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ABSTRACT

This work deals with the use of Himalayan Nettle (a natural plant fiber) as a reinforcement in polyester resin
matrix and characterisation of as-formed nettle-polyester composite. Tensile test on single nettle fibers revealed
that the Young’s modulus and tensile strength decrease with increase in fiber diameter, and chemical composi-
tion test results show that the fiber has higher content of cellulose, hemi-cellulose and lignin that result in better
mechanical, biodegrading and thermal stability properties of the composite respectively. Characterization of
mechanical properties of randomly-oriented short himalayan nettle fiber reinforced-polyester resin matrix com-
posite was done using tensile, compression and flexural test results. New analytical models were developed
considering the effects of orientation and variation of fiber diameters for the determination of Young’s modulus
and tensile strength. The models are found to yield results which are in good correlation with experimental
results. Experimental modal analysis was carried out on cantilever beam specimens for determining material
and material plus structural damping ratios using half power band-width method. At higher frequencies, the
average damping ratios were found to be 4 to 10 times higher than polymer concrete, C.I. and steel materials.
Morphological analysis of the composite (SEM) revealed the structure of the nettle fiber to be hollow, which
helps to improve specific stiffness and vibration absorption ability.

Keywords: Natural Fiber-Nettle, Polymer Matrix-Polyester, Mechanical Properties, Natural Frequency, Damping
Ratio.

1. INTRODUCTION
One of the parameters that is being studied and researched
today in the field of machine tools is the reduction
of weight without sacrificing structural properties such
as stiffness and damping. High structural stiffness and
damping are desired properties in machine tool appli-
cations, as they lead to higher cutting speeds which
improve productivity (by reducing the cycle time). The
conventional machine tool materials have either high
stiffness or high damping capacity but suffer from a

∗Author to whom correspondence should be addressed.
Email: nmahendranet@gmail.com

major disadvantage of low strength to weight ratio. Com-
posite materials help to overcome the disadvantage of
conventional machine tool materials. The light weight
properties of natural fiber composites have been found to
result in improved specific stiffness and damping prop-
erties which will aid in enhancing the operating speed
in machine tool applications. Further, natural fiber pro-
duction and processing has lower adverse environmental
impact and energy requirement compared to synthetic fiber
production. Natural fiber composites need higher fiber
content for achieving performance equivalent to synthetic
fibers, thus reducing the more polluting polymer content in
composite.
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Rowell et al.�1� studied kenaf–polypropylene composite
and reported the tensile modulus and strength as 8.3 GPa
and 65 MPa respectively. Mohanty et al.�2� discussed
sustainable bio-composites synthesized from renewable
resources, classified the natural/bio fibers and concluded
that the main advantage of the bio-composite was high
specific stiffness and excellent sound absorption efficiency.
Summerscales et al.�3� state that hemp, flax, jute and kenaf
based thermoplastic matrix composites could be used to
build internal and external structures in automotive appli-
cations and reported aircraft panels, gear wheels and other
machine parts being manufactured using strong high grade
paper by nettle fiber reinforcing plastic. The same was
experimented by Britain’s Ministry of Aircraft Production
unit during the Second World War. Nishino et al.�4� studied
kenaf–polymer composite and reported a Young’s modulus
of 6.4 GPa, tensile strength of 60 MPa (for a volume frac-
tion of 70% fiber, 30% resin). Ochi�5� obtained 223 MPa as
tensile strength and 254 MPa as flexural strength in kenaf
reinforced PLA composites. Koichi et al.�6� reported that
the ramie fiber was alkali treated by 15% NaOH which
improved tensile strength by 4–18% (661 MPa) compared
to untreated ramie fiber (560 MPa) due to changes in
microfibrilar angles. Fracture strains drastically increased
2–3 times with a decrease in the microfibrils and with
the removal of binding materials around the microfib-
rils during mercerization. Bodros and Baley�7� studied and
analysed the tensile properties of urtica nettle fibers and
reported the average Young’s modulus and tensile proper-
ties. Young’s modulus equal to 87 GPa (±2.8) and ten-
sile strength equal to 1594 MPa (±640) and a strain at
failure equal to 2.11% (±0.83) were reported. They also
suggested this fiber to be suitable for structural compos-
ite manufacturing they also found that Young’s modulus
decreased with increasing fiber diameter. Singha and Vijay
Kumar Thakur�8� revealed the mechanical properties of
hibiscus sabdariffa fiber as reinforcing material in urea-
formaldehyde resin matrix and found that particle rein-
forced composite have a lesser wear rate than short and
long fiber reinforced composite. Xie et al.�9� concluded
that the silane treatment of the fiber increases interfa-
cial adhesion between fiber and polymer which increased
the mechanical properties of the composite. Athijayamani
et al.�10� analysed roselle and sisal natural fiber reinforced
polyester composite; the hybrid fiber reinforced polyester
composite was prepared based on the fiber content in
weight (%) and length of the fibers used. It was reported
that, by increasing the fiber content to 30% where the
length of the fiber was 150 mm in 70% resin, the compos-
ite exhibited increased tensile strength of 58.7 MPa and
also increased flexural strength of 76.5 MPa but the impact
strength was found to decrease 1.32 kJ/m2.
The main focus of this research is to develop a

new natural fiber composite for machine tool applica-
tions to enhance the static and dynamic performance

of the machine tool with low energy consumption and
cost. In this study, mechanical and dynamic properties of
a newly-developed randomly oriented, short Himalayan
nettle-polyester composite were studied. At first, the
morphological, mechanical and chemical properties of
the himalayan nettle fiber were investigated. Steel dies
were developed to manufacture composite specimens of
required volume fractions for different mechanical tests as
per ASTM standards. Tensile, compressive, flexural and
damping (material and material plus structural) tests were
carried out on the composite specimens. A new analytical
model was developed for tensile modulus and strength of
the composite considering the effects of fiber orientation
and variation in fiber diameters. The analytical results were
compared with experimental results. Finally, post-testing,
the results are discussed and conclusions are presented.

2. EXPERIMENTAL DETAILS
2.1. Fiber Properties
The Himalayan nettle (Girardinia heterophylla) fiber stud-
ied was procured from Uttarakhand Bamboo and Fiber
Development Board; India (cost Rs. 400/kg). It is found
to be hollow in nature. The mechanical properties of bast
fibers, such as tensile strength and modulus of elastic-
ity are related to the composition, and the external and
internal structures of the fibers. The external structure of
the fiber has different cross-sectional geometry and also
contains many defects along the length, which may affect
the mechanical properties. Nettle fiber was pre-treated
by immersing the fibers in sodium hydroxide (NaOH)
(6–10%) aqueous solution for a period of 24 hours and
dried; this modifies the surface roughness of the exter-
nal surface of the fiber before introduction into polymer
matrix and hence results in improved mechanical proper-
ties through better binding effect.�11�

2.1.1. Mechanical Properties
The cross section of the fiber is assumed as circular and
its diameter is not constant along the length. Investiga-
tions were carried out on 90 samples of himalayan nettle
(Girardinia heterophylla) fiber to determine mechanical
(effective Young’s modulus and tensile strength) prop-
erties versus diameter. Fiber mean diameters (outer and
inner) are calculated from the measurement of diameters
at multiple linear positions along their length by optical
microscopy. Ten distinct classes i were formed based on
fiber outside diameters ranging from 50 to 150 �m, with
a class interval of 10 �m. Tensile test was carried out on
a computerized (Zwick-Roell) universal testing machine
(100 N load cell) as per ASTM D3822 for different diam-
eters of fibers at standard laboratory atmosphere (23 �C±
3 �C and 50± 10% relative humidity). Each fiber was
clamped using wedge grips at a grip length of 37.5 mm on
each side. A gauge length of 25 mm and cross head speed
of 2.5 mm/min were used for effective Young’s modulus
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measurement and the results are summarised in Table I,
where ni-number of fibers in each class i, doi and dii-
mean outer and inner diameters in each class i, Ei and
�i-mean Young’s modulus and tensile strength of fiber in
each class i respectively. The Young’s modulus Ei and ten-
sile strength �i depend on fiber diameters (doi, dii� and are
found to decrease with increase in fiber diameter. The same
trend was observed in flax fibers.�12� Equation (1) repre-
sents the longitudinal Young’s modulus of a unidirectional
fiber composite material proposed by Lamy and Baley.�12�

Ec =
n∑

i=1

Vfi ×Ei+ �1−Vf �×Em (1)

where i is the class number, Vfi is the volume fraction of
fibers with outer and inner diameters doi and dii respec-
tively and is proportional to the cross section of fibres i and
hence to ni×0�55do2

i derived from diametrical ratios (Dri�
which is found to be equal to 1.5 and are represented in
Eqs. (2) and (3), Em is the Young’s modulus of the matrix;
Vf is the total volume fraction of fibers denoted in Eq. (4).

Dri =
doi
dii

= 1�5 (2)

do2
i −di2i = 0�55 do2

i (3)

Vf =
n∑

i=1

Vfi (4)

The first term in Eq. (1) can be expressed as follows
n∑

i=1

Vfi×Ei = Vf ×
n∑

i=1

Vii

Vf

Ei =Vf ×
n∑

i=1

ni×0�55do2
i∑n

i=1 ni×0�55do2
i

Ei

(5)
Equations (6) and (7) represent the contribution of Young’s
modulus and tensile strength of fibers of class ni (mean
diameter doi and dii� to the Young’s modulus (Ef � and
tensile strength (�f ) and the same are denoted by Ki and
Si respectively. Values of these contributions are given in
Table I.

Ki =
ni×0�55do2

i∑n
i=1 ni×0�55do2

i

×Ei (6)

Si =
ni×0�55do2

i∑n
i=1 ni×0�55do2

i

×�i (7)

Table I. Sample of himalayan nettle fibers, values ni, doi , Ei, �i , �i, Vfi , Ki, and Si.

Class i 1 2 3 4 5 6 7 8 9 10

ni 7 10 12 7 10 5 12 10 8 9
doi 54�190 64�483 72�243 84�405 94�942 106�708 114�009 126�915 135�577 145�646
dii 36�595 43�403 50�499 56�526 63�442 71�150 75�924 84�350 88�693 96�551
Dri = doi/dii 1�5 1�5 1�4 1�5 1�5 1�5 1�5 1�5 1�5 1�5
Ei 75�3 70�0 67�7 62�5 62�3 61�6 61�3 61�1 60�7 60�3
�i 100�0 99�2 97�5 92�9 92�6 87�6 86�6 83�0 80�0 78�9
�i 2�7 2�6 2�6 2�5 2�5 2�3 2�1 2�0 1�9 1�8
Vfi = ni ×0�55do2

i 11306 22869 34446 27428 49577 31313 85787 88591 80877 105003 537197.1
Ki 1�584 2�980 4�338 3�190 5�750 3�588 9�793 10�075 9�134 11�780 Ef = 62
Si 2�546 4�751 6�798 4�761 8�559 5�052 13�633 13�441 11�745 14�938 �f = 86

The following expressions represents the summed value of
Ef and �f ,

Ef =
n∑

i=1

ni×0�55do2
i∑n

i=1 ni×0�55do2
i

Ei (8)

�f =
n∑

i=1

ni×0�55do2
i∑n

i=1 ni×0�55do2
i

�i (9)

For the sample of fibers tested, the summed value of
Young’s modulus and tensile strength were calculated as
Ef = 62 GPa and �f = 86 MPa respectively using the
Eqs. (8) and (9). From Eqs. (10) and (11) it can be seen
that 30% of fibers (from classes 8 to 10) contribute to 50%
and 47% of the summed modulus Ef and tensile strength
�f of fibers respectively.

10∑
i=8

Ki = 50% Ef (10)

10∑
i=8

Si = 47% �f (11)

Hence, by proper selection of fiber diameters, the elastic
properties of the randomly oriented short nettle fiber rein-
forced polyester composite can be improved.

2.1.2. Chemical Properties
High degree of polymerization and low microfibrilar
angles result in improved mechanical properties in nat-
ural fibers.�12� Microfibrils angles strongly influence the
mechanical properties of the fibers. Similarly they are also
influenced by the type of cellulose. Each type of cellulose
has its own cell geometry. The natural fiber has higher con-
tent of cellulose which yields better mechanical properties,
similarly hemi-cellulose and lignin influences biodegrad-
ing and thermal stability of the composite. The chemical
properties of the fibers were tested and the observations
are presented in Table II. The results clearly show that
himalayan nettle has properties similar to other natural
stinging nettle fiber.�13� The density of the himalayan net-
tle fiber was found to be 1250 kg/m3, while the density
of stinging nettle fiber is 1510 kg/m3�13� and hence it is
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Table II. Properties of himalayan nettle fiber (Girardinia heterophylla).

Diameter (�m) 50–150
Density (g/cm3� 1�25
Celluse (%) 85�93
Hemicellulose (%) 6�8
Lignin (%) 5�49
Waxes (%) 0�08
Elongation at breaks (%) 2
Tensile strength (MPa) 86
Young’s modulus (GPa) 62

clear that himalayan nettle has lower density. Hence for
the same geometrical parameters, the natural fiber shows
higher specific stiffness.�14� The density of the natural
fibers is half that of the synthetic fibers.

2.2. Matrix Properties
Table III shows typical properties of unsaturated polyester
resin matrix as supplied by MNP chemicals, India (cost Rs.
150/kg). It has good mechanical, impact and wear resis-
tance properties. Thus, the polyester resin matrix selected
is a good candidate for the chosen composite application.
For the characterization of the mechanical and dynamic

properties as per ASTM standards, tensile (D3039,
250× 25× 2�5 mm), compression (D695, 25�4× 25�4×
25�4 mm), flexural (D6272, 127×12�7×3�2 mm) and can-
tilever beam specimens (500×25×15 mm) of the compos-
ite consisting of randomly oriented short nettle fiber and
polyester resin was prepared using compression mould-
ing technique at a pressure of 1 MPa (10 bar) and room
temperature. Prior to compression moulding the fiber was
stored at (23 �C± 2 �C and 50± 5% relative humidity)
for a period of 40 hours. The mixing ratioby volume frac-
tion of short nettle–fiber and polyester–resin was chosen
as 38% and 62% respectively for manufacturing the nettle-
polyester composite. This ratio was arrived at based on
preliminary experimental investigations on strength and
fiber-resin binding. The fibers were cut to 25 mm length
for better fiber dispersion, effective reinforcement and
stress transfer in polyester matrix.�15� The fibres were then
weighed and kept in a tray, and 250 grams of polyester
resin was added with 2% (i.e., 5 g) accelerator and then 2%
(5 g) catalyst in a beaker and were stirred till a homoge-
nous mixture was obtained.

Table III. Properties of polyester matrix [product of literature].

Appearance Pale yellow colour

Viscosity (cps) 650
Density (g/cm3� 1.15
Elongation at breaks (%) 4.8
Tensile strength (MPa) 41±1.6
Young’s modulus (GPa) 1±0.004
Flexural strength (MPa) 61±2.26
Flexural modulus(MPa) 2.2461±0.0022
Poisson’s ratio 0.38

The die fabricated for compression moulding process
consists of two halves, namely, top and bottom mould.
The same die can be used to make different specimens as
per ASTM standards by adjusting the height of the top
mould punch. Mild steel and EN 24 were used as materials
for the fabrication of the modular die. Another mild steel
die was used to make cantilever beam specimens for the
determination of natural frequency and damping ratio of
the composite.

2.3. Molding and Machining
Using standard tools, the moulds were prepared and then
mould release agent wax and PVOH (Polyvinyl Alcohol)
were applied over the steel die surfaces for facilitating the
removal of specimens. Using a measuring jar, 2.5 ml of the
matrix mix was poured onto the bottom of the mould. Then
the first layer of short nettle fiber was placed randomly
over the added mix. An additional 2.5 ml of mix was added
over the nettle fiber layer that had been already placed
in the die and the second layer of fiber was placed over
the matrix mix. The procedure was repeated till the mould
cavity was filled with composite material. Now the top
and bottom mould cavities were fitted on to the top and
bottom platens of the compression moulding machine. The
mould was closed and pressed at 1 MPa (10 bar) pressure
at room temperature.�15� Due to exothermic reaction, the
temperature of the mould increased up to 80–100 �C. After
the composite was cured, the mould was opened carefully
and the composite sample was removed.
The moulded specimens were machined by using

milling and grinding machines to achieve dimensions of
the standard specimen. The sequences of machining oper-
ations employed are edge milling to ensure that the com-
posite specimen is free from cracks and dents in both
the edges, flat surface grinding to maintain parallelism
and thickness of the composite specimen and finally the
specimen length, width and thickness dimensions were
inspected to ensure conformity with ASTM standards.

2.4. Morphology Analysis
Images were taken with scanning electron microscope
(SEM) for making morphological study of the composite.
This helped in the study of dynamic properties and failure
mechanisms of the composite. SEM image in Figure 1(a)
shows the strong bond formation between nettle fiber and
polyester matrix. This strongly influences better load trans-
fer from matrix to short fiber from one end to the other
end which will lead to better performance. The impor-
tant modification done by alkaline treatment is the disrup-
tion of hydrogen bonding in the network structure, thereby
increasing surface roughness.�16� The pretreatment of net-
tle fiber in (6–10%) aqueous solution of NaOH resulted
in the removal of lignin and hemicelluloses from the fiber
surface. This improved outer surface roughness, results
in enhancement of aspect ratio which helps to obtain
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(a)

Voids 

Highly bonded
Fiber and matrix

(b)

Improved surface
roughness 

(c)

Fiber hollow
structure

Fibers
pull out

Matrix
crack

Fiber
fracture

(d)

(e)

Fiber Kink
band failure

(f)

Fiber hollow
structure

Fibers fracture
under flexural

load

Fig. 1. (a) Fiber-matrix adhesion-×20, (b) Nettle fiber-surface modification-×20 and (c) Nettle fiber-hollow cross sectional view-×100, (d) Tensile
test-fiber pull out and fracture,-×20, (e) Compression test Fiber-kink band failure,-×10, (f) Flexural test-Fiber fracture,-×20.

improved interface adhesion between fiber and matrix�17�

as shown in Figure 1(b) and also the random orienta-
tion of the nettle fiber in resin matrix can be clearly
seen from the same figure. Figure 1(c) reveals the hol-
low structure of the nettle fiber. The hollow structure is
expected to improve the specific stiffness and vibration
absorption (damping) ability of the composite material.�18�

The fiber orientation decides the mechanical properties of
the composite. The random orientation of the short fiber
produced isotropic composite material which had proper-
ties that did not vary with direction.�19� The random ori-
entation helped to improve the resistance to slip (defect
movement), thereby increasing the load carrying capacity
of the material. Figure 1(a) shows the presence of voids
in the form of air bubbles or air tunnels. The main cause
for the void formation is high exothermic temperature pro-
duced by the addition of excess accelerator and catalyst
for quick curing.

3. RESULTS
3.1. Mechanical and Dynamic Properties
3.1.1. Tensile Strength
Tensile test was carried out on a computerized (Zwick-
Roell) universal testing machine as per ASTM D3039 stan-
dard with a flat specimen of size 250× 25× 2�5 mm at
standard laboratory atmosphere (23 �C± 3 �C and 50±
10% relative humidity). The specimen was clamped using
wedge grips at a grip length of 45 mm on each side.
A gauge length of 150 mm and cross head speed of
2 mm/min was used for tensile strength measurement. The
tests were conducted on 20 samples and the average values
and standard deviation results are reported. From the failed
specimens of tensile tested composite samples, two com-
mon types of failure were identified; LGM (lateral gage
middle) and AGM (angled gage middle), representing fail-
ure type, area and location respectively. Figure 2(a) shows
the test results as tensile stress in (MPa) versus elongation
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(a)

(c) (d)

(b)

Fig. 2. (a) Tensile stress versus Extension plot (tensile test), (b) compressive stress versus deformation plot (test method-1, compressive load parallel
to lay up direction) (c) compressive stress versus Deformation plot (test method-2, compressive load normal to lay up direction), and (d) flexural
stress versus deformation plot (four point flexural test).

in (%). The average tensile strength was observed as 30±
0�8 MPa at 1�0±0�1% extension with the average elastic
modulus being 2�936±0�396 GPa.

3.1.2. Compressive Strength
Compression test was carried out on computerized (Zwick-
Roell) universal testing machine as per ASTM D695
standard with the cubic specimen of size 25�4× 25�4×
25�4 mm at standard laboratory atmosphere (23 �C±2 �C
and 50±5% relative humidity). The specimen was placed
between the top and bottom jaws of the hardened compres-
sion base and cross head speed of 1.3 mm/min was used
for compressive strength measurement. The tests were con-
ducted on 20 samples and the average values and standard
deviation results are reported. Figures 2(b) and (c) show
the results as compressive stress in (MPa) versus com-
pression in (%) for the applied load conditions of parallel
and normal-to-fiber and matrix layup (stacking) direction.
Average compressive strength of 98�5± 2�5 MPa at 13±
0�5% compression (parallel) and 110±7 MPa at 14±2�5%
compression (normal) were observed.

3.1.3. Flexural Strength
The four point flexural test was carried out on a com-
puterized (Zwick-Roell) universal testing machine as per
ASTM D6272 standard with a flat specimen of size

125×12�7×3�2 mm at standard laboratory atmosphere
(23 �C±2 �C and 50± 5% relative humidity). The spec-
imen was supported and loaded by two steel hardened
cylindrical rollers of same radius and geometry. The roller
position and alignment were controlled with the help of
alignment gauge and cross head speed of 1.4 mm/min was
used for flexural strength measurement. The tests were
conducted on 20 samples and the average values and stan-
dard deviation results are reported. From the failed spec-
imens of flexure tested composite samples, two common
types of failure were identified; TAT (tension, at loading
nose, top) and TBM (tension, between loading noses, mid-
dle) representing failure mode, area and location respec-
tively. Figure 2(d) shows the test results as flexural stress
in (MPa) against deformation in (%). The average flexu-
ral strength was obtained as 208± 9�5 MPa at 3± 0�4%
deformation.
Figures 2(a)–(d) show tensile, compression (normal,

parallel) and flexural test results plot for nettle fiber
reinforced-polyester resin matrix composite at 38% of fiber
loadings.

3.2. Analytical Models for Tensile Properties
The development of mathematical models for the predic-
tion of mechanical properties through the use of ROM has
been widely reported in literature. By using such models,
the conduct of costly and time consuming experiments can
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be avoided. These models should be accurate and have to
be validated in order to use it reliably.

3.2.1. Parallel Model
The parallel ROM is also called a uniform strain model�20�

and is used to determine the Young’s modulus (Ec� and
tensile strength (�c� of composites in which fibers are ori-
ented along the direction of loading. Equation (12) repre-
sents the parallel rule of mixture (ROM) used to predict
the elastic modulus.

Ec = Vf ×Ef +Vm×Em (12)

3.2.2. Series Model
The series model is also called a uniform stress model�20�

and is used to determine the Young’s modulus and tensile
strength of composites in which fibers are oriented per-
pendicular to the direction of loading. The Eq. (13) for
predicting the elastic modulus according to this model is
given by,

Ec =
Ef ×Em

Vf ×Em+Vm×Ef

(13)

3.2.3. Hirsch’s Model
The Hirsch’s model is a combination of series model and
parallel model and is used for determining the properties
of composites with randomly oriented fibers. Equation (14)
represents the Hirsch’s model of ROM’s. The coefficient
x varies from 0 to 1 which is an indication of the, stress
transfer between the fibers and the matrix.�21�

Ec = x× �Vf ×Ef +Vm×Em�

+ �1−x�× Ef ×Em

Vf ×Em+Vm×Ef

(14)

3.2.4. Proposed Model
Equation (15) is the modified parallel ROM developed by
Sreekumar et al.�15� by adding an additional coefficient �
to account for the weakening of composite due to the fiber
orientation in parallel ROM Eq. (12). The coefficient �
varies between 0 and 1, with 1 representing fiber orienting
along the loading direction.

Ec = �×Vf ×Ef +Vm×Em (15)

Lamy and Baley�12� adopted the parallel model and mod-
ified it to include the effect of fiber diameter in the com-
posite. The effect of fiber orientation was not included in
their work.
In this work, three new models (Model-1, Model-2 and

Model-3) are developed to predict the tensile properties of
the composite by ROM, by modifying the parallel, series
and Hirsch’s models respectively, to include the effects of
both fiber orientation and variation in fiber diameters.
The modified parallel model (model-1) represented in

Eq. (16) includes the effect of variation in fiber diameters

in the model developed by Sreekumar et al.�15� The vari-
ation in fiber diameter is accounted by considering the
contribution of Young’s modulus of fibers of each class
i in the calculation of Young’s modulus of composite
and hence, this equation is likely to make more accurate
predictions.

Ec = �

{( n∑
i=1

ni×0�55do2
i

)
×
( n∑

i=1

ni×0�55do2
i∑n

i=1ni×0�55do2
i

×Ei

)}

+
{(

1−
n∑

i=1

ni×0�55do2
i

)
×Em

}
(16)

Equation (17) is the modified series model (model-2)
which includes the effect of both fiber orientation and vari-
ation in fiber diameters in the series model.

Ec =
((∑n

i=1

ni×0�55do2
i∑n
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(17)

Equation (18) is the modified Hirsch’s model (model-3)
which combines the modified parallel and modified series
model.
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)
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+
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(18)

Similarly, the modified parallel, series and Hirsch’s model
(model 1, 2 and 3) for tensile strength are given by
Eqs. (19)–(21) respectively.
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(21)

where �, x-orientation and stress transfer coefficients.
For better correlation between the analytical and exper-

imental results, the values of x and � were varied between
the limits and investigations were carried out.

4. DISCUSSION
4.1. Tensile Strength
Figure 3 and Table IV show the comparison of theoreti-
cal and experimental Young’s modulus (Ec� and (�c� ten-
sile strength of the composite obtained using the models
developed. In the case of Young’s modulus, both modi-
fied parallel model (model-1) and modified Hirsch’s model
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Fig. 3. Comparison of analytical and experimental tensile properties
of nettle fibers. (a) Young’s modulus (b) Tensile strength.

(model 3) are in good correlation with the experimental
value with � = 0�1 and x = 0�1 and the corresponding
deviations were found to be only 0.666% and 0.333%
respectively. This implies that the short nettle fibers are
randomly oriented rather than being oriented along the ten-
sile load direction.�15	20� The value of x is found to be
low, which indicates that the bonding strength (mechanical
interlocking between fiber and matrix) is affected by the
presence of voids and fiber surface irregularities. But the
modified series model (model-2) deviated drastically from
the experimental value. Similarly, in the case of tensile

Table IV. Comparison of analytical and experimental Young’s modulus
and Tensile strength at � = 0�1 and x = 0�1.

Experimental E = 3 GPa Experimental � = 30 MPa

Model E (GPa) Deviation (%) Model � (MPa) Deviation (%)

1 2.98 0�6667 1 28.69 4.366
2 1.03 65�6667 2 38.87 29.5667
3 2.99 0�3333 3 38.09 26.9667
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strength, modified parallel model (model-1) showed good
correlation with the experimental value with a deviation
of 4.366%, while the other two models had a deviation of
more than 26%.
Figure 4 is the schematic diagrams illustrating various

failure modes of composite material when subjected to ten-
sile load like matrix crack propagation and matrix crack
and fiber fracture.
During initial loading, the micro cracks which had been

already present in the matrix due to residual thermal
stress�22� were enlarged. In a fiber, lignin and hemicellu-
lose are present in the primary wall crystalline cellulose
microfibrils network. Cellulose, hemicellulose and lignin
with pectin act as bonding agent�3� and hold the microfib-
rils in position and resist slip formation up to some extent
of tensile loading. But a treatment with higher content of
NaOH (8 and 10%) causes extensive removal of lignin
and hemicelluloses.�11� Due to this, the binding effect is
reduced and this influences lateral contraction and easy
microfibrils deformation. This reduces the frictional resis-
tance of microfibrils and de-bonding of fiber from matrix
is initiated as shown in Figure 1(d). Due to the presence of
voids in the matrix, the cracks suddenly propagated. Then,
the sample fractured at a stress far below the yield strength.
This could bebecause stress concentration at polymer voids
(air bubbles or air tunnel) initiated matrix shear or crack

(a)

(b)

Fig. 4. Schematic diagrams showing the formation of failure modes
of tensile test. (a) Matrix crack propagation, and (b) matrix crack and
fiber fracture.

in matrix material by nucleating the voids,�23� that grew
and linked, ultimately causing crack at different locations
and at different angles. Further, incremental tensile load
in the composite caused the fibers to get debonded from
the matrix and as a result of it they were pulled out eas-
ily from matrix resulting in fracture which resulted in the
lower tensile properties of the composite. The result shows
that the composite was weaker in shear than in tension
at maximum loads, because slip was developed along the
plane of maximum shear stress 45� and cause fiber frac-
ture (shear failure) with respect to longitudinal axis of
the tensile specimen. This is an interfacial failure, which
results in loss of surface smoothness and defibrillation of
the fiber.�21� This is an evidence to show that the compos-
ite behaviour is ductile in nature. Epaarachchi et al.�24� and
Sathishkumar et al.�25� observed the similar trend in exper-
imental tensile modulus and strength for cotton-vinylester
and snake grass-polyester composite respectively.

4.2. Compressive Strength
Two compressive tests were conducted as per ASTM D695
standard; the compressive load was applied parallel and
normal to fiber and matrix layup direction. In the first test
method, the major failure modes are elastic-micro buckling
of fibers–kink band, pure compressive failure and shear
failure in fiber.�26� Figure 5 shows schematic diagrams of
sequential formation of kinking failure mode.
When the specimen was subjected to axial compres-

sive load, elastic micro buckling failure mode of the fibers
oriented along the loading direction was observed. On
increasing the load, matrix strength and hardness prevented
fiber bending�27� as the matrix tends to started yielding
by strain hardening effect. Moreover, there was no fur-
ther increase in stress, but there was an increase in strain.
Further incremental loading locally initiated fiber frac-
ture because of insufficient lateral support of fiber and
poor fiber–matrix interfacial bonding strength at matrix
free-edge region, voids in matrix and also micro crack
defects present in the fiber. Finally, the random fibers in
the composite specimen fractured, due to the development
of matrix cracks after matrix yielding and excessive bend-
ing during micro buckling�27� as shown in Figure 1(e).
Now, it lost its structural integrity and the specimen col-
lapsed. Bartosz et al.�28� observed the similar kind of fail-
ure mechanism and experimental compressive strength in
hemp-polyester composite.
In the second compression test method, the loading

direction is normal to fiber and matrix layup direction. The
major failure modes were lateral contraction of fibers, bar-
rel formation and crushing failure mode. Figure 6 shows
the sequential failure modes in the second compression
test method.
The normally aligned fiber and matrix layer, when

subjected to initial compressive load exhibited lateral
contraction of fibers and matrix yielding. Further incre-
mental loading caused an increase in strain but not in
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(a)

(b)

Fig. 5. Schematic diagrams showing the formation of failure modes
of compression test (parallel). (a) In-plane buckling of fibers layers
cause deformation of fibers via micro buckling and (b) fibers kinking
phenomena and shear causing catastrophic failure.

stress. The matrix started to yield by strain hardening
effect and transverse cracks on matrix were initiated. The
high extensibility and toughness which are inherent prop-
erties of the nettle fiber make it withstand the stress applied
and prevent catarascopic failure of the composite.�21� It is
evident from the stress–strain curve obtained in the com-
pression test and is shown in Figure 2(c). After the
shear failure of the matrix, the fiber de-bonded from it
and was subjected to bending load. It produced com-
pressive and tensile stresses on the inner and outer sur-
faces of the fiber, thereby initiating fiber shear. At the
same time, highly compressed, failed and brittle micro-
particles of the matrix helped to increase this fiber shear
rate. Now, the composite specimen entered into crush-
ing failure mode due to higher fiber volume packing,
because of the accumulation of failed fibers and failed
brittle micro-particles of matrix over one another. Thus,

(a)

(b)

Fig. 6. Schematic diagrams showing the formation of failure modes
of compression test (normal). (a) Lateral contraction of fibers cause
barrel formation and (b) Crushing failure mode.

normal compressive testing condition yield higher com-
pressive strength than parallel compressive testing condi-
tion as shown in Figures 2(b), (c).

4.3. Flexural Strength
The supporting span-to-depth ratio of 16:1 is chosen for
four point flexural test. Flexural strength is the stress in the
outer most fiber at convex side of the composite specimen.
Tensile stress on the convex side and compression stress
on the concave side create shear stress on the middle por-
tion of the specimen. To find whether the primary failure
occurred due to tension or compression stress, the shear
stress should be minimized. In a three-point flexural test,
the area of uniform stress is small and hence concentrated
load acts below the center loading point producing shear
failure at specimen. But, in a four-point flexural test, the
area of uniform stress exists between the inner span load-
ing points which reduces shear failure. The major failure
modes are matrix cracks and fiber fragmentation on ten-
sile stress surface. Figure 7 shows schematic diagrams of
sequential failure modes of flexural test.
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(a)

(b)

Fig. 7. Schematic diagrams showing the formation of failure mode.
(a) Matrix cracks. (b) Fibers fragmentation.

Since the reinforcing material (nettle fiber) has a hol-
low structure by nature as shown in Figures 1(c), (f) the
composite exhibits more bending stiffness and specific
rigidity.�18� At initial load quasi–linear part reveals that the
matrix started to yield by strain hardening effect and trans-
verse cracks were initiated on it. This shows that there
was no further increase in stress but there is an increase in
strain and thereby influencing the fiber shear after matrix
yielding. Also, the randomly dispersed short nettle fibers
helped to bridge the voids in the matrix and reduced micro
crack propagation rate in the matrix at the maximum bend-
ing stress. Further incremental load caused a small crack
zone formation due to fiber elongation and de-bonding at
the outer surface, where the stress was maximum. More-
over, as the bending moment increased, the crack zone
grew inwards from the surface, and at the maxima, the
crack zone penetrated through the section of the beam by

Table V. Dynamic characteristics of the cantilever beam composite specimen obtained by impulse dynamic test.

Mode 1 Mode 2

Test Hanging/overhanging Natural Damping Natural Damping
configuration distance (mm) frequency (Hz) ratio frequency (Hz) ratio

Material damping

100 20.507 0.442 78.125 0.039
200 20.507 0.422 78.125 0.024
300 20.507 0.414 77.148 0.022

Material+Structural damping
250 19.531 0.427 59.57 0.036
350 28.32 0.053
450 17.578 0.032

matrix crack linkage. The brittle matrix underwent shear
failure at the fiber matrix interface. Now the failure was
caused by constant compressive and tensile stress distribu-
tion on the entire cross sectional area of the specimen.�23�

As a result, fracture developed along the matrix cracks
and fiber shear zones producing fiber fragmentation failure
mode and then finally fail catastrophically. The composite
prepared by compression moulding process at a fiber vol-
ume fraction of 38% shows maximum flexural strength,
Sreekumar et al.�15� and Sathishkumar et al.�25� reported
similar results in sisal–polyester and snake grass-polyester
composite respectively.

4.4. Free Vibration Modal Analysis
The dynamic characteristics of the composite cantilever
beam specimen were obtained by impulse dynamic test.
To measure material and structural damping ratio, time
domain data and frequency domain data were recorded
using LabVIEW software, DAQ (NI 9234) and the
accelerometer-(DYTRAN3097A2, sensitivity 96.72 mV/g)
mounted on the top of the composite beam using bee wax.
The impact force was applied with the help of impact
hammer to excite the beam. The damping ratios (
) were
estimated using the half power bandwidth method�29� using
the Eq. (22).


 = f2− f1
2fn

(22)

Here f2 − f1 and n, fn represent half power band width
and the corresponding frequency, respectively. The natu-
ral frequencies of the beam material and structural modes
along with the corresponding damping ratios are listed in
Table V. It can be observed that the cantilever beam com-
posite specimen has a large material damping ratio at fun-
damental natural frequency. Its value was found to be in
the (order 10−1� range of 0.35 to 0.45, which was associ-
ated with its fundamental natural frequency of 20.507 Hz.
At higher frequencies, the damping ratio was found to be
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in the (order 10−2� range of 0.02 to 0.04 and the corre-
sponding frequency was found to be 78.125 Hz. Similarly,
for structural damping, the damping ratios were found
to be in the (order 10−2� range of 0.05 to 0.08. It can
be observed that, in structural damping, as overhanging
distance varies, the natural frequency and damping ratio
varies. At higher frequencies, the average damping ratio
was found to be 4 to 10 times higher for short randomly
oriented nettle fiber–polyester resin matrix composite than
the other materials reported by Emmanuil et al.�30� The
cross section of nettle bio-fiber stem is hollow, unlike
flax and many other bast fibers.�31� This unique morphol-
ogy of nettle fiber enables it to absorb more vibration
and exhibit improved damping properties. Unlike contin-
uous fiber, the short fiber did not directly carry the exter-
nally applied loads.�25� The externally applied load was
first carried by the matrix and then it was transferred
onto the random short fibers via the fiber ends and the
surfaces of fibers. The short fiber also enhances inter-
face thickness and stiffness by increasing the surface to
contact area between fiber and matrix. This phenomenon
helped to enhance the damping property of the compos-
ite material.�32� The viscoelastic nature of resin also leads
to higher damping.�33� Additionally, the matrix part of the
polymer molecular chains could slide and rearrange to dis-
sipate the energy, which also enhanced the damping ratio.
Senthilkumar et al.�31� reported similar results in banana–
polyester and sisal-polyester composite respectively.

5. CONCLUSION
Characterization of the mechanical and dynamic proper-
ties of randomly oriented short nettle fiber reinforcement-
polyester resin matrix composite was carried out. The
random orientation of the fiber produced isotropic com-
posite material, which has properties that do not vary with
direction within the composite material.
The tensile test carried out as single himalayan net-

tle (Girardinia heterophylla) fiber revealed the effective
Young’s modulus (Ei� and tensile strength (�i) depends
on fiber diameters (doi, dii� and decrease with increase in
fiber diameter. The chemical composition test reported that
the fiber has higher content of cellulose, hemi-cellulose
and lignin, which yields better mechanical properties and
thermal stability. The density of nettle fiber is 1230 kg/m3

which is lower than that of other fibers and hence it yields
higher specific strength.
The morphological analysis (SEM) showed that the net-

tle fiber is hollow unlike flax and other bast fibers; a good
interfacial bonding between the fiber and the matrix was
also observed.
Three analytical models were developed based on ROM

for the prediction of tensile properties. The newly pro-
posed parallel model (model 1) had better correlation with
experimental values at � = 0�1 and x = 0�1 which implies
that the short nettle fibes are randomly oriented rather than

being oriented along the tensile load direction for better
stress transfer in fiber and matrix.
Damping ratio was estimated based on half power band-

width method from the results of modal analysis. It can
be observed that the cantilever beam composite specimen
has large material and structural damping ratio at funda-
mental natural frequency. The hollow nature of the nettle
fiber enhanced vibration absorption and the matrix part of
polymer molecular chains could slide and rearrange to dis-
sipate the energy and exhibited improved damping proper-
ties when subjected to an impulse force.
The aim of the study was to explore the suitability of

the developed composite for structural applications, par-
ticularly, machine tools. One of the major requirements
for machine tools to operate at high speeds is high damp-
ing. The investigations revealed that the newly developed
composite exhibits better damping ratio. At higher fre-
quencies, the (order 10−2� the average damping ratio was
found to be 4 to 10 times higher for short randomly ori-
ented nettle fiber–polyester resin matrix composite than
cast iron and epoxy granite. This shows that the new mate-
rial can be considered as a candidate material for precision
machine tools, aero-space, automobile and other structural
applications.
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