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Abstract

In this paper, woven fabrics of glass fiber/carbon fiber intra-hybrid in plain
structure were used to fabricate fiber reinforced plastic (FRP) composite by
hand lay-up method. The investigation on tensile property was carried out on
specimens in 7 orientations including 0°/5°/15°/75°/85°/90° in previous
works. With the specimen parameters and experimental data, FEM model was
built by the software of Marc. By combining the experimental results and fi-
nite element analysis, the modulus was simulated and calculated at the first
stage. Then interfacial stress of the 0 degree and 90 degree was also calculated.
By the initial fracture stress data from experiment as well as the simulation
value of interfacial strength of 0 and 90 degree, the initial fracture stress of the
off-axial specimens was calculated and predicted. The result shows that the
interfacial strength of the glass fiber bundle is higher than that of the carbon
fiber bundle in transverse direction. By using the interfacial strength and ac-
cording to the Von Mises yielding criterion, the initial fracture stress was pre-
dicted, which can be a contribution to the design or predict of the material
properties.

Keywords

Intra-Hybrid Woven Fabric Composite, FEM, Interfacial Strength, Initial
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1. Introduction

Textile fabric is one of the important reinforcements widely used in manufac-

turing composites in variety of fields, such as automobile, construction and basic
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facilities. Among them, woven fabrics are probably the most commonly used
form of textile composites in structural applications by far [1]. Woven fabrics
generally consist of two sets of interlaced yarn components, known as warp and
weft yarns according to the yarn orientation, and are manufactured principally
by the multiple warp weaving method [2].

Currently, most of the pure and hybrid woven fabrics used in textile compo-
sites are simple 2D fundamental weaves, Ze., plain, twill and satin weaves [3],
which are identified by the repeating patterns of the interlaced regions in warp
and weft directions [4] [5] [6]. In particularly, hybrid woven fabric materials can
be expected by combining different types of reinforcement into a polymer ma-
trix [7], thus in which different properties can be achieved. Glass fiber, carbon
fiber and aramid fiber are common reinforcement that used to fabricate hybrid
composites [8] [9] [10]. GFRP (glass fiber reinforced plastic), characterized by
high strength, low cost, low density, corrosion resistance easy to mold, is the
base of modern composite industry. Therefore glass and carbon hybrid compo-
site are largely applied for civilian use and also largely used in areas such as aer-
ospace which are of high requirement in not only high mechanical property but
also lightweight. On the other hand, CFRP (carbon fiber reinforced plastic) has
higher specific modulus, specific strength compared with GFRP, but expensive.
By introduce carbon fiber into glass fiber reinforced composite, the mechanical
property can be improved further under controlled low cost due to the combin-
ing of each other’s complementary advantages.

Due to the complicated microstructure of woven fabric, understanding of
mechanical properties of textile fabric reinforced composite materials is of im-
portance [11] [12] [13]. As previous work shows, initial fracture stress of com-
posite reinforced by fabric with crisp structure usually happened as transverse
crack in transverse fiber bundle [14] [15]. The interfacial property of the trans-
verse fiber bundle plays an important role of the initial fracture property, which
is difficult to understand or calculate from experimental data [16] [17].

For these reasons, there are a lot of papers on the research by numerical anal-
ysis method to understand the woven fabric reinforced composite [18] [19] [20]
[21] [22]. In recent decades, many researchers have contributed to develop finite
element analysis (FEA), which is a useful and versatile approach to understand
and predict mechanical properties of textile composites [23] [24]. Mechanical
behavior for textile composites by analysis method was proposed and the predic-
tion of mechanical behavior was performed by Carvelli [25]. In his work, me-
chanical experiments were carried out at the first stage, and then monofilament
textile geometries were examined and the tests were carried out on single fibers,
to determine their tensile and friction properties. Mechanical behaviors of both
axial and biaxial specimens were clarified. And then a numerical model was fig-
ured out to evaluate the mechanical properties of dry monofilament technical
textiles and the model was calibrated according to the mechanical results. And
this paper is also focused on the simulation of the initial fracture properties of

the hybrid fabric reinforced composite. Siddiqui and Sun [26] developed a finite
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model to simulate and analyze the thermal conductivity and thermal resistance
behavior of woven fabric and this model was validated by experimental results of
the fabric. And one of the important results they found was that with the in-
crease of the temperature and fiber volume fraction, effective thermal conductiv-
ity of fabric across the thickness also increases. Kim, D. H., Kim, H. G. and Kim,
H. S [27] designed and manufactured hybrid glass/carbon composite bumper
beam was via the design optimization process combined with the impact analy-
sis. In the study of Cynthia Mitchell, Lisa Dangora, Christie Bielmeier and James
Sherwood [28], investigations were pursued in an effort to understand the rela-
tionship between changes in the stiffness of plain-weave fabric-reinforced plates
and the degree of in-plane shear within the fabric reinforcement. They identified
that fabric shearing will result in several major changes within the reinforcement
geometry that the reorientation of the fibers within the plane of the plate, the in-
crease in plate thickness with increasing shear angle, and the change in the tow
cross-sectional shape and orientation. Zako, M., Uetsuji, Y. and Kurashiki T.
[29] investigated the damage behavior of FRP of which the reinforcement is wo-
ven fabric, and simulated by finite element analysis using an anisotropic damage
model based on damage mechanics. By this model, inner damage of fiber bundle
was simulated and revealed. It was turned out that good agreement between the
analytical and experimental results, which is important of the utility in evaluat-
ing the damage mechanism of fabric reinforced composite. Boisse, P. et al. [30]
[31] built a woven fabric model and stressed the importance of in-plane shear ri-
gidity in finite element analyses of woven fabric composite preforming and pro-
posed in-plane shear for the simulation of fabric forming. Le Page et al devel-
oped two dimensional plane strain finite element models and simulate some of
the different local fabric geometries which influence the damage development seen
in woven fabric laminates as a function of number of reinforcing layers [32]. MA
Badie, E Mahdi and AMS Hamouda [33] adopted Finite element analysis to pre-
dict the fatigue life of composite drive shaft using linear dynamic analysis for
different stacking sequence. Tabiei A. and Jiang Y. [34] made an effort to de-
velop simple, yet generalized, model which considers the two-dimensional ex-
tent of woven fabric and to have an interface with nonlinear finite element
codes. Ichihashi and Hamada et al. [35] proposed an FEA model for evaluating
mechanical properties of single ply of woven fabric composite.

As stated above, understanding of mechanical properties of textile fabric
reinforced composite materials is of great importance for the complicated mi-
crostructure of woven fabric. And due to the reason that it is difficult to observe
and obtain the interfacial property of the transverse fiber bundle from experi-
mental data, which plays an important role of the initial fracture property, nu-
merical analysis method is considered to be adopted to understand the initial
fracture behavior of woven fabric reinforced composite.

In this paper, composites fabricated with woven fabric of glass/carbon in-
tra-hybrid in plain structure by hand lay-up method were adopted. Investigation

on the tensile property was carried out on specimens in 7 orientations including
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0°/5°/15°/75°/85°/90° in previous works. With the specimen parameters and
experimental data, FEM model was built by software Marc. At the first stage,
tensile moduli were calculated and compared with experimental results. On the
premise of the validity of the simulation value of tensile modulus, interfacial
stresses of the transverse elements in 0 degree and 90 degree models were also
calculated. Among those, the maximum was regarded as the interfacial strength
of the transverse fiber bundles. By the experimental data of initial fracture stress
as well as the simulation value of interfacial strength of 0 and 90 degree, the ini-
tial fracture stress as well as the distribution of interface elements of the off-axial

specimens were calculated and predicted.

2. Background

2.1. Experiments

In previous work [18], mechanical properties of CF/GF in different degree have
been tested and discussed. Carbon fiber /glass fiber intra-hybrid woven fabric, in
which carbon fiber bundle (Toray Industries, Inc. T700SC-12000, 1600 Tex) fa-
bricated as weft yarn and glass fiber bundle (Nitto Boseki Co., Ltd RS
110QL-521), 1150 Tex as warp yarn, was used as reinforcement. The hybrid wo-
ven cloth is in plain structure as the photo and the fabric structure pattern. The
gram per square meter (GSM) of the woven fabric is turned out to be 604 g/m?,
within which the GSM of glass fiber bundles is 305 g/m* while carbon fiber bun-
dles is 209 g/m* Vinyl ester resin (R-806B: Showa Denko K.K.) was adopted as
matrix. The detail mechanical properties of the fibers and resin are listed in
Table 1. The intra CF/GF woven fabric reinforced composite was manufactured
by hand lay-up molding method. The laminated constitution included 2 plies of
the CF/GF hybrid woven cloth. After the molding and post cure, the composite
board was cut into the size of 200 mm x 20 mm (length x width) according to
the ASTM D3039. Thickness of the specimen is about 1mm. In this research,
specimens were arranged and cut into 7 different orientation angles (5°/15°/45°/
75°/85°/90°), among which the initial fracture properties of 0 degree and the 90
degree was analyzed and discussed particularly.

Tensile test was carried out on an Instron universal testing machine at the
speed of 1 mm/min and the test room temperature is 22°C. Strain gauges were
used to measure the tensile strain. 3 specimens have been repeated for each type.

Max stress, modulus and the stress-strain curves of 7 types of specimens were

Table 1. Mechanical properties of fibers and matrix.

Tensile strength Elastic modulus Elongation (%) Density (g/cm’)
(MPa) (GPa)
Glass 2300 - 2400 70 - 76 3-32 2.55-2.62
Carbon 4900 230 2.1 1.8
Vinyl Ester 69-89 3 6.0 - 8.0 1.2(25°C)
DOI: 10.4236/0jcm.2018.81002 14 Open Journal of Composite Materials
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obtained and analyzed. Knee point stress was obtained by AE device during the
tensile test. In order to investigate the initial fracture behavior of the intra
CF/GF woven composite, especially for the difference between the GF and CF,
video was shot during the tensile test.

2.2. Tensile Test Results [18]

The detail of the result of the tensile test in previous work is summarized and
shown in Table 2 [18]. It can be seen that as the orientation angle increasing
from 0 degree to 45 degree, the tensile elastic modulus decreased firstly, while
from 45 degree to 90 degree, a tendency of dramatic increase, in details the 0 de-
gree specimen showed the lowest modulus of 12 GPa while the 90 degree speci-
men the highest modulus of 50.5 GPa. Regarding to the strength, it is revealing
that the trend of the tensile strength of the 7 types of specimens is similar with
that of the elastic modulus. While be different with modulus, the lowest strength
is 45 degree specimen. As referred to the initial fracture stress in previous work
[18], from O degree to 45 degree it is almost stable at about 35 MPa. However,
from 45 degree to 90 degree, it increased significantly, which is considered due
to the CF fiber orientation. In summary, the orientation angles do have effect on
the mechanical properties of the specimen because of both of the woven struc-
ture of the reinforcement and CF/GF hybrid architecture [18].

Besides, in previous work [18], the initial fracture of the fiber bundles were
observed by stretching the specimen to pre-set load and stopping it at knee point
generated stage, then carrying out observation by optical microscope. The
transverse crack reflected the interfacial property within the fiber bundles. The
optical observation result from previous work [18] was summarized in Figure 1.
As it is shown in Figure 1, the transverse crack began to appear in fiber bundles
during the initial fracture period. And more transverse crack expanded within
the fiber bundle with the tensile load increasing. As the fracture sketch of the 0
degree specimen illustrated in Figure 1(a), the presence of the crack showed
within the carbon fiber bundles after the tensile test [18]. In the observation of the
90 degree specimen, transverse crack can be also observed at the initial fracture

Table 2. Summary of the tensile test results [8].

Tensile modulus Tensile Strength Initial fracture stress Initial fracture strain
(GPa) (MPa) (MPa) Rate (%)
0 23.2 351.4 329 3.7
5 21.1 278.5 39.3 3.2
15 18.5 157.4 38.1 4.3
45 12.0 112.6 32.6 5.5
75 40.5 225.2 87.9 5.0
85 49.2 494.1 198.3 4.3
90 50.5 780.6 184.2 4.8
DOI: 10.4236/0jcm.2018.81002 15 Open Journal of Composite Materials


https://doi.org/10.4236/ojcm.2018.81002

Z.L. Xuetal.

Vi ¥
uf s - {
[ N
:h . Jﬁ
i = . arbon
Inltlglt:;::s:ture wRlE fiber Initial fracture
stress

(a) (b)

Figure 1. Optical observation of initial fracture cracks in transverse
fiber bundles. (a) Cracks in carbon fiber bundles; (b) Cracks in glass
fiber bundles [18].

stage. More transverse crack appeared with the increase of the tensile load. And
in previous work [18], it is also suggested a poor interfacial property within the
carbon fiber bundle when the resin is vinyl ester. Compared with the crack
within the glass fiber bundle, the fracture seemed to be fierce in the carbon fiber

bundles in transverse fiber bundle direction.

3. Models
3.1. Geometric Parameters

In previous works [18] [35], Ichihashi and Hamada et al proposed an FEA
model for evaluating mechanical properties of single ply of woven fabric compo-
site. In this model, interfacial properties were considered, and woven fabric was
modelled by using a pair of parallel beam elements expressing a fiber bundle and
an interphase element between the two elements. In this research, finite element
models were also developed with the consideration of the actual dimension of
the woven structure. Furthermore, in order to investigate the properties within
the transverse fiber bundles, transvers fiber elements were designed to improve
the previous model.

To build up the model by Marc, parameters of the weft and warp yearns are
necessary. Specimen was cut and buried in resin to obtain the exact dimension
of the weft fiber bundle and warp fiber bundle. After polishing, optical observa-
tion was carried out to get the geometric parameters.

Four types of parameters including the major axis, minor axis, distance between
fiber bundles (d0) as well as the fiber bundle area as Figure 2 shows, were meas-
ured. It can be seen from Table 3 that the aspect of the major axis and the minor
axis of fiber bundle is respectively big and the fiber bundle is close to an oval
shape. For this reason, the cross-section of the fiber bundle was divided into two
rectangles, and represented by two elements. Interfacial elements are designed
between these two lines to join them into one fiber bundle. According to the

element type used in this model, the cross-section area and the second moments
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were calculated by the four parameters and inputted as geometric parameters.
Then a finite element model is developed with the consideration of the above
factors. The model is illustrated in Figure 3 as an example. The woven fabric
structure was simplified and divided into several types including yarn elements,
interphase elements and resin element. And the detail element structure of wo-

ven fabric model is shown in Figure 4.

Table 3. Geometric parameters of hybrid composites.

. . . . Distance between fiber
Major axis (mm) Minor axis (mm)  Area (mm?)

bundle (mm)

Warp 4.170 0.237 0.608 4.259

Weft 4.056 0.256 0.747 4.244

Major axis

| Minor axis
\ l
« > \
Distance between fiber bundle Area

Figure 2. Optical observation of geometric parameter.

\oiCross resin element

Interphase
element — & - Warp fiber bundle element
Ne—— N\ ;\f\:w-Weft fiber bundle element

Figure 4. Element structure of woven fabric model.
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3.2. Mechanical Parameters

After the model was built, mechanical properties of the weft and warp yeans
were identified. For mechanical parameters, V;(volume fraction of reinforce fi-
ber), modulus, of glass fiber bundle and carbon fiber bundle are necessary. Since
the elastic modulus of a fiber bundle in matrix is different with its catalogue
elastic modulus value, it need to be recalculated Here, the V,of the fiber bundle
is calculated by the number and the area of the filaments and the cross section
area of the fiber bundle by Equation (1) as follows:
N

V, :AE (1)

Here A is the area of the fiber bundle cross-section; Nis the number of filaments
in one fibber bundle; Sis the sum of the fibers in cross section area.

These three values are measured and obtained by the optical observation of
the fiber bundle cross-section. After the V,is obtained, with the elastic modulus
of the fiber and the resin, the modulus of the fiber bundle is calculated by the
composite rule. Young’s modulus and the Poisson ratio are two necessary para-

meters for the mechanical property of fiber bundles.

3.3. Boundary Conditions

Models are controlled by displacement in this study. For on-axis model of 0 de-
gree and 90 degree, unit displacement 1 mm was applied to the model along the
load direction x and y axial direction separately. However, there is difference
between the axis and off axis models, for the boundary conditions. Take the 5
degree for examples, for on-axis model of 0 degree, unit displacement Imm was
applied to the model along the load direction. While for off-axis model of 5 de-
gree model, it was considered to apply the displacement in 5 degree orientation,
instead of build a model with off-axis fiber bundles. Then the displacement
along 5 degree was divided into x and y two directions as it is shown in Figure 5.
For the 5 degree model, in x direction was applied by 0.996 mm displacement
and the y direction was applied by 0.087 mm direction, to ensure the displace-
ment along the 5 degree. The original and deformed models of 5 degree were
taken as an example shown in Figure 6. It can be seen that there was displace-
ment deform in both x and y direction.

4. Simulation Results

Based on the results of the geometric parameter and mechanical property, model
of both 0 degree and 90 degree were built at first, elastic modulus and the max

interfacial fracture stress was calculated and compared.

4.1. Tensile Modulus

In order to analysis the mechanism of the initial fracture stage, the simulation
was carried out within the elastic area. For on-axis model of 0 degree and 90 de-

gree, unit displacement 1 mm was applied to the model along the load direction
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0.996
Figure 5. Displacement boundary conditions
of 5 degree.
EEEE 51| | |[+— Deformed
— — *——Original
— .
—
s Y
-

Figure 6. Original and deformed model of 5 degree.

Table 4. Tensile Modulus simulation result of on-axis.

Degree  Experimental tensile modulus (GPa) Simulation tensile modulus (GPa)  Error (%)
0 23.2 22.3 4%

90 50.5 48.8 3%

Table 5. Modulus simulation result of off-axis.

Degree  Experimental tensile modulus (GPa) Simulation tensile modulus (GPa)  Error (%)
5 21.1 22.2 5%

85 49.2 48.3 2%

x and y axial direction separately. The simulation modulus was calculated by
summarizing the total stress of all the nodes along the applied force direction first
and then dividing by the corresponding cross-section area. The analysis result of
modulus by FEM model and compared with the result from experiment as shown
in Table 4. It can be known that the tensile modulus deviation is below 5%.

Tensile modulus was also calculated for off-axis cases. The analysis result of
tensile modulus by FEM model and compared with the result from experiment
as shown in Table 5. It can be known that the modulus deviation is below 5% for
5 degree and 85 degree.

4.2. Interfacial Strength

As load increased during the experiment, initial fracture happened within the
transverse fiber bundle of the specimen. It is known from the previous work that

initial fracture in plain woven fabric composite was confirmed as transverse
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crack in weft fiber bundle. For the 0 degree and 90 degree, the axial tensile stress
was clarified as the dominate stress, which suggest that the tensile force is the
main fracture reason for the interfacial element. In order to get the interfacial
strength in transverse fiber bundle, the principal stress of the interfacial elements
was calculated by dividing the axial force of the interphase element by the cross
section area because the shear stress. Combining with the initial fracture stress
from the experiment and the initial fracture from the model, interfacial strength
of the glass fiber bundle and carbon fiber bundle as transverse direction was

calculated by the Equation (2).

O,

__ “initial 2
Oiinterfacial — " Olnterfacial )
o
Here o, is initial fracture stress from experimental data; o}, is calcu-

lated value of initial fracture stress from model; o, is the simulation val-

interfacial
ue of interfacial strength in transverse fiber bundle; 0/ .a 1 calculated value
of interfacial strength from on axis models.

As it is known, the yield point stress can be usually measured by tensile test of
the unidirectional composite. For axial reinforcement like woven fabric, due to
the complex load situation, it is difficult to judge the yield point because the
shear stress might be involved in the meantime. The von Mises yield criterion is
used to solve the yield point problem of multi-axial stress situation involved with
more than one stress component. The von Mises yield criterion suggests that the
yielding of material begins when the second deviatoric stress invariant reaches a
critical value. Among the interfacial elements, not only the tensile stress along
the elements’ axial direction, but also the shear stress along the vertical direction
were clarified.

The Von Mises stress of the interfacial elements was calculated according to

Equation (3):

2 2 2
(0'Xx —O'yy) +(0'yy —O'ZZ) +(0,—0y)

2 2 2 2 2 2
+3(0% + 0%, + 05 + 00 + 05, + 0% )}
iinterfacial — 2 (3)

[oF

Here o,,, 0, and o, are the axial tensile stress along x, yand z direction,
respectively; o,, 0,, 0, 0,,, 0,,and o, are the shear stress along xy; xz, yx, yz zx
and zy direction, respectively

The result of both max principal stress and the Von Mises stress of the inter-
facial elements is shown in Table 6 for 0 degree and 90 degree. From this table,
it can be seen that the max principal stress is almost same with the Von Mises
stress.

And for glass/carbon hybrid, the transverse fiber bundles’ interfacial strength
of the 90 degree (transverse fiber bundle is glass fiber) is much higher than that
of the 0 degree (transverse fiber bundle is glass fiber), which shows that the in-
terfacial strength property of glass fiber bundle is better than the carbon fiber

bundle in transvers direction. According to previous works, if one is to calculate
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Table 6. Interfacial strength and initial fracture stress simulation result.

Initial Max axial X Simulation Simulation
Von Mises . . s
Degree fracture stress (MPa) interfacial initial Error (%)
a
stress (MPa) (MPa) Strength (MPa) fracture (MPa)
0 32.9 356.4 357.6 11.0 (carbon) - -
90 184.2 438.9 440.5 28.1 (glass) - -
5 39.3 354.6 355.9 - 40.4 3%
85 198.3 420.2 421.5 - 189.9 4%

the interfacial fracture stress, the stress distribution at a fiber-matrix interface
subjected to loading must be known. Thus, in order to find out where the max
interfacial stress happened, interfacial stress value of every transverse fiber bun-
dles were collect from both the principal stress and Von Mises stress. And the
results show that for both the principal stress and Von Mises stress, the max
value happened at the same position.

Where the max value of the Von Mises stress of 0/5/85/90 degree happened is
shown in Figure 7. The Von Mises stress distribution of every interphase ele-
ment of the model was shown in Figure 7(b). In Figure 7(a), the place where
the max element stress value happened in cases of 0/5 degree was marked with
bold black line. It can be seen that, the max interfacial stress happen within the
transverse fiber bundle and between two warp fiber bundles.

With the interfacial strength from the on-axial models and the Von Mises
stress from the off-axial, the initial fracture value can be predicted by Equation
(4) as follows:

O

_ interfacial '
Oiinitial =, Oi,initial 4
Gi ,interfacial

Here 0;a is the simulation value of initial fracture stress of off-axial speci-
men; O ia 1S calculated value of the initial fracture stress from off-axial mod-

el; o

nterfaciar 1S the simulation value of interfacial strength in transverse fiber

bundle; o is calculated value of the Max Von Mises stress of interfacial

 inertacil
elements from off axis models

The analysis result of interfacial strength and the initial fracture stress by FEM
model and compared with the result from experiment is also shown in Table 6.
It is revealed by Table 6 that the simulation value of the initial fracture agreed

well with the experimental result with a difference below 5%.

4.3. Shear Stress of Beam Elements

In this study, 3D solid beam element was adopted. As it is referred to the local
coordinate of the beam element, x direction and y direction is perpendicular in
cross section plane and z direction is along the beam longitude axial direction as
illustrating in Figure 8. Shear stress in local coordinate was calculated and col-
lected. The distribution of shear stress of x direction and y direction are shown

in Figure 9(a) and Figure 9(b) separately. t can be seen that the shear stress
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Figure 7. Interfacial strength simulation results of 0/5/85/90 degree. (a) Interfa-
cial strength position by Von Mises stress of 0/5 degree; (b) The Von Mises
stress distribution of interface elements.
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Figure 8. Local coordinate of beam element.
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Figure 9. Shear stress distribution in local coordinate of 0/5/85/90 degree. (a)
Shear stress distribution in x direction; (b) Shear stress distribution in y direction.
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Table 7. Max value of stress in interface elements.

Max axial stress Von Mises equivalent ~ Max Principal
Shear stress (MPa)
(MPa) stress (MPa) stress (MPa)
0 270.4(-) 33.8(-) 271.4(-) 282.0(-)
5 266.5(-1%) 38.6(14%) 266.9(—2%) 283.0(-0%)
85 138.8(~1%) 33.0(4%) 140.9(~3%) 149.3(~3%)
90 143.5(-) 31.9(-) 145.5(-) 154.6(-)

values in local coordinate of the beam elements are showing a waveform changes
with relatively high values between two warp fiber bundles and low value in the
cross area of warp and weft fiber bundles. Besides, according to Table 7, the max
values of axial stress, shear stress, Von Mises equivalent stress and principal
stress of all the interphase elements were listed, with the deviation percentage to
the on-axis cases. There is no big difference between the max values of axial
stress, Von Mises equivalent stress and principal stress. It can be consider that
there is an increasing tendency of the shear stress with the off-axis degree in-
creasing, which reveals that with the off-axis degree increased, the transverse fi-

ber bundles were subjected to higher shear stress.

5. Conclusion

In order to get a good knowledge of the mechanical properties of woven fabric
reinforced composites, numerical analysis method is considered to be a valid
method to understand the initial fracture behavior for the complicated micro-
structure of woven fabric reinforced composite. In this paper, FEM model of
woven structure was built up, then tensile modulus and the interfacial properties
of the transverse fiber bundle were simulated and compared. From on-axial
models, the interfacial strength of the glass fiber bundle and carbon fiber bundle
was calculated. The results show that the interfacial strength of the glass fiber
bundle is higher than that of the carbon fiber bundle in transverse direction. By
using the interfacial strength, the initial fracture stress of off-axis cases was pre-
dicted. And the distribution of the axial stress, shear stress, Von Mises equiva-
lent stress and principal stress was calculated and illustrated. It is clarified that in
off-axis cases, shear stress in interphase elements is higher than on-axis cases,
which showed that the transverse fiber bundles were subjected to higher shear
stress. Through model built by Marc and analysis by FEM, the modulus and the
initial fracture stress simulation can be achieved, which can be a contribution to

the design or predict of the material properties.
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