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Abstract

We study the effects of woven structures on the vibration properties of the composites. Five typical weaving sets
including the ordinary plain weaved and the warp interlocked were adopted in fabric processing. The composites plates
with adequate thickness were prepared by epoxy resin curing, and their fiber volume fractions were examined. Dynamic
mechanical analyzer and vibration test technique were used to reveal the dynamical behaviors of specimens in different
frequencies of vibration. The result showed that the woven structure have a strong effect on the fiber volume fraction,
resin-rich area, and the warp architectures of the composites, which determine the performances of the composites in

vibration.
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Introduction

Woven fabrics are designable for the 2D/3D composites
with different thickness and structures. Their compos-
ites exhibit high strength, lightweight, and other attrac-
tive dynamic mechanical characteristics such as high
damping and high stiffness. Recently, the composite
products are increasingly used for sun-shading devices,
plane wings, fuselages, or any other beams and shells in
modern applications.'

The dynamic properties of the composite materials
have been the objectives of many investigators.””’
In designing of the composite materials with desired
dynamic properties, storage modulus and damping are
the important features. Storage modulus relates to the
stiffness of composite structures, while damping repre-
sents the energy dissipation of the whole composite
structure. However, many research works attributed
the energy absorbing capacity to the damping character-
istics of the resin component of the composites.
To enhance the damping of the composite materials,
much efforts were made on the polymer matrix tough-
ening,® '° or on the cohesion of the resin to the fiber by
interface modifying.'"'?

The constitutive behaviors of the composites with
different fiber architectures can be characterized by

using micromechanical analysis. Tsai and Chi'® and
Yang et al.'* calculated the damping of fiber compos-
ites unit cell and investigated composite damping
behaviors with different fiber array. Nie et al.,'
Huang and Zhong,'® and Wang et al.'” described the
construction of yarns in 3D woven composite based on
micro-geometry. Thus there have been many refined
models for the prediction of elastic moduli.'® 2>
However, still less work has done on the fiber
array and yarn architecture design to obtain a better
vibration damping. Consider that the woven fabric
reinforced composite materials are not entirely homo-
geneous, large resin-rich areas are formed in the margin
areas from the interlaced warps and fills. In the high
performance fiber—polymer matrix system, the differ-
ence of damping is much larger than that of the
stiffness. Large resin-rich areas act as the built-in
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damper elements. Their distribution, depending on the
architectures of the weave, determines the damping of
the composite structure.

In this study, geometry of textile fabric was focused
and effect of fabric weaving type on the dynamic behav-
ior in textile composites was considered. The dynamical
mechanical analyzer (DMA) and vibration test tech-
nique were used to reveal the dynamical elasticity and
viscosity of specimens. The effect of the fabric structure
on the tested results was studied. The storage modulus,
the natural frequency, the damping, loss tangent, and
the damping ratio were obtained and their correspond-
ing relationship was examined. The possibility of using
DMA result to predict the vibration properties of com-
posite materials was also discussed.

Experimental
Materials

The toughened thermo-setting epoxy resin formulation
was prepared by using an EA-618 (from LETAI
Chemistry): EA-731 (from CIBA Arocy): T 31 (a
grafted polyphenol curing agent from LETAI
Chemistry) ratio by weight of 60:26.1:13.9. The fine-
ness of the D-glass yarns (from TIANJIN GLASS
FIBER CO) is 99 tex.

Specimen fabrication

Five fabrics were fabricated by the different weaving
types marked by the plain weave and the interlocked
weaves. The plain-weaved structure is a four-layered
laminate, while the interlocked woven structure con-
tains several types noted by different warp architec-
tures, as shown in Figure 1 (S is short for the
‘sample’). Because of the various distributions of rein-
forcement yarns in these interlocked woven samples,

(a)

the vibration factors including the mass, stiffness and
damping would be different from each other.

In composite processing, the homogeneous resin
mixtures were degassed by a vacuum pump for
20min, then poured onto the fabric preforms in a
mold and cured at room temperature for 24 h. The
mold was moved into a heating oven and heated from
40°C to 140°C at a rate of 3°C/min, to obtain a fully
curing of the epoxy. The gaps between the upper and
lower mold is constant, so all the composite plate sam-
ples have the same thickness of 1.2 mm. The glass fiber
volume fraction of samples 1-5 were calculated by the
density test, the values were detected to be 33.3%,
28.3%, 33.7%, 32.5%, and 22.4%, respectively.

Dynamic mechanical test

Dynamic three-point bending test of specimens
80 x 7 x 1.2mm?* (Warp x Fill x Thickness) was carried
out on a DMA 242 (NETZSCN Co, Germany), accord-
ing to ASTM D4065-01.%* In these bending tests, the
span of the specimen Charpy is 50 mm, the loading fre-
quency is | Hz, and the heating rate is 6°C/min. The
DMA test was executed in the temperature range of
10-80°C, so as to be comparable with the following
vibration test.

The thickness/span ratio of the specimens were smal-
ler than 0.02, so the shear effects in bending tests were
always ignored. The dynamic modulus £’ or E” could
be calculated by the geometric approaches:>*

KL3

E=0p

(D

where K, the ratio of drive force/amplitude; L, the span
of the specimen Charpy, 50 mm; b and ¢, the width and
the thickness of the specimen, 7 and 1.2mm, respec-
tively. The loss tan § was the ratio of the storage mod-
ulus E’ and the loss modulus E”.

Figure 1. Different woven structures in different samples (— warp e fill): (a) SI: plain-weaved laminates; (b) S2: modified layer—layer
interlocks; (c) S3: cross-cutting interlocks; (d) S4: layer—layer interlocks; (e) S5: modified cross-cutting interlocks.
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Figure 2. Geometric parameters of the composite cantilever.

Vibration test

The vibration test was executed by using resistance
strain sensors to detect the dynamic strain in the com-
posite plates. The resistance strain gages (120 Q) were
stuck on the dual-sides of the cantilever plates. An A/D
converter and computer were used in the vibration test-
ing. The specimens 80 x 20 x 1.2mm? (W x F x T) were
clamped in the form of cantilever beams with 60 mm
span, and then stimulated by an initial impact from a
pendulum (Figures 2 and 3). Because the cantilever
vibration was very weak when the environment temper-
ature exceeds 60°C, the vibration test was limited at
temperature range of 20-50°C.

A classical damping equation for vibration beams is
expressed in:*>

_ ln(xn/anrl)
B T

2)

where n is the damping coefficient; x,, x,.; are the
amplification of sine wave with logarithm damping in
each two intervals, as shown in Figure 4(a).

In terms of the fast Fourier transformation,
the vibration frequency spectrum was obtained from
the measured damping waveforms, as shown in
Figure 4(b). The main peak corresponds to the natural
frequency of the composite cantilever. Each sample
contains five specimens, the values of frequencies and
damping coefficients are obtained by the data averaging
of the five specimens.

Microscope observation

The composite samples were cut into small pieces
along the warps or fills directions, the surface of
cross-sections were mechanically polished. A stereo-
microscope DH-HV3102VC-T (made by DMI Co,
Germany) was used for the observation of the yarn
cross-section and trajectory.
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Figure 3. Diagram of the composite cantilever plate vibration
test system.

Results and discussions
Storage modulus and the natural frequency

Since the epoxy resin exhibits temperature dependen-
cies of visco-elastic properties, increased temperature
result in the decrease of E’. The stiffness of glass fiber
cannot be affected by the temperature, but in certain
lower temperature, the reinforcement of glass fabrics
will significantly enhance the stiffness and weaken the
visco-elasticity of the composites. Moreover, different
woven structures will result in various mesco-struc-
tures, which respond differently to the dynamic loads
in DMA or the free vibration test.

In principle, the DMA test of the simply supported
beam is similar with the cantilever vibration test men-
tioned above. The difference is that the frequency of the
DMA load is 1 Hz, while the vibration frequencies of
the cantilever usually exceed 100 Hz. The test result also
reveals the response of composite materials to different
frequencies.

When the shear effect is ignored, in the vibration
analysis of homogeneous composite cantilever plates,
the first-order Reissner—Mindlin theory usually works.
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Figure 4. (a) The amplitude—time graph and (b) frequency
spectrum of the vibration.

The frequency of the bending vibration in the warp/fill-
thickness plane can be expressed by:*®

1|1 (1.875\° s
fi=s p_A<T> I=Eb12) ()
Thus:
t/3Ep (1.875\°
=" () @

where 7 is the bending inertia; £’, the dynamic bending
rigidity; ¢, the thickness of the plate, 1.2mm; /, the
length of the cantilever, 60 cm; and p, the density of
the composite.

Figures 5 and 6 show the E’ and the f of each sample
in the warp and filling directions. It is found that the
value of the vibration frequency of each specimen with
E’ has decreased in varying degrees with the tempera-
ture increase, indicating that the visco-elasticity of com-
posite varies significantly from the fabric structures.

The value of vibration frequency curves follow
the variation of the E’ in different samples, but the
decline rate of the vibration frequency is faster than
that of the E’.
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Figure 5. (a) The storage modulus E’' and (b) the natural fre-
quency f of the samples in the warp direction.

The samples 1, 3, and 4 have the similar fiber volume
content, and 3 and 4 are the two typical angle-locked
woven structures. In each tested temperature, the E’
and tan § of samples 3, 4 are much larger than that
of the sample 1. It is convincing that the interlocked
structures have a better bending stiffness and a higher
damping than those of the laminated plain-weaved
woven structures.

Loss tangents and the vibration
damping coefficients

Figures 7 and 8 show the variation of tan § and damp-
ing coefficient 5. In the curves of tan §, the peak of the
loss tan § indicates glass transition temperature, 7.
This peak point divides the entire temperature range
into two segments — the below T, zone and the above
T, zone. The temperature span we adopted was in
below T, zone, the variation of tan § and the damping
coeflicient 5 can be discussed comparatively.

In the isotropic material, n indicates the material
inherent damping, and has equal value to the tan §.

It is shown in Figures 7 and 8 that the n of each
specimen is significantly greater than the value of
tan § in corresponding temperature. Moreover, the
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Figure 6. (a) The storage modulus E’ and (b) the natural fre-
quency f of the samples in the fill direction.

values of n and tan & of different specimen have
decreased in varying degrees with temperature increase.
The temperature rise of tan § and 5 in sample | (plain-
weaved woven laminates) is the slowest. In samples 2—5
(interlocked structures), the difference of the tan § and n
grows with the corresponding temperature increase,
indicating that the influence of fabric structure to the
composite internal friction is larger in the interlocked
structures. Especially for the sample 5, which has the
smallest fiber volume content, the value of tan § and n
grow fastest in the test temperature range. The peak of
tan § curve emerges at 50°C, which is significantly lower
than the 7, temperature of the epoxy resin, showing the
significant changes in the composite micro - or mesco-
structures.

Woven structures

The mesco-architecture of the composites including ori-
entation and cross-section of yarns has the most impor-
tant effect on the mechanical properties. In the weaving
process of each fabric sample, the warp tensions were
kept the same. Figure 9 shows the mesco-apparatus of
the plate samples. It is found that all the fabrics have
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Figure 7. (a) The loss tan § and (b) the damping coefficient 1 of
the samples in the warp direction.
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Figure 8. (a) The loss tan § and (b) the damping coefficient 1 of
the samples in the fill direction.
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Figure 9. The mirco-graphs of the longitudinal and latitudinal cross-sections of the composite samples 1-5: (a) S| longitudinal
cross-section and S| latitudinal cross-section; (b) S2 longitudinal cross-section and S2 latitudinal cross-section; (c) S3 longitudinal
cross-section and S3 latitudinal cross-section; (d) S4 longitudinal cross-section and S4 latitudinal cross-section; (e) S5 longitudinal
cross-section and S5 latitudinal cross-section.
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the undulated warp structure. The samples can be fur-
ther divided into three weaving sets, including the plain-
weaved laminates, the cross-cutting interlocked, and
the layer-to layer interlocked. In each set, the cross-
section of warp toes and fill toes have the following
characteristics:

In plain-weaved laminates (sample 1), the warp and
fill toes have similar undulated structure; they have the
same convex-shaped cross-sections. The layers were
arranged in misalignment when being laminated, a
large number of resin-rich areas were distributed
uneven in the gap between the layers. However, each
unit-cell was composed by two adjacent warps and fills,
the bending amplitude and bending variation of yarns
in different unit cells is very little. So the structure is
estimated to have a good dimensional stability and a
stable high damping at various temperatures.

In the cross-cutting interlocked structures (samples 3
and 5), the warp yarns turning up and down follow the
path of broken lines, and the fill yarns are straight.
Because the samples 3 and 5 have different fill yarn
densities, their cross-sections vary greatly. In sample
3, the warps have cross-sections of rectangular shape,
while the fills are diamond shaped. The integration
between the yarns is very tight; the stiffness of the com-
posite is strong for there is rarely any rich-resin area.
In sample 5, the reduction of the fill density causes
weak contraction of the interlaced yarns. As shown in
Figure 9(e), the cross-sections of warps and fills are all
oval-shaped, resin-rich areas are compressed into the
gaps of the adjacent toes. The structure is estimated
to have a good damping, but very sensitive to rise of
temperature.

In the layer-to-layer interlocked structures (samples
2 and 4), the warp yarns follow the path of wave forms.
The warps have various bending amplitudes in wavi-
ness. Because the adjacent warps are usually located
in different layers, the bending of the weft yarn is inev-
itable. The cross-section of yarn toes in sample 4 is
flatter than that of sample 2, due to the larger fabric
stresses. This structure is considered to have good stiff-
ness and elasticity in flexure vibration.

On the basis of the micro-morphology results and
the experiments, we conclude that: The volume con-
tent of glass fiber has significantly improved the com-
posite E’ and vibration frequencies, while tan 6 and
damping are more dependent on a number of char-
acteristics of yarn architecture. In the adequate inter-
locked structures, high fiber volume would cause a
good stiffness, large natural frequency, and small
tan 6 damping coefficients. In the samples with sim-
ilar fiber volume contents, small deflection of yarn
with bending variation would cause a small internal
friction of the material and thus a low damping in
vibration.

Conclusions

e The DMA test result can reveal the dynamic stiffness
and the damping of the vibrated composite struc-
tures. The storage modulus E’ and loss tan § of
the DMA test of each sample are consistent with
that of the natural frequency f and damping 75 in
the vibration test. Especially, the f and n are more
sensitive to the rise of ambient temperature than
the E’ and tan 4.

e When the glass fiber volume fraction is fixed, the
fabric structure in 3D woven composites acts an
important role in determining the vibration charac-
teristics of the composites. Especially, the loss tan §
and damping n are strongly affected by the friction
of the yarns. The interlocked woven structures have
a larger frequency and less damping than that of the
plain-weaved structures.

e Large waviness of the yarns help enhance the unifor-
mity of the mesco-structure. However, uneven dis-
tributed warps and fills will generate a large many of
resin-rich areas in the composite mesco-structures.
The stiffness loss and damping increase of the com-
posite are more sensitive to the temperature rise.
This phenomenon was also reflected in the test
results.
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