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Abstract. Due to low cost and environmentally friendly characteristics, natural fibers gain much attention
over synthetic fiber. The aim of the present work is to characterize the textile properties of three different types
of sisal fabric and study dynamic mechanical properties and water absorption behavior of the sisal fabric
reinforced epoxy composite. Influence of grams per square meter of fabric, weaving pattern of the fabric on
textile properties of the fabric is studied first. Further, the effect of the same on the dynamic mechanical
properties of the sisal composites is studied. Effect of fiber weight percentage and dynamic frequency on
dynamic mechanical properties also studied. Results reveal that the storage modulus (G0 ) decreases with
increasing temperature in all the woven types of composites under consideration. However, Plain 2 (P2) and
Weft Rib (WR) composites have shown better values of G0 even after the glass transition temperature (Tg). From
the results, it is also evident that storage and loss modulus (G00 ) increases when the yarn diameter decreases
which is observed at a higher temperature also. It is also observed that fabric density also plays a significant role
in the enhancement of G0 and G00 values. The water absorption of Plain 1 (P1) based composites are found to be
less compared to the other types of composites analyzed.
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1. Introduction
Over a period of time, the majority of the moderate loadcarrying structural member applications in automobiles and
other industries are replaced with natural fiber-reinforced
composites as they are environmentally friendly [1–3]. In
lieu of this, a lot of research work has been accomplished,
and these substantial developments have also been made to
realize the morphological structures and subsequent properties of these composites [4–6]. However, woven fabric
based natural fiber composites have better mechanical
properties compared to randomly oriented and nonwoven
composites [7]. In this regard, researchers demonstrated
that the direction of filler yarn [8], stitched and z-pinned
[9], stacking sequence [10] braided composite exhibits
better tensile [11], flexural and impact [12] properties. This
clearly indicates that the mechanical strength of these
woven composites is influenced by natural woven fabric.
So, it is important to understand the influence of fabric/textile properties and their effects on composites
[13–15].

*For correspondence

Behnaz et al [12] studied the effect of weave structure on
mechanical behavior and moisture absorption of PLA
(Polylactic Acid)/hemp woven fabric composite prepared
by using compression moulding and observed that satinweave architecture fabric exhibits the highest tensile, flexural and impact strength. Behera and Dash [16] studied inplane tensile, compressive, bending, impact resistance,
knife penetration and dynamic mechanical analysis (DMA)
of unidirectional (UD), two dimensional (2D), three
dimensional (3D) orthogonal, 3D angle-interlock and 3D
warp interlock multi-layer E-glass composites and observed
that 3D woven composite exhibits superior properties.
Alcock et al [17] studied woven fabric polypropylene [PP]
composite and found that its mechanical properties are
better as compared to glass fiber reinforced PP. Brandt et al
[18] observed that woven composites exhibit better in-plane
properties, damage tolerance, and energy absorption
capacity. Shen et al [19] found that tensile strength of 2D
CFRP (Carbon Fiber Reinforced Polymer Composite) is
2–2.5 times greater than that of 3D CFRP. Fredrik and
Stefan et al [20] worked on 3D carbon fiber composite
material and found that in-plane stiffness and strength of
the composite are lower and out-of-plane properties are
higher compared to conventional laminates. Cox et al [21]
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demonstrated the failure mechanisms of 3D woven epoxy
composites under different loading conditions and found
that presence of geometrical flaws that are broadly distributed in strength and space pose great potential for
damage tolerance and notch insensitivity.
These literatures suggest using epoxy as matrix material
as it played a significant role in the preparation of both
natural and synthetic fiber composites. Under temperature
and time exposure, polymer matrix composites that are
processed under ambient and moderate temperature cure
regimes must be studied as the typical application requires
a long service life. Dynamic mechanical analysis (DMA)
[22] techniques provide a powerful insight into the viscoelastic response of these materials.
Limited research work is reported on the studies on
thermo-mechanical properties of 2D natural fiber woven
composites. However, no literatures available to understand
the influence of sisal textile physical properties under
dynamic loading condition. By considering eco-friendliness
to its mechanical properties, woven natural fiber composite
plays a major role. First, this article focused on the
preparation of three varieties of fabrics from sisal fiber,
which is available abundantly in India and many parts of
the world. Further textile physical characterization of these
fabrics. Second, understand the influence of textile physical
properties like gram per unit area, yarn diameter, yarn
spacing/fabric density, and woven pattern on thermo-mechanical properties of composites. Additionally, to identify
the behavior upon fiber loading and its trend for various
weight fractions of these fabrics were tested. The water
absorption test also conducted to understand the behavior of
yarn diameter and twist.

2. Experimental details
2.1 Materials
Sisal fibers are used to prepare two types of plain woven
fabrics (Plain 1 and 2) and weft rib of woven fabric in
OM Textile Industries, Bangalore, India and its properties
are shown in table 1 [23, 24]. Figure 1(a) shows the
schematic representation of plain and weft rib woven and

figure 1(b) shows that woven fabric used to prepare the
composites. The difference between plain 1 and plain 2 is
grams per square meter (GSM), Plain 1 is denser compared to Plain 2. These basic properties of fabrics are
tested as per the textile materials testing standard as given
in table 2.
ARALDITE LY 556 unfilled non-modified epoxy resin
of low viscosity (5000–8000 mPa s at 20°C) and pot life of
 to 1 h (at 20°C) were mixed in 10:1 ratio of hardener HY
951 and stirred at 50 rpm using the conventional stirrer to
prepare composite. Araldite resin LY 556 with hardener
HY 951 is supplied by Zenith Industrial Suppliers, Bangalore, India.

2.2 Composite fabrication
Sisal fabric reinforced epoxy composites are prepared by
conventional compression molding technique. Woven sisal
fabric reinforced epoxy composite prepared by varying (20,
40, and 60%) weight fraction of fiber and matrix materials.
The resin mixed with approximately 10:1 ratio of HY 951
hardener for 5 min. The entrapped air bubbles are removed
carefully with a roller before the closing of the mould and
post-curing is done at 80°C for 4 h followed by after 8 h of
room temperature curing.

2.3 Dynamic mechanical properties
of the composite
The thermo-mechanical responses of the composites are
measured using a Dynamic Mechanical Analyzer Perkin
Elmer model 8000 instrument in three-point bending mode
in a nitrogen environment with a flow rate of 20.0 ml/min.
The test is conducted at multi-frequency from 2 Hz to 20
Hz at intervals of 2 Hz linearly with temperature scan from
20 to 160°C with a heating rate of 2°C/min, and a strain of
0.050 mm on rectangular samples with an approximate
dimension of 50 9 6 9 3 mm3. The sample maintained
isothermally for 5 min under 3-point bending mode before
the starting of multi-frequency mode for better
stabilization.

Table 1. Textile properties of the three different fabrics studied.

Cover factor (%)
Sl.
No.
1
2
3

Woven type
Plain 1 (P1)
Plain 2 (P2)
Weft rib (WR)

Yarn Count in
Tex

Yarn crimp (%)

Number of yarns
per cm

Fabric Thickness in
mm

GSM

Warp
(P)

Weft
(T)

Warp
(P)

Weft
(T)

Warp
(P)

Weft
(T)

Warp
(P)

Weft
(T)

0.42
0.73
0.72

161.02
296.6
300.45

79.18
74.28
82.12

91.78
80.24
53.01

80.1
182.3
65.3

85.1
166.8
182.9

7.23
6.53
10.05

9.54
11.06
5.96

18
12
22

20
12
11
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Figure 1. (a) Schematic of woven types prepared at OM Textile Industries. (b) Three types (two plain and one weft rib) of sisal woven
pattern.

Table 2. Different ASTM standards used to determine fabric properties.
Methods
Yarn testing methods

Properties

Yarn crimp
Yarn size
Fabric basic properties testing methods Fabric density
Fabric weight
Fabric thickness

Testing
Yarn crimp and yarn take-up in woven fabrics
Yarn number (linear density)
Warp (end) and filling (pick) count of woven fabrics
Mass per unit area (weight) of fabric
Thickness of textile materials

3. Experimental analysis
DMA is one of the most widely used techniques to
evaluate the viscoelastic behavior of polymer composite
materials. Among the different types of modes of test,
three-point bending is the best appropriate mode to
understand the influence of textile properties on the
dynamic composites. The complex modulus (E *) of the

Standard method
ASTM:
ASTM:
ASTM:
ASTM:
ASTM:

D3883
D1907
D3775
D3776
D1777

specimen is composed of an in-phase component G0 (or
storage modulus) and a G00 (or loss modulus) 90° out-ofphase component. The surface contact between fabric and
matrix of the composite material depends on textile
properties of the fabric and fiber loading. This in-depth
analysis to analyze the effect of textile physical properties
on composite over a range of temperature is called as
micro-finite element.
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The GSM and woven pattern are the two major textile
physical properties influences on mechanical properties of
composites significantly, the effect of these two properties
on thermo-mechanical properties of the composite is analyzed. Effect of GSM is analyzed by considering two fabrics with the same woven pattern (plain 1 and 2). Further,
the effect of the woven pattern is analyzed by considering
two fabrics with the same GSM (plain 2 and weft rib) but
different patterns.

3.1 Effect of GSM
P1 and P2 composites are analyzed to understand the effect
of GSM on thermo-mechanical properties of the fabric
reinforced composites. Effect of weight fraction (Wff) of
fabric on storage (G0 ) and loss modulus (G00 ) of P1 composites is shown in figure 2.
The storage modulus of composites under consideration
gradually reduces as the temperature rises. As the temperature increases, the composites undergo a three-phase
change that could be described as the glassy region, transition region, and rubbery area. Figure 2 can be divided into
three regions: first glassy region (room temperature to
90°C), second transition region (90–135°C), and third
rubbery region (above 130°C). The materials are in a frozen
phase in the glassy region where the molecules are tightly
packed with low mobility resulting in high storage modulus. When sisal fibers are reinforced into epoxy resin,
storage modulus a measure of the stiffness of the composite
increases with fiber loading [25] at room temperature and
even negligible increase above Tg. As illustrated that the
storage modulus at 30°C increases by 13% from 0.78 GPa
to 0.88 GPa with the addition of 40% P1 weave sisal fabrics
which has a mass per unit area of 161.02. The increase in
storage modulus could be attributed to an increase in surface area between sisal fiber and epoxy resin [26, 27].
Similar variation in storage modulus is observed for P2 type
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fabric reinforced composite also as seen in figure 3. The
acquired modulus is virtually identical to the flexural
modulus through the 3-point bending mode experiment.
The flexural modulus is an significant mechanical property
used to comprehend material’s rigidity [28]. Loss modulus
increases by 22%, which suggest that energy is being dissipated at the sisal fabric-epoxy matrix interaction. Since
the increase in G0 is 13%, while that of G00 is 25%, so the
inference is that there is a slip between fiber and matrix
phase and there is scope for improving the fiber–matrix
interface. Figure 4(d) shows micro-finite element model of
P1 based composite, the slip between fiber and matrix
interface are due to many reasons (i) the presence resin-rich
region between two yarns (X) is higher in P1 based composite, (ii) as thickness of fabric (Y) very less or finer –
lesser resistance to flow (molecular movement at higher
temperature) it may lead to slip between two plies, (iii) may
be very poor bonding between fiber and matrix surfaces.
From the above discussion, it is clear that G0 and G00 are the
function of fiber, matrix and the interface between fiber and
matrix.
Figure 3 shows the thermo-mechanical properties of P2
based composites, similar to the P1 composite this graph is
also divided into three regions. In case of P2 based composite, G0 and G00 values increase by adding 20% with 40%
of fiber loading. Thus it can clearly state the energy stored
with the addition of fiber and energy dissipated at the sisal
fabric matrix interface is more or less equal (energy stored
is increased by 23% and energy dissipated is 25%). Due to
the softening of the matrix in the composite, the G0 reduced
with increasing temperature. However, the G0 value of the
composites improved above the glass transition temperature
(Tg) area. The improvement in the G0 value even at elevated
temperature was found by adding fabric. Figure 3 shows
that G0 increases at 30°C with fiber loading and also significant change in stiffness value in the rubbery region.
Upon comparison of 60% and 20% P2 fabric epoxy composites it was evident that the improvement of G0 is maximum and observed to be 1.25 and 3.47 times higher in the
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Figure 2. Effect of P1 fiber Wff on dynamic mechanical
properties of P1 composite.

Figure 3. Effect of fiber wt% on dynamic mechanical properties
of P2 composite.
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Figure 4. Schematic diagram of micro-finite method analysis of dynamic properties with temperature.

G0 & G00 a f ðF; M; IÞ
From the figure 4 micro-finite element model, it clearly
shows that,
Where F = fiber region, M = Matrix region, I = Interface
between fiber and matrix (bonding).

P1 based composites have better storage and loss modulus compared to P2 composites seen in table 3. This is
proportional to the mass per unit area [13] as shown in
table 1. The G’ of P1 and P2 based composite increased by
12% and 23% by adding 40% fabric loading. This is
attributed to lower GSM fabric based composites exhibit
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0.04

0.4
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GSM on G'
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glassy and rubbery region respectively. The enhancement
of G0 of the composites in the rubbery region confirmed the
good matrix-fiber interaction [29–31].
At higher temperature (rubbery region) the mobility of
matrix materials increases, but yarn diameter offers to
interlock between two fabric face and offer a resist to the
molecular mobility and maintain stiffness even at elevated
temperature. However, yarn spacing also affects the
dynamic-mechanical properties of the composites. As the
yarn spacing increases, the presence of resin rich region and
leads to higher mobility at the higher temperature. The G00
is the measure of energy dissipation during sinusoidal
deformation during each cycle. The G00 changes are very
sensitive to matrix material’s molecular motion. The G00
improvement indicates the prominent impact of P2 fabric
on the composite’s molecular mobility. The incorporation
of higher GSM fabric increased the energy dissipation
capabilities of the epoxy composites.
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Figure 5. Comparison of DMA results of P1 and P2 composites
at 10 Hz for 40 Wff.
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Table 3. Effect of GSM on dynamic properties of composites.
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Figure 6. Effect of dynamic loading frequency on P1 based
composite (40 Wff).
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better properties, but a marginal change in G’ value is
observed for fabric loading. The G’’ of P1 and P2 based
composite increased by 27% and 25% by adding 40%
fabric loading at room temperature. It also observed that the
change in G’’ with fabric loading is negligible. It is also
observed that the G0 decreases with temperature in both P1
and P2 based composites. In addition to that in the glassy
region, the G0 values decrease drastically in P1 based
composite as compared to P2 composite. From this, as
shown microscopically in figure 5 that in P1 based composite having more slip region than that of P2 based composite. This clearly suggests that sisal fabric GSM has a
direct influence on the G0 values and marginal effect on the
G00 values. Microscopic analysis and comparative value of
G0 and G00 given in table 3 clearly indicate that thermomechanical properties are enhanced at room temperature by
finer fabric reinforcing. However, these properties are
enhanced for higher GSM at elevated temperature. At
higher temperature, a substantial reduction of the G0 and G00
values are observed due to the poor fiber–matrix interface
in P1 based composite. The glass transition temperature for
the P1 based composite shows a shift from 108 to 114°C
and which is not as significant as that for P2 based epoxy
matrix composites. However, Tg is not influenced by the
fiber density, since it is matrix dominated property. The
improvement of Tg of the P1 composites is superior to the
P2 epoxy composite this is attributed to the addition of finer
GSM fabric which enhances the chain stiffness or crosslinking of the matrix material.
Figures 6 and 7 show the variation of G0 and G00 with
frequency as a function of temperature for P1 and P2
composites respectively. With the frequency applied, the
magnitude of G0 and G00 rises. The frequency has a direct
impact on the composites’ dynamic modulus, especially at
elevated temperatures. The values of the storage modulus
start deteriorating at 90–100°C and continued until
130–140°C, depending on the fabric load and the fabric
type. The high dynamic modulus of the composites at high
frequency is due to the measurements taken for a short
period of time [31]. Frequency also had a similar effect on
G0 and G00 values as seen from table 4. The Tg increases
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Figure 7. Effect of dynamic loading frequency on P2 based
composite (40 Wff).
Table 4. Effect of frequency on dynamic properties of
composites.
Loss modulus
(GPa)
Woven
type

Frequency
(Hz)

Storage modulus (GPa)
at 30°C

At
30°C

Tg
(°C)

P1
(Wff 40)

2
6
10
14
2
6
10
14

0.79
0.80
0.81
0.82
0.45
0.46
0.47
0.48

0.043
0.039
0.037
0.036
0.025
0.024
0.023
0.022

105
107
114
117
110
112
114
117

P2
(Wff 40)

with temperature as a function of frequency from 105 to
117°C in P1 based composite and 110–117°C in P2 based
composites. Tg has always been reported to increase with
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Figure 8. Effect of Wff of fiber on dynamic mechanical properties of WR composite.
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Figure 9. Comparison of dynamic mechanical properties of WR
and P2 composite at 10 Hz.
Table 5. Effect of sisal Woven pattern on dynamic properties of
composites.
Loss
modulus
(GPa)
woven
type

Weight
fraction (Wff)

Storage modulus
(GPa) at 30°C

At
30°C

Tg
(°C)

20
40
60
20
40
60

1.63
1.66
1.70
0.42
0.47
0.52

0.07
0.08
0.09
0.020
0.023
0.025

115
117
119
112
111
112

WR

P2

1.8

2Hz

6Hz

10Hz

14Hz

Frequency on G'' peak

1.7
1.6

0.22

Frequency on G'

1.5

0.24

0.20

1.4

0.18

1.3
1.2

0.16

1.1

0.14

1.0

0.12

0.9

0.10

0.8
0.7

Change of Phase
Frequency on G''

0.6

0.08

Loss modulus (GPa)

WR (Weft Rib) and P2 (Plain 2) composites are analyzed to
evaluate the effect of the woven pattern on dynamic
mechanical properties of the composite. In WR based
composite, the G0 and G00 increase with fiber loading as
seen in P1 and P2 based composites. However, G0 increases
by 5% and G00 value 28% in WR based composite. From
figure 8 it is clearly understood that there is a significant
change in G00 compared to the G0 . This indicates that woven
pattern of the fabric plays a major role in thermo-mechanical properties of a composite. The significant change
in G0 with an increase in temperature is observed for WR
composites in the rubbery region which is not observed for
P1 and P2 composites. This indicates that woven pattern
influences dynamic mechanical properties of the fabric
composites. This may be due to the presence of one warp
yarn and two yarns in weft opposites (resistance) to flow of
molecular movements during higher temperature above Tg.
The G00 value having more influence on WR based composite below Tg and it clearly showed that energy is being
dissipated at the sisal fabric matrix interface. Since G0
increase from 1.63 to 1.70 GPa, while that of G00 increase
from 0.07 to 0.09 GPa, it could due to the slip between fiber
and matrix phase and there is scope for improving the fiber–
matrix interface. The values of thermo-mechanical properties based on fiber, matrix, and interface as explained in
micro-finite element model in figure 4.
As compared to P2 based composite, WR based composite G0 and G00 values increased by 3.2 and 3.6 times
respectively with the same mass per unit area. This clearly
suggests that sisal fiber woven pattern directly influences G0

0.25
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1.4

Storage modulus (GPa)

3.2 Effect of weave pattern

40% WR

1.6

Storage modulus (GPa)

frequency, higher the frequency greater is the Tg, but also
the degree of interlocking/cross-linking of the matrix system with fiber based on the geometrical parameters of the
fabric system. So, the G00 peak is related to the mobility of
the polymeric chain segments.
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Figure 10. Effect of dynamic loading frequency on dynamic
mechanical property of WR composite (40Wff).

and G00 of the fabric composite as shown in figure 9 and
table 5. However, G0 of P2 and WR based composites
increases by 23% and 5% respectively. While G00 values
increased by 25% and 28% respectively. This also indicated
that woven pattern directly influences on G0 and marginally
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Table 6. Effect of loading frequency on dynamic properties of
composites.
Loss modulus
(GPa)
Woven
type

Frequency
(Hz)

Storage modulus (GPa)
at 30°C

At
30°C

Tg
(°C)

WR
(Wff 40)

2
6
10
14
2
6
10
14

1.61
1.65
1.66
1.68
0.45
0.46
0.47
0.48

0.074
0.075
0.076
0.078
0.025
0.024
0.023
0.022

115
117
121
123
110
112
114
117

P2
(Wff 40)

Compared to P2 based composite, WR based composite
exhibits better performance/properties above Tg. The frequency also had a similar effect on G0 and G00 values as
from figure 10 and table 6. The G0 values and Tg values
increase as a function of frequency with decreasing G00
values. From the frequency response, it can be clearly
observed that as GSM of the fabric increases the change of
phase is observed between 95 and 105°C.

3.3 Water absorption
The water absorption tests were conducted for neat Epoxy,
P1, P2 and WR composites for 20 days with respect to
variations in weight fraction of fabric and mass per unit
area. Figure 11 shows the percentage of water absorption
by various composites at 30°C. The water absorption rate
increases up to 14 days, further negligible changes are
found in all composites. However, mass per unit area
influences on water intake properties. In case of neat epoxy,
water absorption is very negligible, by reinforcing sisal
fabrics the absorption rate increases. P1 type of composites
shows very less water intake percentage, it may be due to
the tightness of fabric. In case of P2 and WR the yarn
diameter is larger as compared to P1; it allows the flow of
water through yarns. As fabric becomes finer the mass per
unit area reduces and this in turn contributes to reduced
water absorption due to lower water inflow in yarns. It is
observed that tighter yarns show lesser water absorption
compared to soft yarns this is attributed to twist per unit
length, as it is lesser in soft yarns.

Figure 11. Water absorption of various epoxy reinforced sisal
composites at 30°C.

3.4 Micromechanical analysis of woven fabric

influences on G00 values. As seen in table 5, the Tg value
increase from 115 to 119°C for WR based composite, but
no significant change in Tg for P2 based composite.

Figure 12 shows a cross-sectional view of P1 based woven
fabric and it can be seen that fiber surfaces adhere to matrix
face. Due to the cross-linking of two yarns, matrix occupies
the gap between yarns, which does not have a significant

Figure 12. SEM image of P1 (a) and P2 (b) based fabric cross-section view.

Sådhanå (2020)45:14

Figure 13. SEM image of WR based fabric cross-section view.

effect at room temperature. However, as temperature
increases, molecules start moving with each other. In such
case adhesion between fibers to matrix plays a major role
and surface geometry also has a significant impact on the
molecular movement. It was clearly shown in figure 2 that
G0 values are almost equal after Tg up on fiber loading;
however, the G0 value in the rubbery plateau region found
to increase in P2 based woven fabric with an increase in
fiber content, this may be due to the effect of neither fiber
diameter nor the mass per unit area of the fabric. This
demonstrates improvement in elastic and load-bearing
properties in the rubbery region.
The G0 is found to be higher in WR based pattern due to
the effect of yarn density in the weft direction as shown in
figure 13. In WR based pattern two weft yarns are crosslinked with one warp yarn, it helps to prevent the slip
between two laminates by resisting the movement of
molecules. This evidenced in that the elastic and load
capacity bearing was found to be improved in the rubbery
region.

4. Conclusion
The dynamic mechanical properties of the three different
fabric reinforced epoxy composites are studied experimentally. Influence of GSM, woven pattern and fabric
loading on thermomechanical properties of fabric reinforced composites are analyzed. It is found that the storage
modulus and loss modulus increases with increasing in
fabric/fiber loading, due to good fabric and matrix interaction in all types of woven fabrics. However even though
G0 and G00 increased upon fiber loading, the fabric geometry
plays a major role even at elevated temperature.
The thermo-mechanical properties enhanced by finer
fabric, as GSM increases the storage and loss modulus are
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found to decrease. Secondly, as the diameter of the yarn
increases the stiffness of composite improved even at elevated temperature observed in the case of P2 woven, due to
the increase in the resistance to the mobility of molecules at
a higher temperature. Thermo-mechanical properties are
also improved by changing the woven pattern as observed
in the case of WR composite. Even though WR and P2
woven pattern have the same GSM, the thermo-mechanical
properties are improved by 3 to 4 times due to WR fabric. It
is also observed that woven pattern also has a significant
effect on the dynamic properties of composites. The value
of G0 and G00 increased with increasing frequency, as the
measurements were taken over a very short period of time.
The broadening of the loss modulus curve with increased
frequency signified that P2 and WR affected the molecular
motions of the epoxy network. The water absorption
depended on the yarn twist and fineness of the fabric. The
water intake increases due to the softness of the fabric and
also because of yarn diameter.
Acknowledgements
The authors are thankful for the financial support for DMA
machine by the All India Council for Technical Education
(AICTE), New Delhi (Grant: 20/AICTE/RIFD/RPS (POLICY-III) 76/2012-13) and Kevin P. Menard, Technical
Application Consultant at Mettler Toledo International, Inc.
for technical help. The authors would like to express their
gratitude towords Prof. M S Krupashankar, Department of
Mechanical Engineering, R.V. College of Engineering,
Bangalore for his support.

References
[1] David B, Dittenber, Hota V S and Ganga Rao 2012 Critical
review of recent publications on use of natural composites in
infrastructure. Compos. A Appl. Sci. Manuf. 43: 1419–1429
[2] Mathur V K 2006 Composite materials from local resources.
Constr. Build. Mater. 20: 470–477
[3] Ronald F and Gibson 2010 Review A review of recent
research on mechanics of multifunctional composite materials and structures. Compos. Struct. 92: 2793–2810
[4] Pickering S J 2006 Recycling technologies for thermoset
composite materials current status. Compos. A Appl. Sci.
Manuf. 27: 1206–1215
[5] Kim D O, Keum S W, Lee J H, Lee J H and Nam J D 2006
Thermally expandable elastomer molding process for thermoset composite materials. Compos. A Appl. Sci. Manuf. 37:
2121–2127
[6] Boyard N, Serre C and Vayer M 2007 A physical approach
to define a class a surface in polymer thermosetting
composite materials. J. Appl. Polym. Sci. 103: 451–461
[7] Rajesh M and Jayaraj Pitchaimani 2016 Dynamic mechanical analysis and free vibration behavior of intra-ply woven
natural fiber hybrid polymer composite. J. Reinf. Plast.
Comp. 35: 228–242

14

Page 10 of 10

[8] Fung K L, Xing X S, Li R K Y, Tjong S C and Mai Y W
2003 An investigation on the processing of sisal fibre
reinforced polypropylene composites. Compos. Sci. Technol.
63: 1255–1258
[9] Ping Tan, Liyong Tong, Steven G P and Takashi Ishikawa
2000 Behavior of 3D orthogonal woven CFRP composites.
Part I. Experimental investigation. Compos. A Appl. Sci.
Manuf. 31: 259–271
[10] Tang Z X and Postle R 2001 Mechanics of three-dimensional
braided structures for composite materials - Part II: prediction of the elastic moduli. Compos. Struct. 51: 451–457
[11] Paiva Junior C Z, Carvalho L H de, Fonseca V M, Monteiro
S N and Almeida J R M D 2004 Material Properties Analysis
of the tensile strength of polyester/hybrid ramie–cotton
fabric composites. Polym Test. 23: 131–135
[12] Behnaz Baghaei, Mikael Skrifvars and Lena Berglin 2015
Characterization of thermoplastic natural fibre composites
made from woven hybrid yarn prepregs with different weave
pattern. Compos. A Appl. Sci. Manuf. 76: 154–161
[13] Cevallos O A and Olivito R S 2015 Effects of fabric
parameters on the tensile behaviour of sustainable cementitious composites. Compos. B Eng. 69: 256–266.
[14] Dai S, Cunningham P R, Marhall S and Silva C 2015
Influence of fibre architecture on the tensile, compressive
and flexural behaviour of 3D woven composite. Compos. Part A Appl. Sci. Manuf. 69: 195–207
[15] Mouritz A P 2008 Tensile fatigue properties of 3D composites with through-thickness reinforcement. Compos. Sci.
Technol. 68: 2503–2510
[16] Behera B K and Dash B P 2015 Technical Report
Mechanical behavior of 3D woven composites, Mater. Design. 67: 261–271
[17] Alcock B, Cabrera N O, Barkoula N M, Spoelstra A B, Loos
J and Peijs T 2007 The mechanical properties of woven tape
all-polypropylene composites. Compos. A Appl. Sci. Manuf.
38: 147–161
[18] Brandt J Drechsier K and Arendts F J 1996 Mechanical
performance of composites based on various three-dimensional
woven-fiber performs. Compos. Sci. Technol. 56: 381–386
[19] Chou S, Chen H C and Chen H E 1992 Effect of weave
structure on mechanical fracture behavior of three dimensional carbon fiber reinforced epoxy resin composites.
Compos. Sci. Technol. 45: 23–35
[20] Stog F and Hallstrom S 2009 Assessment of the mechanical
properties of a new 3D woven fiber composites materials.
Compos. Sci. Technol. 69: 1686–1692
[21] Cox B N, Dadkhah M S, Morris W L and Flintoff J G 1994
Failure mechanism of 3D woven composite in tensile,

Sådhanå (2020)45:14

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

compression, and bending. Acta. Metall. Mater. 42:
3967–3984
Amaresh Gunge, Praveennath G Koppad, Nagamadhu M,
Kivade S B and Shivananda Murthy K V 2019 Study on
mechanical properties of alkali treated plain woven banana
fabric reinforced biodegradable composites. Compos. Commun. 13: 47–51
Nagamadhu M, Jeyaraj P and Mohan Kumar G C 2019
Mechanical and tribological behavior of woven sisal fabric.
Tribol. Ind. 41(4): 622–633. https://doi.org/10.24874/ti.2019.
41.04.14
Nagamadhu M, Jeyaraj P and Mohan Kumar G C 2019
Characterization and mechanical properties of sisal
fabric reinforced polyvinyl alcohol green composites:
effect of composition and loading direction. Mater. Res.
Express. 6(12): 125320. https://doi.org/10.1088/20531591/ab56b3
Subhash Nimanpure, Hashmi S A R, Rajnish Kumar,
Bhargaw H N, Rajeev Kumar, Prasanth Nair and Ajay Naik
2017 Mechanical, electrical, and thermal analysis of sisal
fibril/kenaf fiber hybrid polyester composites. Polym. Compos. 40(2): 1–13
Karoly F Fodor, Vijaya Chalivendra, Yong K Kim, and
Armand F Lewis 2019 Dynamic mechanical behavior of
flocked layer composite materials, Compos. Struct. 207:
677–683
Siew Sand Chee, Mohammad Jawaid, Sultan M T H, Othman
Y Alothman, and Luqman Chuah Abdullahad 2019 Thermomechanical and dynamic mechanical properties of bamboo/woven kenaf mat reinforced epoxy hybrid composites.
Compos. B Eng. 163: 165–174
Chee S S, Jawaid M and Sultan M T H 2019 Thermal
stability and dynamic mechanical properties of kenaf/bamboo fibre reinforced epoxy composites. BioResources 12:
7118–7132
Nitai Chandra Adak, Suman Chhetri, Naresh Chandra
Murmu, Pranab Samanta, Tapas Kuila and Joong Hee Lee
2019 Experimental and numerical investigation on the
mechanical characteristics of polyethylenimine functionalized graphene oxide incorporated woven carbon fibre/epoxy
composites. Compos. B Eng. 156: 240–251
Chhetri S, Samanta P, Murmu N C, Srivastava S K and Kuila
T 2016 Effect of dodecyal amine functionalized graphene on
the Mechanical and thermal properties of epoxy-based
composites, Polym. Eng. Sci. 56(11): 1221–1228
Ganguli S, Roy A K and Anderson D P 2008 Improved
thermal conductivity for chemically functionalized exfoliated graphite/epoxy composites. Carbon. 46(5): 806–817

