the strength assessment of braided composite structures.'™
Understanding the stress-strain behavior and fracture char-
acteristics is crucial in predicting the initiation and propa-
gation of the damage in braided composite structures. By
analyzing the stress levels and loadings on the structure,
engineers can assess the potential for damage and imple-
ment preventative measures to avoid sudden failures. In a
braided composite structure, final failure occurs suddenly.
The stress—strain curve of a braided composite structure
and its fracture surface is shown in Figure 1.

As can be seen in Figure 1, In the stress—strain curve of
a braided composite structure as a brittle material, the
material shows linear behavior until it reaches the ultimate
stress point. At this point, the material fractures suddenly
without any significant deformation. The fracture surface
of a brittle material is usually smooth and exhibits very lit-
tle plastic deformation. This is noted that Young's Law is
valid in the region before the fracture. Therefore, failure
prediction of a braided composite as a brittle material is a
challenging task. Braid-reinforced composites exhibit differ-
ent types of main failure mechanisms such as fiber/matrix
interface debonding, matrix micro-cracking, and fiber
breakage. However, depending on the form of the braided
reinforcement used in composites, damage can include
other forms of damage such as delamination.® Knowing
about the behavior of different kinds of textile composites
against various loadings (especially tensile load) and having
enough information about these structures will help a lot
in designing and producing breakdown-resistant products.
In recent years, successful efforts have been made to model
damage and its progression in textile composites, especially
braided-reinforced composites under tensile loading, and
some researchers showed that the braiding angle is an
important parameter and affects the behavior of braided

Fracture

\»
]

- Fracture
K urface
&
»n /-
' \
FIGURE 1 The stress-strain curve of a braided composite

structure is a brittle material.

composites against the various loads.*” The braiding angle
is shown by © in Figure 1.

Li et al.* investigated the tensile behavior of braided
composites from carbon fiber and epoxy resin at three dif-
ferent braiding angles (25, 35, and 45 degrees). The result
showed not only the significant braiding angle role in the
shear but also the damages in large strain rate load of
shear. Pereira et al.’ studied reinforced braided composite
rods at braiding angles of 10°-27°. They observed that there
is an optimum braiding angle of about 24° which guaran-
tees the desired mechanical properties of their rods. The
Damage of braided composites was investigated by various
researchers and some of them provided methods to predict
the damage progressive and failure of braided composites
using numerical models.* "’ Zhang et al.® studied the fail-
ure and propagation damage of a braided composite under
axial tensile loading. Also, they proposed a mesoscale finite
element model to predict the damage progressive in
braided composites. Due to the proximity of the experimen-
tal and simulation results, it can be said that the model was
accurate in simulating the damage development of this
material. Singh Nobeen et al.'” presented a numerical sim-
ulation model based on a mesoscale unit cell. Cichosz
et al.'' investigated the failure and damage of biaxial
braided composites consisting of carbon fiber (HTS40) and
RTM matrix under multifunctional stresses in tension and
compression. The results showed an optimum braiding
angle and also the forms of the composite damages. John-
ston et al.'? investigated tensile damage in triaxial braided

5U90117 SUOLLLLIOD AIIER.1D) 3|01 dde U} Aq PaULBAOD 916 A1 YO 88N J0 S9N 10} ARIGIT8UIUO /B[ UO (SLOTIPUOO-PUE-SWLBIALIOD" B |1 ARG PUIIUO//STY) SUONIPUOD PUe SWS 1 34} 39S *[1202/80/82] Uo Areiq1 auIluo 411 ‘12 L A 82£82 9d/200T OT/10p/wio0 3| AReiq 1Pu1[UO'SUOITED | gnidedsty//Sdny o1y pepeojuMOq ‘0 ‘69G087ST



GHAMKHAR ET AL.

composites made of carbon fiber (T700S) and PR-520 resin
under tensile, compressive, and shear tests in three envi-
ronmental conditions, containing room temperature, hot
temperature (100°C), and hot and humid (60°C and 90%
humidity).? They introduced temperature and humidity as
the first and second factors determining environmental
conditions, respectively. Marrivada et al."* investigated the
mechanical behavior of three-axial braided composites
made of glass fibers at three braiding angles of 30°, 45°,
and 60°. They observed the damages by the microscopic
images and stated that the tensile properties decrease as
the braid angle increases. Gautam et al.'* investigated the
effect of braiding angle and the number of axial yarns on
two-dimensional flattened tubular braided composites.
These composites, containing three axial yarn surfaces
including 0, 6, and 12 axial yarns at three braiding angles
(35, 45, and 55 degrees) were produced using carbon fiber
and epoxy resin. The results showed that the failure mecha-
nism in all samples has the same beginning and end.
Mekonnen and Woo'® studied out-of-plane and
in-plane tensile and shear modulus in triaxial braided com-
posites. They found that the presence of voids in
the composite structure reduces the efficiency of the braid
structure. Therefore, reduces the tensile and shear
modulus. Among tensile and shear modulus, due to the
presence of yarns which make the braid structure, the
in-plane tensile modulus accepts the least effect. Dang
et al'® developed an analytical model in a triaxial braided
composite under tensile and compressive loads and pre-
dicted the progressive damages in this structure. The basis
of this model was an integrated lamination and series-
parallel model that was performed through a discretization
and reassembly process. The developed model using finite
element was validated and the results showed that this
model was credible. Zhao et al'’ investigated the failure
behavior of triaxial braided composites made of T700 carbon
fibers and a braiding angle of 60° under compressive. They
stated that the damage in axial and transverse compression
is axial yarns' micro-buckling and the accumulation of
micro-cracks in the interface and matrix, respectively. Also,
the results showed that the speed rate in transverse com-
pression is more critical than in axial compression.

The VIP or VAP methods almost were used to produce
a braided composite structure in all studies that are pre-
sented. Moreover, there is another method for producing a
braided composite structure, which is named pultrusion or
braid-trusion. These two ways are shown in Figure 2.

Ahmadi® used the combination of the braiding pro-
cess and the pultrusion process as a new and low-cost
method for producing composite rods. Both methods are
known as closed mold methods and the difference
between them is related to the manufactured part's speci-
fications. The pultrusion method can be used to make
any continuous piece or rod if it has a constant cross-
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FIGURE 2 The two famous ways to braided composite
production are (A) VIP method and (B) Pultrusion method.

Braiding Machine

section and no grooves or holes perpendicular to the pull
direction. While the VIP method is suitable for producing
large, complex, and high-quality parts, Therefore, method
Pultrusion is not suitable for producing tubular compos-
ites. The VIP method will also take time and money to
produce small-diameter parts.'®"

In 2022 and 2023, efforts were made to increase the
mechanical performance of different textile structures
from braids as stents to woven fabrics in composites using
finite element damage modeling. The results of these
investigations showed that if the finite element simula-
tion is done correctly, not only the correct prediction of
the structure's performance is made, but it can also lead
to proper productions and reduce the number of destruc-
tive tests and thus reduce the cost.?** Also, there are
some efforts to investigate the mechanical properties and
fracture of braided structures and braided composites to
improve the effectiveness of different braided structures
and their composites.>> %’

In this paper, a new method to produce tubular
braided composites is used, which not only allows the
production of tubular composite structures with small
diameters but also can remove the behavior of the com-
posite from the brittle state. It can be a starting point to
enhance damage resistance and more efficiency of
braided composite structures. In this study, triaxial tubu-
lar braided composite specimens are produced using two
different methods. Then tensile tests are performed for
prepared specimens and damage progress and events
near the final failure are monitored and discussed. It is
shown that the proposed manufacturing method could
prevent the sudden failure of braided composites and
they behave quasi-ductile manner.
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2 | EXPERIMENTS

2.1 | Materials

In the current investigation, three types of yarn, namely
polyester, glass, and basalt, are used to produce the speci-
mens. The polyesters were used as braided yarns in all
specimens. At the same time, the basalt and glass were
used as axial yarns in separate specimens. In other words,
half of the specimens are braided composites produced
from polyester and glass as braids and axial yarns, and
the other half from polyester and basalt as braids
and axial yarns. The type of glass fiber used is E-glass.
The tensile load of the used yarns which are polyester,
E-glass, and basalt yarns was characterized by using an
Instron 5566, according to the ASTM D 578 and the
ASTM D 2256 standards.”®*’ The obtained yarns' specifi-
cations (linear density and maximum tensile load) are
listed in Table 1. To determine the linear density the

TABLE 1 Properties of the yarns.
Linear Maximum
Type of yarn density (Tex) load (N)
Polyester 256 120.67
Basalt 778 374.88
E-Glass 600 247.01

FIGURE 3 The 16-carrier vertical braiding machine.

GHAMKHAR ET AL.
TABLE 2 Specimens' specifications.
Type of Braiding
Braid code axial yarns angle (degree)
B-40 Basalt 40
B-42 Basalt 42
B-44 Basalt 44
B-46 Basalt 46
G-40 Glass 40
G-42 Glass 42
G-44 Glass 44
G-46 Glass 46

mass of 1000 meters of yarns which is named Tex was
calculated.

The matrix materials used are R 615 and H 615 epoxy
resin.

2.2 | Production process

The triaxial tubular hybrid braided specimens manufac-
tured by a 16-carrier vertical braiding machine are shown
in Figure 3. The details of specimens’ codes, yarn mate-
rial, and braiding angles are depicted in Table 2.

As can be seen in Table 2, each tubular triaxial hybrid
braid specimen is assigned a two-part code. The first part
indicates the type of axial yarn. In half of the specimens,
this part is marked with the letter B and in the other half
with the letter G. The letters B and G represent basalt
yarn and E-Glass yarn, respectively. The second part indi-
cates the braiding angle, with values of 40, 42, 44, and 46.

All specimens are produced at a constant braiding
point to ensure consistency. In this way, none of the
parameters will be insistent, and the change of braiding
angle will only be due to the take-up speed changing in
the braiding machine. Also, a silicone hose is used as the
core during production. Therefore, the diameter of
the braid and the cross-section shape of the braid remain
unchanged. Then, the hybrid braid structures are cured
at room temperature for 72 h by VIP, and the invented
method is introduced in this study. The silicone core will
be removed from the composite after the curing process.
It should be noted that in the innovative method, two
points should be taken into consideration before impreg-
nating the braided structure with resin: (1) It is necessary
to measure the total diameter of the braid and the inner
silicon. (2) The thickness of the braid is determined and
considering that this amount should make up 70% of the
composite, the desired thickness for the resin is deter-
mined. Hollow silicon with a diameter equal to the
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FIGURE 4 (A)The Braid
schematic of the invented \

method. (B) The braided

composite specimen produced

by the VIP method. (C) The /v

braided composite specimen -
. Hollow Silicon

produced by the invented

method.

Resin injection site

&
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FIGURE 5

SANTAM tensile testing machine.

calculated diameter for the composite is prepared, and
the braid is placed inside it to inject the resin according
to the schematic shown in Figure 4A. After curing the
resin, the composite is easily removed from the silicon.
The thickness of these composite tubes is almost 1.5 mm.
The tubular braided composite specimens which are pro-
duced by VIP and invented method are shown in
Figure 4B,C, respectively. As can be seen, the specimen
produced by the invented method has a uniform, smooth,
and polished surface.
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2.3 | Tensile test

The tensile tests of specimens are carried out, in two
specimen lengths of 12 and 30 cm for each one using a
SANTAM tensile machine with a capacity of 15 tons
shown in Figure 5.

Since the similar form of hybrid braided composites
produced in this research was not widely observed in
other research works and common standards, to deter-
mine the length of the samples under the uniaxial tensile
test, the sources that were most similar to the present
work (the tubular samples, etc.) were noticed. After the
two selected lengths showed almost the same results in a
series, due to less consumption of raw materials, the
shorter length was chosen to perform the uniaxial tensile
test on the other samples.

The tensile tests are performed at a temperature of 25
+ 2 ° C and a relative humidity of 65 + 5%. The constant
loading speed is 3 mm/min, and the test gauge length is
approximately 67% of the specimen's length. Each speci-
men is tested in five replications, and the mean tensile
load in 5 measurements is considered the final value for
that specimen. A total of 85 specimens are tested.

3 | DAMAGE AND TENSILE
FAILURE ANALYSIS

3.1 | Experimental analysis

To investigate the composite’'s damage, microscopic
images before and after the tensile test were taken from

the surface of the braided reinforced composites, as
shown in Figures 6 and 7.
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(A)

(A)

FIGURE 6 The surface of
the braided reinforced
composites produced by the VIP
method (A) before the tensile
test and (B) after the tensile test.

(B)

FIGURE 7 The surface of
the braided reinforced
composites produced by the
invented method (A) before the
tensile test, (B) after the tensile
test on reinforcement, and

(C) after the tensile test on
matrix.

(B)

As can be seen, In the composite braid produced by
the VIP method, the structure is practically splitting into
two pieces, with no cracks on the matrix. Therefore, the
braided reinforced composite produced in terms of
strength is almost the same at all points. The damage
of the composite, caused by tension, rapidly grows, and
causes failure. In this method, a thin surface of the resin
is placed on the braid structure. Therefore, as soon as
the damage occurs when tension is applied to the com-
posite structure, it rapidly grows and causes structural
damage. After the tensile test, the only visible damage

to the composite is the breakage of the three-axial
hybrid braid structure and the fragmentation of the
hybrid-reinforced composite. In contrast, the method
used by the researchers in this study resulted in a
braided composite structure with a uniform surface. As
a result, structural reinforcement has occurred in parts
of the braid that are curved inwards compared to con-
ventional resin methods. This provided structural rein-
forcement in previously vulnerable areas, enabling the
composite structure to withstand more force. In addi-
tion, damage starts in weaker parts and progresses step
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FIGURE 8 Force-Extension diagram of the braided reinforced
composites (A) produced by the VIP method and (B) produced by
the invented method.

by step, including matrix cracking in parts of the dam-
aged structure. In other words, the braided composites
produced by the invented method not only can endure
against high tensile loads but also still maintain their
efficiency even in the presence of cracks.

A Force-Extension diagram of a tensile test for
hybrid-reinforced composites produced by VIP and
invent method is shown in Figure 8A,B, respectively.
According to this figure, the damage and failure of the
composite structure production by the VIP method is a
brittle fracture, where the damage rapidly grows in the
matrix and braid structure, leading to immediate failure.
In contrast, the composite structure produced using the
invented method experienced failure in several stages.
The climax of the graph is the point where the damage at
one of these points rapidly grows and proceeds almost to
the final failure, and a sharp drop in force occurs sud-
denly. However, the structure does not split into two
parts and the damage progresses to differenOt parts of the
structure. This was evident from the visible injuries in
the matrix and braid structure of the composite. There-
fore, we can say that the use of the invented resin method
causes this structure not to suddenly fail after reaching
the maximum tensile force. In fact, after the peak, the
failure of the composite will continue in some stages.
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Furthermore, using the invented resin method resulted
in slight changes in the tensile properties of the composite.
The force and extension increased, while the modulus
decreased. This suggests that the invented method can
enhance the overall performance of the braided composite
structure. It is noticed that in general, the samples pro-
duced by the same method have the same general diagram
shape. In other words, all of the samples produced by the
VIP method have the same diagram shape, and all of the
samples produced by the invented method have the same
diagram shape. Even the length specimen does not affect
the diagram shape and specimens produced by the same
method in different specimen lengths not only had no dif-
ference but also had very close results. Also, repetition tests
of each sample had results very close to the average value.

3.2 | Theoretical analysis

The braided composites studied in this research consist of
the triaxial hybrid braid and the resin. Therefore, mixing
rules can be used to predict the tensile modulus. So, it is
first necessary to predict the tensile modulus of the braid
and its volume fraction. To predict the tensile modulus of
triaxial hybrid braided structures Equation (1), presented
by Boris, has used*:

Evraid = NviasEx COS4(0~') + NaxialEq (1)

where Egraids Eq» @ Npias, and Ny are the modulus of
the braid, the Modulus for a yarn, the braiding angle, the
number of biases, and axial yarns, respectively.

Equation (1) is modified with the following points
and assumptions:

1. The bias yarns and the axial yarns are different.

2. The bias yarns have the tensile modulus Ey;,s and the
yarn count in Tex Tp,s.

3. The axial yarns have the tensile modulus E,;, and
the yarn count in Tex Taxjal.

4. A hybrid braided structure can be known as a com-
posite structure. Therefore, all the rules governing
composite also apply to hybrid braided structures.

5. The unit of the modulus is in centinewton per tex.

Therefore, Equation (1) for a two-component system
will be written as follows:

Ebraid = NbiasEbias COS4 (a) ~+ N axial Eaxial (2)
Then, according to the Classical Lamination Theory,

a coefficient of the yarn count is used in the braid struc-
ture, and Equation (3) is introduced as the equation to
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predict the tensile modulus of triaxial hybrid braids with
axial yarn.

TeXpias TeXaxial

4
NyiasEvias COS ((1) + N axialEaxial

(3)

Epraia =

€Xpraid TeXpraid

where TeXpriq iS the count of triaxial hybrid braided
structure. Also, Ey,iq iS the tensile modulus of the rein-
forcing phase in the composite.

The volume fraction of reinforcing fibers (Vieinforce-
ment) iN @ composite structure is one of the most influen-
tial factors in predicting its strength and mechanical
properties. The tubular braided reinforcement structure
is not only the void but also the hollow structure. One of
the practical and general equations for calculating the
volume fraction of fibers in the braid structure,
Equation (4), has been used to predict®":

N.(14c¢).T
10%.7.p.t.D.cosé

(4)

Vreinforcement = Vf =

where N is the number of yarn carriers, ¢ is the
crimp ratio due to yarn interlacement, T is the linear den-
sity (Tex) of the yarn in g/km, p is the density of the yarn
used in the braid structure, D is the effective braid diame-
ter, ¢ is the thickness, and @ is the braiding angle.

The above equation, rewritten with the consideration
of various assumptions had led to the presented
Equation (5):

1. The amount of crimp ratio for axial yarns is equal
to zero.

2. The confinement of the axial yarns by the bias yarns
causes their thickness to be limited.

3. The braiding angle of the axial yarns is equal
to zero

Vi= Nias- (1 + C) -Thias Naxial- Taxial
106~”~PbiaS'tbias~Dbias~0059 106~7T~,0axia1~taxial~Daxia1

(5)

In the above equation, indices axial and bias refer to
the axial yarns and bias yarns used in the hybrid braided
structure, respectively.

Finally, the predictions made in Equation (6) were
replaced. It should be noted that according to the calcula-
tions made in the innovative method, the volume fraction
of the resin is equal to 0.3 in the whole composite.

Ecomposite = VreinforcementEreinforcement + VresinEresin (6)

3.3 | Damage simulation by FEM

In this paper, for modeling the effects of damages in rein-
forced composite with triaxial hybrid braid used the
three-dimensional Hashin damage criterion.

The tubular composites produced in this study have a
small diameter. Therefore, a tubular braided composite
can be considered in the form of a composite shell. As
shown in Figure 9, the braided structure in this shell is a
two-layer of single-sided fibers with angles +6 and —é.
Also, axial yarns were placed as a layer of single-sided
fibers with an angle of zero between those two layers.
Because the Hashin criterion applies to a unidirectional
single-sided, a reinforced composite with a triaxial hybrid
braid is modeled as a multilayer composite cylinder. It
can be said that each layer is considered a unidirectional
composite layer. Due to the symmetry of this structure,
its geometry can be defined as an eighth sector
considered.

Then, engineering constants and other required
parameters to use the Hashin criteria are calculated using
micromechanical rules and available information on the
estimated properties of fibers and resins. Equations (7)-
(10) are used to calculate the strength values used for this
criterion in 3D

2
o11 1 2 2
Fr=(—)] += + <1 >0 7
ft (XT) 51(0'12 613) o11 ()
011
Fr. = <1 <0 8
fc X o1 (8)
1 2 2
Fmi=——(02+033)" +—=5 (023> + 022033)
YT1 T
+?(6122+613 )<1 620 +03320
l
(9)
1 022 2 1 2
chzy—c (E) —1 (6224’0’33)4’@(0224’0’33)
T
opn+033<0
2 1 2 2
+72(623 *6220'33) +72(0'12 +o013 )Sl
ST Sl
(10)

where 6,1, 62, and o33 are the normal stress compo-
nents in the direction of the fibers, perpendicular to
the fibers and perpendicular to the fibers out of the
plane, respectively. 6,5, 0,3, and o3 are also shear
stresses. These parameters are expressed as the
mechanical properties of an orthotropic single-layer
composite according to the stress-strain relationship in
the form of Equation (11)*%
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013 0 0 0 0 G13 0 €13

023 L 0 0 0 0 0 G23_ €23

After the onset of damage, the stiffness matrix is
affected by the damage parameters, and with their
increase, the initial value of the stiffness decreases.
Therefore, the stress component values are constantly
updated in finite element analysis.

The other parameters used in Equations (7)-(10), that
is, XT, XC, YT, YC, ST, and SI, which are fiber
tensile strength, fiber compressive strength, matrix
tensile strength, matrix compressive strength, longitudi-
nal shear strength, and transverse shear strength, respec-
tively, and are required as inputs to the finite element

FIGURE 9

Simplified structure (A) the composite specimen
and (B) a triaxial braid.

TABLE 3 Required parameter values for the Hashin criterion.
Xr Xc Yr Yc St
Parameter (MPa) (MPa) (MPa) (MPa) (MPa)
Value 600 300 20 75 43

912 INSPIRING Polymer 9
== PLASTICS — l E l
PROFESSIONALS  COMPOSITES WI

analysis. Therefore, these parameters are measured by
different experimental and mathematical methods and
are listed in Table 3.

As mentioned, due to the symmetry of the structure,
instead of modeling the entire tubular composite, only
one-eighth of it is modeled. Therefore, the boundary con-
ditions, meshing, and the results obtained for this model
are presented in the following.

As can be seen in Figure 10, in the side 1, the degrees of
freedom are closed in the direction of force (Z) and open in
both radial and circumferential directions (r and 0) and it is
possible to move. In the side 2, which is also the direction
of loading, it is possible to move only in the direction of the
force and perpendicular to it in the circumferential direc-
tion, and it is not possible to move in the direction perpen-
dicular to the fibers in the radial direction. On the sides of
the one-eighth sector, that is, side 3 and side 4, the degrees
of freedom are closed in the circumferential direction (@)
and it is possible to move in the directions of force (z) and
radial (7). In the side 1 and in a node that has a common
border with one of the sides, that is, side 3 or side 4, to pre-
vent the movement of the rigid body in all degrees of free-
dom in the direction of force (z), radial (r), and
environment () is closed. In other words, in this part, the

FIGURE 10 Meshing, loading, and boundary conditions in
the RVE.
Breaking energy
Fiber Fiber Matrix Matrix
S tensile compressive  tensile compressive
(MPa) (N/mm) (N/mm) (N/mm) (N/mm)
43 50 55 0.15 0.15
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boundary conditions of the support are taken into account
and the possibility of all linear and rotational displacements
is zero. Also, SC8R is used for the mesh design. The flow-
chart of the FEM analysis process algorithm is shown in
Figure 11A. The tensile force/extension curve in Figure 11B
not only compared the predicted results which are obtained
by FEM analysis with the experiment results but also dem-
onstrated the failure statuses related to experimental and
FEM analysis.

12

FIGURE 11 (A)Damage
processing of FEM method
flowchart. (B) Tensile force/
elongation curve of triaxial
tubular braided composites with
a braiding angle of 40° and glass
axial yarns related to
experiments and FEM analysis.

w Experimental

= = = Hashin 3D in a Section one eighth

As can be seen in Figure 11B, the behavior of the
obtained results by FEM analysis is in good agreement
with the experimental results. It indicates that the pro-
cess of simulating, and selecting the damage criterion,
and how to define it are appropriate. In addition, the
amounts of fracture load and displacement predicted by
the numerical solution are more and smaller than the
experimental values, respectively. It should be noted that
not considering some defects, such as geometric and
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structural defects, and not considering the inter-layer sep-
aration phenomenon causes the structure stiffness in
numerical modeling to become more than the real value.
Therefore, the force that the structure can withstand in a
certain displacement will have more in the numerical
results than in the experimental results. On the other
hand, a graph that has a greater slope will reach this
value faster. Therefore, it will have less movement in this
situation. Also, the failure status at the numerical solu-
tion (FEM) curve showed that despite the damage pro-
gressive, the structure still retains its efficiency. Because
the red color, which indicates the presence of the greatest
stress in the structure, is observed only in a small point of
the representative element, not in the structure's repre-
sentative element entirety. Therefore, not only will the
damage grow gradually, but the final failure will also
come out of the brittle state and will not occur suddenly.
This can also be seen in the experimental curve. There
are four different types of damage or failure in composite
structures at tensile and compressive including transverse
cracking of the matrix, fiber breakage, shear of fibers and
matrix, and delamination. To determine the type of dam-
age in this research, the results of finite element analysis
of the triaxial hybrid braided reinforced composite for
each layer were investigated separately. Detailed investi-
gations showed that the damage starts as a fracture of the
axial fibers inside the tubular composite, then the

TABLE 4 The tensile modulus of the samples.

PROFESSIONALS  COMPOSITES

damage in the direction of the thickness toward the outer
surface of the tubular composite and the formation of a
matrix crack on the outer surface of the tubular compos-
ite is visible. The damage continues in the form of delam-
ination or separation, and the curve reaches its peak with
the failure of the braid. Therefore, the effective damage
mechanisms in this research include fiber breakage,
matrix cracking, and delamination in order of priority.

4 | RESULTS AND DISCUSSION

4.1 | Effect of resin method on tensile
properties

The Experimental tensile test values on hybrid-reinforced
composites, produced by two different methods, are tabu-
lated in Table 4.

Each composite is assigned a four-part code. The first
part indicates the composite production method that is
marked with V and I for the VIP and invented method,
respectively. The second part is marked with E because
they are experimental results. The third and fourth parts
are similar to coding in Table 2.

As can be seen, the use of the invented resin method
reduces the tensile modulus. Using this method, the
excess amount of resin that creates a uniform surface on

Composite code V-E-B-40 V-E-B-42 V-E-B-44 V-E-B-46 Comments
Tensile modulus (cN/Tex) 7.73 7.50 7.28 7.02 Braided composites specimens which are
Composite code V-EG40  V-EG42  V-EG44  V-E-G46 produced by VIP method
Tensile modulus (cN/Tex) 5.29 5.00 4.89 4.65
Composite code I-E-B-40 I-E-B-42 I-E-B-44 I-E-B-46 Comments
Tensile modulus (cN/Tex) 5.76 5.52 5.51 5.44 Braided composite specimens which are
Composite code -E-G-40 1-E-G-42 1-E-G-44 1-E-G-46 produced by invented method
Tensile modulus (cN/Tex) 3.27 3.14 3.12 3.09
TABLE 5 The prediction tensile modulus of the samples.
Composite code V-T-B-40 V-T-B-42 V-T-B-44 V-T-B-46 Comments
Tensile modulus (cN/Tex) 7.91 7.84 7.78 7.73 Braided composite specimens which are
Composite code V-T-G-40 V-T-G-42 V-T-G-44 V-T-G-46 produced by VIP method
Tensile modulus (cN/Tex) 6.06 5.97 5.90 5.83
Composite code I-T-B-40 I-T-B-42 I-T-B-44 I-T-B-46 Comments
Tensile modulus (cN/Tex) 7.28 7.21 7.15 7.10 Braided composite specimens which are
Composite code I-T-G-40 I-T-G-42 1-T-G-44 1-T-G-46 produced by invented method
Tensile modulus (cN/Tex) 5.38 5.30 5.22 5.16
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6 triaxial hybrid braided
. I I composites (A) with glass-axial
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the braided composite increases the mass and strength of
the composite. The tensile strength of the composite is
dependent on the action of the braid and the resin. So,
the amount of increase in force is less than the mass.
Therefore, the modulus decreases.

Modulus (cN/Tex)
[5,]
b

4.2 | Theoretical model and FEM
analysis

The theoretical results are tabulated in Table 5. Also, the
results of the theoretical and numerical predictions were
compared with the experimental results in Figure 12A,B.

Each composite is assigned a four-part code. The first
part indicates the composite production method that is
marked with V and I for the VIP and invented method,
respectively. The second part is marked with T because
they are Theoretical results. The third and fourth parts
are similar to coding in Table 2.

As can be seen, the predicted values are higher than
the experimental values. Also, the values theoretical pre-
dicted in the VIP Method are closer than the invented
method to the experimental values. The values obtained
from the FEM or numerical method are very close to the

46

M VIP-Experimental

H

m Invented-Experimental
M VIP-Theoretical
M Invented-Theoretical

M Numerical-Hashin (3D)

invented method in experiments. Therefore, this numeri-
cal method provided a good prediction from the new
method of resin injection and tubular hybrid braided
composite production.

5 | CONCLUSIONS

In the current work, the role of the composite production
method on tensile behavior was investigated. The eight
different triaxial hybrid braided composite structures
made of two yarn types were produced and evaluated in
this study. Figured out that the production method of a
composite structure plays an essential role in damage
behavior, affects the tensile modulus, and has a signifi-
cant impact on its tensile behavior. However, a decrease
in the tensile modulus of the triaxial tubular braided
composite produced by the invented method is not very
noticeable. There are several curved parts inwards on the
braided composite structure, and a concentration of ten-
sion occurs at these points. The innovative technique
used in this paper reinforces these points. Therefore, the
hybrid braided composite structure can withstand more
load and time until the moment of final failure. Also, the
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damage does not cause a sudden failure but continues
step by step. It seems that using this method can be a step
towards creating quasi-ductile behavior in hybrid tubular
braided reinforced composites.

Also, in this study, some equations were developed to
predict the volume fraction of the reinforcement phase in
a triaxial hybrid braided composite structure and its ten-
sile modulus. These equations provided a relatively good
approximation. Therefore, it seems that they can perform
well in forecasting.

The finite element simulation performed for damage
occurred in tubular triaxial hybrid braided composite
structures considering this structure in the form of a
shell. The results confirm that the damage is gradual and
not suddenly progressive. The effective Damage mecha-
nisms in the tubular hybrid braided composite samples
examined in this research include fiber breakage, matrix
cracking, and delamination in order of priority. These
damage mechanisms agree with previous works investi-
gated by the others.
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