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Abstract. The objective of this research work is to investigate the effect of multiwall carbon nanotube (MWCNT) content
(0.3–1.2 wt%) on a potassium sodium niobate (KNN)-based piezoelectric unimorph harvester for enhancing the energy
generation capacity. KNN–MWCNT composites were fabricated by using a microwave solid state technique. The energy-
harvesting performance of the KNN–MWCNT composite was determined by the base excitation method and sized to resonate
between 20 and 100 Hz at 1 M� load resistance. The energy performance of the KNN composite at percolation threshold
(0.6 wt% MWCNT) showed a maximum power generation of 2.94µW, the power density of 7.15 µW m−3 and overall
efficiency of 83.75% at an input acceleration of 0.5 g and a load resistance of 1 M�. Improvements observed in the power
generation by percolation phenomena and ionic flow over the nanotube surface of KNN composites prove to be a boon for
low-power sensing devices.

Keywords. MWCNT; KNN; KNN–MWCNT harvesters; damping; energy conversion; power density.

1. Introduction

The limited operating life of batteries has made energy
harvesting an essential requirement for powering remote sen-
sors. Piezoelectric transducers have attracted the attention
of researchers for energy harvesting due to their remarkable
energy conversion efficiency and high-specific energy density
[1]. They are slowly replacing conventional power sources in
low-power applications like portable electronic devices, wire-
less sensors and health monitoring and control systems [2,3].
It also possesses market intrusion in remote operating devices,
such as transducers [4,5], sensors [6,7], actuators [8,9], sur-
face acoustic wave devices [10,11] and frequency control [2].

The piezoelectric energy harvester’s capacity can be tai-
lored by its functional properties, such as electromechanical
coupling coefficients, piezoelectric strain coefficients, dielec-
tric constant, density and electrical and mechanical quality
factors. The major share of piezoelectric energy-harvesting
market is captured by lead-based piezoelectric materials like
lead zirconate titanate (PZT) due to their excellent per-
formance [12–15]. The presence of 60% lead by weight
in PZT is extremely toxic to the environment and human
beings. In this regard, ‘The restriction of hazardous substances
directive’ legislation was passed by the European Union in
2003 and exemption of its usage ends by 2016 [16]. Lead-
free-based potassium sodium niobate (KNN) ceramics have
revolutionized the piezoelectric industry for energy harvest-
ing. It is mainly because of their high-Curie temperature

and the presence of a morphotropic phase boundary between
two-orthorhombic phases [17,18]. KNN finds numerous prac-
tical applications, such as electronic transducers [19], voltage
transformers [20], multilayer actuators [21] and ultrasonic
motors [22]. Alkaline (Li+, Ba2+, La3+, Bi3+) and transi-
tion (Ti4+, Sb5+, Ta5+) element-doped KNN ceramics were
developed to enhance the functional properties and thermal
stability by shifting the polymorphic phase transition (PPT)
[23–26]. Even though modified-KNN ceramics have captured
the piezoelectric market for buzzers (lithium and Sb-doped
KNN) [27] and actuators (K, Na, Li, Ba, Sr) (Nb, Ta, Zr)
O3 ceramic [28] applications, sensitive processing issues,
temperature-dependent piezoelectric properties and poor sta-
bility of the poled domain state provide further scope for
improvements [26,29,30] in KNN ceramics for electronics
and energy-harvesting applications.

Carbon nanotube (CNT) reinforced polymer composite-
based piezoelectric materials show remarkable enhance-
ment in the stability of the poled domain state and
improvement in processing sensitivity and thermal stability
[31–34]. An increase of 61.3% in piezoelectric charge coef-
ficient (19.8 pC/N), 67% increase in dielectric constant, 89%
increase in dielectric loss factor, significant elastic moduli
with a good frequency and energy conversion response were
reported for CNT reinforced PZT–PVA 0–3 and CNT–PZT
epoxy matrix composites [31–34]. Even though the CNT is a
potential candidate for tailoring the functional properties of
piezoelectric ceramics, no research studies have focussed on
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developing CNT reinforced KNN-based piezoelectric energy
harvesters (PEHs). The objective of the present research work
was to develop and evaluate the energy conversion perfor-
mance of a KNN–MWCNT (0.3–0.9 wt%)-based piezoelec-
tric harvester. The developed piezoelectric harvesters were
subjected to sinusoidal vibrations using a shaker in transverse
mode by using the base excitation method at an input accel-
eration of 0.5g, between 20 and 100 Hz for evaluating the
energy performance of KNN composite-based harvesters.

2. Materials and methods

The stoichiometric computation of elemental powders, i.e.,
Na2CO3, K2CO3 and Nb2O5 of 35 g were preheated at 200◦C
for 2 h and were ball milled for 15 h at 300 rpm with a
ball-to-powder ratio of 10:1 to obtain homogenously milled
(K0.5Na0.5)-NbO3 nanopowder. The blended KNN powder
was calcined at 900◦C for 5 h and remilled for 2 h to obtain
non-agglomerated KNN nanopowder. Functionalized, sur-
face treated and ultrasonicated MWCNTs (0.3–1.2 wt%) were
mixed with a known mass of KNN slurry in ethanol medium
and sonicated for 2 h to obtain a uniform dispersion [35]. Then
vacuum dried KNN–MWCNT composite powder was pressed
uniaxially at 250 MPa for preparing discs with a diameter of
10 mm and a thickness of 1.5 mm. The green compacts of
KNN composites were densified by microwave-assisted sin-
tering at 1100◦C for 30 min. The obtained KNN composite
discs were polished by using silicon carbide powder and were
coated with silver paste on both parallel surfaces for electrical
measurements. For piezoelectric activation, all samples were
polled in a silicon oil bath under a poling field of 2.5–4 kV
mm−1 dc for 30 min at an optimized temperature using the
parallel plate contact polarization method and a Spellman SL
Series high-voltage generator [35]. The strain induced in the
KNN lattice due to the presence of MWCNTs was measured
using a precision premier II ferroelectric tester (Radiant tech-
nologies.INC) to evaluate high-energy dissipating multiwall
type failures and plastic buckling as reported in our previ-
ous research article [35]. It is simultaneously responsible for
strengthening, toughening and softening of the matrix along
strain induction in the KNN lattice.

The poled KNN–MWCNT (0.3–1.2 wt%) composites with
a diameter of 10 mm and a thickness of 1.3 mm were attached
to a steel cantilever beam of dimension 88 mm × 12 mm
× 0.3 mm using silver epoxy and were cured for 12 h to
obtain appropriate adhesion between the composite disc and
the beam. The copper tape was applied to the edge sur-
face of the disc and to the steel beam of the harvester to
function as top and bottom electrodes. The fabricated har-
vesters and schematic of the test setup are shown in figures 1
and 2, respectively. KNN–MWCNT harvesters were charac-
terized for their energy conversion performance by subjecting
to sinusoidal vibrations using a shaker (LDS, V406/8-
PA100E, Royston) (figure 1) at 0.5g acceleration

Figure 1. Fabricated KNN–MWCNT harvester subjected to a
shaker tool.

Figure 2. A schematic representation of the experimental setup to
evaluate the performance of the KNN–MWCNT harvesters.

(g = 9.81 m s−2) between 25 and 100 Hz. The top and bottom
electrodes of the harvester were linked to the load resistance
and were coupled to the oscilloscope. The desired acceleration
input of 0.5g was assigned to the shaker by using a controller
and the relative displacement of the harvesters was mon-
itored using a laser vibrometer (Polytec-GmbH, PDV-100,
Germany). The potential voltage developed in the harvester
due to vibrations was measured using a Tektronix TDS1002B
oscilloscope (Oregon, USA) at an optimum load resistance
of 1 M� (figure 2). The damping ratio (ξ ) of the harvester
samples was calculated through dynamic tip displacement
[36]. The current flowing into the load resistance was derived
from Ohm’s law. The effective RMS value of the varying
voltage (V) was computed from the peak value by assum-
ing the source to be a sine wave. The power developed at
load resistance was obtained from the product of effective
values of voltage and current [37] and energy conversion effi-
ciency was evaluated by using k2

p and ζm values k2
p/ζm > 1

[38]. The input power was calculated by the product of force
applied (mass of the sample and input acceleration (0.5g)) and



Bull. Mater. Sci.          (2019) 42:253 Page 3 of 12   253 

displacement obtained from the harvester when subjected to
base excitation. The power density was computed as the max-
imum output power divided by the volume of the cantilever
to evaluate the power generation performance; the efficiency
of the harvester was evaluated by using the output and input
power parameters. Finally, the theoretical output power of the
KNN–MWCNT-based piezoelectric energy-harvesting uni-
morph cantilever was calculated by the electric equivalent
circuit model method [39,40].

3. Results

3.1 Effect of temperature on the conductivity of KNN
composites

The behaviour of electrical conductivity of pure KNN and
its composites as a function of temperature is shown in
figure 3. The conductivity in KNN being 4.67 E−5 S m−1

at 22◦C increased gradually, reached the peak at 60◦C
and decreased towards the PPT temperature at 198◦C. The
conductivity of KNN–MWCNT (0.3 wt%) composites as
observed is 4.514 E−5 S m−1 at RT, was consistent up to
150◦C and increased gradually towards PPT. The improved
conductivity of 5.142 E−5 S m−1 observed for 0.6 wt%
loading of MWCNTs at RT was consistent with slight vari-
ation (±0.66 E−5) and increased gradually towards the PPT
(198◦C). Furthermore, the addition of 0.9 wt% of MWCNT
resulted in an increased conductivity of 5.54 E−5 S m−1 at
RT and obtained the maximum value of 1.16 E−4 S m−1

towards the phase transition temperature. Finally, the addi-
tion of 1.2 wt% of MWCNTs into the matrix resulted with the
enhanced conductance of 6.22 E−5 S m−1 at RT but reduced
drastically with an increase in temperature up to 150◦C and
increased gradually towards the phase transition temperature.

Figure 3. Temperature-dependent electrical conductivity of KNN
and KNN–MWCNT composites.

Based on thermal stability, the percolation threshold for KNN
composites is figured out to be 0.6 wt% addition of MWCNTs
into the matrix.

3.2 Displacement frequency response

The tip displacement of the harvesters as a function of fre-
quency for an input acceleration of 0.5g is shown in figure 4.
The displacement values of all the samples measured between
10 and 50 Hz increased gradually with an increase in the
frequency, reached maximum near its respective excitation
frequency and reduced drastically thereafter as shown in
figure 4. The KNN harvester measured displacement value
was 1.23 mm at an excitation frequency of 31.22 Hz. The
addition of MWCNTs (0.3–0.9 wt%) into the KNN matrix
resulted in improvement of the displacement and excitation
frequency of the KNN composite by 27.57% (1.25 mm),
30.35% (1.77 mm), 9.34% (1.34 mm), 0.70% (31.44 Hz),
0.80% (31.47 Hz) and 7.2% (33.47 Hz), respectively. Fur-
ther loading of MWCNTs by 1.2 wt% into the KNN matrix
above electrical percolation resulted in a reduced displace-
ment value of 0.49 mm. The maximum displacement of
1.77 mm reported for KNN–MWCNT (0.6 wt%) compos-
ites indicates the completion of the electroconductive network
within the matrix at percolation threshold.

3.3 Voltage–current–power frequency response

3.3a Voltage frequency response: The voltage frequency
response of KNN composite harvesters for 0.5g input accel-
eration at a load resistance of 1 M� is shown in figure 5.
The voltage potential developed by all the samples for the
given input acceleration increased gradually and attained
the maximum peak for their respective excitation frequency
and reduced drastically thereafter as shown in figure 5. The

Figure 4. Displacement data of KNN harvesters extracted at a
selected frequency range of 10–50 Hz.
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Figure 5. Voltage frequency response of KNN–MWCNT har-
vesters in comparison with KNN harvesters at an input acceleration
of 0.5g.

voltage induced in the KNN harvesters due to vibrations was
1.66 V at an excitation frequency of 31.65 Hz. Furthermore,
the addition of MWCNTs (0.3–0.9 wt%) into the KNN matrix
resulted in the improvement of its voltage potential by 24.02%
(2.06 V at 31.79 Hz), 48.53% (2.46 V at 31.95 Hz) and 12.24%
(1.86 V at 31.79 Hz), respectively, with an increase in its cor-
responding excitation frequency. However, KNN–MWCNT
composites with the concentration above the critical perco-
lation (1.2 wt%) resulted in the development of a very low
potential of 0.9153 V in the harvester. The maximum volt-
age of 2.46 V generated in the KNN–MWCNT (0.6 wt%)
composite indicates the improved percolation path within the
KNN matrix.

3.3b Current frequency response: The current frequency
response of the harvesters for an input acceleration of 0.5g
is shown in figure 6. The current generated by all the har-
vester samples increased gradually and reached a maximum
at their excitation frequency and decreased further as shown
in figure 6a and b. It could be noticed that even the excitation
frequency increased slightly with the addition of MWCNTs
till 0.9 wt% and reduced thereafter as shown in figure 6b. The
current generated by KNN harvesters was 1.6621 µA at an
excitation frequency of 31.62 Hz. The addition of MWCNTs
between 0.3 and 0.9 wt% into the KNN matrix enhanced the
induced current by 25.30% (2.08 µA at 31.691 Hz), 46.33%
(2.43 µA at 31.75 Hz) and 12.61% (1.87 µA at 31.79 Hz),
respectively, with an increase in its corresponding excita-
tion frequency. A further addition of MWCNTs by 1.2 wt%
(above the electrical percolation) yielded only 0.9153 µA
at the reduced excitation frequency of 31.69 Hz. The max-
imum current of 2.43 µA generated in the KNN–MWCNT

(0.6 wt%)-based PEH can be attributed to the well dissipated
electric energy within the composites.

3.3c Power frequency response: The power frequency
response of the harvesters for an input acceleration of 0.5g is
shown in figure 7a and b, respectively. The output power of all
the harvesters increased gradually and reached a maximum at
their excitation frequency and further decreased subsequently
as shown in figure 7b. The computed output power of KNN
ceramics was 1.48 µW at 31.60 Hz. The addition of
MWCNTs (0.3–0.9 wt%) into the matrix helped in the
improvement of the output power by 52.20% (2.17 µW at
31.70 Hz), 89% (2.97 µW at 31.81 Hz) and 24.83%
(1.78 µW at 31.91 Hz), respectively, with an increased exci-
tation frequency due to enhanced percolation clusters and
interfacial effects. However, the power generated by the addi-
tion of MWCNTs above the percolation threshold (1.2 wt%)
resulted in least output power (0.4714 µW at 31.70 Hz)
in comparison with pure KNN harvesters. This effect can
be associated with reduced connectivity between the charge
carriers within the matrix. It is due to the formation of agglom-
eration and high porosity for loading of MWCNTs above the
threshold.

3.3d Power density frequency response: The harvested
power density of KNN composites for loading of MWCNTs
between 0.3 and 1.2 wt% as a function of frequency
(14–45 Hz) is depicted in figure 8. It is observed from the
graph that the amplitude of the power density for all PEHs
increased gradually and reached a maximum near its respec-
tive excitation frequency and decreased sharply thereafter.
The amplitude of the power density evaluated for KNN ceram-
ics was 4.13µW m−3 at 31.66 Hz. The addition of MWCNTs
(0.3–0.9 wt%) into the KNN matrix enhanced the power
density by 26.63% (5.23 µW m−3 at 31.70 Hz), 44.34%
(5.97 µW m−3 at 31.82 Hz) and 10.65% (4.57 µW m−3 at
31.91 Hz), respectively, with an increase in its correspond-
ing excitation frequency. However, the addition of MWCNTs
above the percolation threshold (1.2 wt%) resulted in an
reduction of the power density by 56.41% (2.33 µW m−3

at 31.57 Hz). This effect can be attributed to the increased
thermal resistivity for the flow of charge carriers within the
matrix.

3.4 Effect of MWCNTs on the performance of KNN
composites

3.4a Damping ratio: The effect of MWCNTs on the damp-
ing ratio, energy conversion and Kp parameters of KNN
composite harvesters is shown in figure 9a. Kp values were
taken from author’s previous research work [35]. The damp-
ing ratio of 0.055 for KNN ceramics decreased gradually
with the addition of MWCNTs up to 0.9 wt% (0.0213) and
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Figure 6. Current frequency responses of KNN and its composite-based harvesters (a) 0–100 Hz and
(b) 20–45 Hz at an input acceleration of 0.5g.

increased for loading above the percolation threshold (0.0378
at 1.2 wt%) as shown in figure 9a. The reduction in the damp-
ing ratio of KNN–MWCNT-based PEH can be attributed to
the effect of MWCNTs on slippages of atoms at the inter-
face and an increase in the damping ratio can be associated
with improper distribution of MWCNTs across bulk grains of
KNN composites.

3.4b Energy conversion: The effect of MWCNTs on the
energy conversion factor of KNN composites is shown in
figure 9a. The energy conversion of KNN ceramics increased
gradually with the addition of MWCNTs into the matrix,
reached a maximum of 0.9 wt% and reduced for loading
of MWCNTs above the percolation threshold. The conver-
sion value of the KNN ceramics being 24.07%, increased to
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Figure 7. Power frequency response of KNN and its composite harvesters (a) 0–100 Hz and (b) 20–45 Hz
at an input acceleration of 0.5g.

41.56% MWCNT (0.3 wt%), 63.39% MWCNT (0.6 wt%)
and 100% MWCNT (0.9 wt%) and decreased to 28.34%
for 1.2 wt% loading of MWCNTs. The obtained maxi-
mum energy conversion factor of 100% can be attributed
to the least damping effect (0.0213(ξ)) and high-coupling

coefficient (0.46) achieved at 0.9 wt% as observed in
figure 9a.

3.4c Electromechanical coupling coefficients: The effect
of MWCNTs on the electromechanical coupling coefficient
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Figure 8. Harvested power density variation with frequency for
different KNN composites.

of KNN composites is shown in figure 9a. The coupling
coefficients of KNN ceramics increased with the addition of
MWCNTs, reached a maximum at the threshold and reduced
sharply for loading MWCNTs above the percolation thresh-
old. KNN ceramics being 0.36 units increased by 8.79% (0.39
at 0.3 wt%), 17.74% (0.42 at 0.6 wt%) and 28.07% (0.46 at
0.9 wt%), respectively. A further addition of MWCNTs above
the percolation threshold resulted in the reduction by 11.11%
(0.32 at 1.2 wt%), which can be associated with the increased
damping effect and improper distribution of MWCNTs within
the KNN matrix. However, the maximum coupling coefficient
(0.46) obtained for KNN–MWCNT (0.9 wt%) composites
could be attributed to the strong electromechanical coupling
coefficient achieved with the least damping effect.

3.4d Output performance: The variation of displacement,
induced voltage and power output of KNN composites by
addition of MWCNTs into the KNN matrix are shown in
figure 9b. KNN ceramics are now observed with low-voltage
potential (1.67 V), displacement (1.23 mm) and output power
(1.42 µW). It increased gradually with the addition of
MWCNTs, reached the maximum at percolation threshold
(0.6 wt%) and reduced thereafter. A displacement of 1.23 mm,
as reported for KNN ceramics, increased gradually and
reached a maximum of 1.78 mm for 0.6 wt% addition of
MWCNTs. However, the addition of MWCNTs above thresh-
old resulted in reduced displacement (1.34 mm (0.9 wt%)
and 0.47 mm (1.2 wt%)) values due to the increased stiff-
ness of the matrix. The voltage of 1.67 V, being reported
for KNN ceramics increased gradually and reached a maxi-
mum of 2.43 V at 0.6 wt% loading of MWCNTs due
to the improved resistivity and strong electromechanical
coupling system developed within the matrix as shown in
figure 9b. However, there was a gradual reduction in the

voltage potential developed (1.87 V (0.9 wt%), 0.92 V
(1.2 wt%)) by the composites for loading of MWCNTs
above the percolation threshold. This effect can be attributed
to the enhanced resistivity within the composite. Power of
KNN ceramics being 1.42 µW increased gradually with the
addition of MWCNTs, reached a maximum of 2.95 µW at
percolation threshold (0.6 wt%) and reduced drastically for
loading MWCNTs above threshold (1.76 µW at 0.9 wt% and
0.419 µW at 1.2 wt%) as shown in figure 9b. This effect
can be contributed to high-induced resistivity in the PEH of
KNN–MWCNT composites.

3.4e Work done, power density and efficiency parame-
ters: The effect of MWCNTs on work done, power density
and efficiency parameters of KNN composites is shown in
figure 10. The output parameters of KNN composites
increased gradually with the addition of MWCNTs, reached
maximum threshold (0.6 wt%) and decreased drastically
beyond percolation threshold. KNN ceramics observed
with a power density of 3.47 µW m−3 increased with
the addition of MWCNTs by 56.48% (5.43 µW m−3 at
0.3 wt%), 88.15% (7.15 µW m−3 at 0.6 wt%) and 31.41%
(4.56 µW m−3 at 0.9 wt%) and decreased by 14.40%
(2.97 µW m−3 at 1.2 wt%). This effect can be attributed
to a reduction in the volume of the KNN–MWCNT-based
cantilever for loading of MWCNTs within the percolation
range. Furthermore, KNN ceramics observed with an input
power (work done) of 2.44 J increased with the addition of
MWCNTs by 29.50% (3.16 J at 0.3 wt%), 37.89% (3.52 J at
0.6 wt%) and 9.01% (2.66 J at 0.9 wt%) and decreased by
50.81% (1.20 J at 1.2 wt%) due to the reduced stiffness of
the harvester. Finally, the efficiency of the KNN harvesters
was found to be 58.15%, increased with the addition of
MWCNTs by 10% (0.3 wt%), 25.16% (0.6 wt%) and 7.93%
(0.9 wt%) and decreased by 23.7% (1.2 wt%) as shown in
figure 10. This effect can be attributed to the structure,
material, excitation and an electrical load resistance of KNN–
MWCNT composites.

3.4f Effect of MWCNTs on theoretical and measured output
power: A comparison between the theoretical and exper-
imental power of KNN and its composites is depicted in
figure 11. The measured and theoretical power of all the sam-
ples increased gradually, reached maximum at the threshold
and reduced sharply. It can be attributed to the occurrence
of percolation threshold for 0.6 wt% addition of MWCNTs
into the matrix. The computed theoretical power was 1.43µW
for KNN ceramics and it increased with the addition of MWC-
NTs by 45% (2.20 µW at 0.3 wt%), 85% (3.08 µW at
0.6 wt%) and 32% (1.89 µW at 0.9 wt%) and decreased by
98% (0.45µW at 1.2 wt%) with the addition of reinforcement
above threshold. The trend of the measured output power was
mapped with that of the theoretical output power for KNN and
its composites. The deviation being least (1.04%) for KNN
ceramics increased gradually with the addition of MWCNTs
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Figure 9. Effect of MWCNTs on (a) a damping ratio, electromechanical coupling coefficient, energy
conversion and (b) voltage, displacement and power of KNN composites.

and was maximum (7.34%) for loading reinforcement beyond
percolation threshold. The deviations observed may be due
to various errors, which come across right from synthesizing,
developing and characterizing KNN composite harvesters due
to their functional specifications.

4. Discussion

The performance of KNN–MWCNT composite energy
harvesters varies with the percolation of electrostatic charges,
damping effect, electromechanical coupling coefficients and
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Figure 10. Effect of MWCNT on power, work done and efficiency of KNN composites.

Figure 11. Effect of MWCNTs on theoretical/measured output parameters of KNN and its composites.

excitation frequency. The functional properties of KNN
piezoelectric materials are satisfactory due to the existence
of an energy band gap of 4.28 eV [41]. Although the valence
(+10) electrons in KNN ceramics result in enhancing the elec-
trical conductivity by the flow of electrons, the charges are
accumulated only at the surface (figure 12a). It percolates
through the ceramics by drift and diffusion currents dur-
ing polarization. This results in low-energy conversion and
functional properties (d33, KP, εr) [42]. From the sintered
KNN ceramics, 2–3% porosity was observed from author’s

previous work [35]. The charges surrounding the pores were
not percolated to the surface of the ceramics due to the lack
of conductivity from the porous surface to outer surface dur-
ing polarization. In the solid-state process, the solidification
generally starts at the impurity or external particles or bound-
aries. The CNTs initiate the solidification at all stages, hence
the CNTs sit in grain boundaries. It is because the solution of
KNN and a known amount of MWCNTs were ultrasonicated,
magnetically stirred separately and together for achieving
uniform dispersion of MWCNTs into the KNN matrix. This
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Figure 12. Schematic structure of poled (a) KNN ceramics, (b) KNN–MWCNT (0.3–0.9 wt%) composites within
threshold and (c) KNN composite (1.2 wt%) above threshold.

was observed in the microstructure of densified KNN com-
posites from our previous research work [35].

The addition of MWCNTs, which are isolated [43] near
the grain boundary will interconnect effectively and form a
conductive channel to transport the electrons to the surface,
functioning like a ladder to cross the pores, cracks within
the composite during polarization (figure 12b). It leads to an
increased mobility of the charge carriers within the matrix,
reduces the energy band gap due to structural modification
[41], enhances the electrical properties and the voltage poten-
tial of KNN–MWCNT-based harvesters. The uniform disper-
sion of MWCNTs within the insulative KNN matrix results in
fully dissipated electrical energy, strong piezo-damping effect
[34,44] and high-electrical energy conversion coefficient. The
reduced resistivity within the matrix due to the addition of
MWCNTs results in an increased frequency of oscillation,
empowers the electric output and average power generated
[45] by the KNN–MWCNT-based PEHUC.

The addition of MWCNTs into the matrix above perco-
lation threshold (1.2 wt%) resulted in agglomerations and
aggregation of nanofillers [44], leading to the accumulation
of charges in the form of clusters as shown in figure 12c. This
change within the composite can be attributed to the sharp
increase in conductivity due to the enhancement in the amount
of localized-MWCNT percolation clusters, leading to drastic
reduction in transportation of the charges to the surface due

to the loss of connectivity between the porous and outer sur-
face. This can be associated with the position of MWCNTs
at bulk grain, which will not interconnect effectively to form
the required conductive channel. As a result, energy does not
get efficiently dissipated in the harvester and results in lower
efficiency.

KNN ceramics possess lower interfacial bonding strength
between the molecules. It leads to higher slippages at the
interface, yields higher damping ratio and a lower mechanical
quality factor. The lower mechanical Q factor harvester expe-
riences a smaller base motion amplitude and leads to lower
energy conversion [44,45]. The addition of MWCNTs (0.3–
0.9 wt%) into the composite enhanced the interfacial bonding
strength between the matrix and reinforcement, leading to
increased stiffness, reduced mobility of the interfacial atoms
and lower slippages between the molecules. This results in
a lower damping ratio [46] and a higher Q factor, which
can be attributed to high-energy conversion [47]. However,
the KNN–MWCNT (1.2 wt%) composite shows lower stiff-
ness and bonding strength of interfacial atoms due to uneven
distribution (rare and dense) of nanofillers with lump mass
aggregation. This resulted in an increased mobility of interfa-
cial atoms, more slippages and higher damping ratio, leading
to lower Q factor and energy conversion.

The low-energy conversion rate of the KNN piezoelec-
tric material leads to a weak electromechanical coupling
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coefficient due to the accumulation and conversion of charges
only at the 2-D surfaces. In contrast, KNN–MWCNT
(0.3–0.9 wt%) composites show higher electrical energy con-
version due to the accumulation and conversion of charges at
3-D spaces, as MWCNTs act like a ladder for carrying the
charges from porous to the outer surface of the matrix. The
high-conversion rate observed in KNN composites helps in
improving the work done by the harvester due to the strong
electromechanical system developed. However, in the case of
KNN–MWCNT (1.2 wt%) composites, the presence of lump
masses of the reinforcement fails to utilize 3-D spaces and
results in low percolation and connectivity within the matrix.
Hence, it results in a low-energy conversion rate and weak
coupling coefficient.

The lower natural frequency (
√

k/m) and higher damp-
ing ratio (c/cc) of the KNN harvester are due to its higher
density [35] and lower stiffness observed in KNN ceram-
ics. It leads to a conversion of higher mechanical energy
to thermal energy instead of electrical energy. Hence, the
KNN harvester vibrates at a slower speed and results in
lower base motion amplitude, induced voltage potential,
output power and energy conversion coefficient. In the
case of KNN–MWCNT (0.3–0.9 wt%) composites, the
addition of reinforcement resulted in reduced densities
(4.34–4.30 g cc−1) [35] and yielded in a high stiffness
and low-damping ratio. So, KNN–MWCNT-based harvesters
are getting excited at higher natural frequency and yields
efficient conversion from mechanical energy to electrical
energy with the minimum thermal loss. Hence, the KNN
composite-based harvester results in higher base motion
amplitude and enhances its output parameters. In addition,
the KNN–MWCNT (1.2 wt%) composite exhibits a lower
density (4.19 g cc−1) [35] and lower stiffness due to the
agglomeration of MWCNTs. Under highly induced porosity,
the harvester above threshold gets excited at low frequency
and results in dissipation of more thermal energy. Hence, it
yields a low-voltage potential, output power and conversion
rate.

5. Conclusion

The effect of MWCNTs on the energy performance of KNN–
MWCNT composites was determined and the summary of the
outcome of experimental results is given below:

1. The density of KNN composites decreases with
increasing MWCNT reinforcement (up to 0.9 wt%),
hence higher the specific stiffness and frequency with
a lower damping ratio.

2. The thermal stability of KNN composites up to a tem-
perature of 200◦C for 0.6 wt% addition of MWCNTs is
due to their good binding strength between the matrix
and reinforcement.

3. The optimal result obtained for KNN–MWCNT
(0.6 wt%) composite harvesters excelled with a least
damping ratio (0.0288), high-electromechanical cou-
pling factor (0.4273), energy conversion efficiency
(63.90%), output power density (2.95 µW), power
density (7.15 µW m−3) and maximum overall effi-
ciency (83.75%).

4. The experimentally obtained results are very close
to the predicted theoretical output power of KNN–
MWCNT composites.

5. The KNN–MWCNT (0.6 wt%)-based PEH is a
potential candidate for energy harnessing and sensor
applications.
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ABSTRACT 

The main purpose of this study is to evaluate the influence of process parameters on friction stir welded butt joints of 

6082 aluminium alloy and pure copper plates of 4 mm thickness. With this purpose, welds were produced using HcHcr 

tool, with a cylindrical taperd pin having 5-mm major diameter and 3-mm minor diameter and 22-mm shoulder 

diameter, respectively. The main process parameters considered are tool rotational speed and travel speed. Copper 

plates were kept in advancing side of joint. Tensile and Bending tests (as per ASTM) were conducted to know the 

tensile and bending strength of weld joints. Vicker’s microhardness test is done in transverse cross section of weld to 

know the hardness distribution in weld nugget. Experimental investigation reveals that at«tool rotational speed»of 

1000 rpm and tool travel speed of 25 mm/min, the better Tensile Strength of 161 Mpa, Bending Strength of 26 Mpa 

and Hardness of 100 HV are obtained on the weld zone. Microstructure reveals that at the tool speed of 1000 rpm and 

travel speed of 25 mm/min more Cu particles were present in the Al side, higher tensile and bending strength is mainly 

due to the presence of Cu particles over the Al material in weld zone. 

KEYWORDS: Friction Stir Welding, Aluminium Alloy, Pure Copper, Tensile Test, Hardness & Microstructure 

 

INTRODUCTION 

Friction Stir Welding (FSW) is a type of solid state welding, the energy produced due to friction when two bodies 

slide on each other is transferred into heat, when the rate of movement is high and the heat is contained in narrow 

zone, welding occurs. It includes a non-consumable rotating tool with a probe, which is plunged inside the 

mating edges of the work pieces. The heat produced due to friction around the probe softens the material and tool 

rotation and translation combination leads to material movement from the front to the back of the pin. As a result, 

joint is produced [1]. 

Dissimilar welding is widely used in various industries such as electronics, electrical, nuclear, 

aerospace, etc., because of its practical and economical benefits [2]. The joining of Aluminium (Al) and Copper 

(Cu) is a difficult task because of wide changes in properties. These may lead to cracks, residual stresses and 

formation of intermetallic structures [3]. 

LITERATURE REVIEW 

The FSW of Al and Cu is generally restricted by fusion welding techniques. This is because of wide difference in 

properties [4]. However, both materials have a significant difference in melting points (nearly 500°C). Therefore, 
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it is very difficult to get the high quality welds with normal fusion welding techniques.

Kush P. Mehta et al. [5] studied

this study, different FSW parameters such as

joints were produced using a cylindrical tool pin

Dhananjayulu Avula et al. [6] studied FSW of copper alloys to evaluate the microstructural and mechanical 

properties. This study mainly reveals the possibility of welding commercially available pure copper plates by FSW. 

Microstructure, microhardness and tensile strength and 94% of efficiency was found compare

C. W. Tan et al. [7] conducted a work on Al

produced by FSW. Study reveals that metallurgical relationship between Al and Cu 

strength. 

Venkata Rao et al. [8] have studied the tool pin profile influence on corrosion and microstructural 

2219 C u alloy by FSW. Study reveals that the large deformation produced

affects the corrosion and hardness properties of the joints.

I. Galvao et al. [9] conducted experiments on morphological and structural 

established that base materials positioning has strong influence on butt welds morphology and structure.

produced with keeping aluminium on advancing side of the tool were morphologically very irregular

the aluminium from the nugget zone. Increasing 

increased dimension, homogeneity and intermetallic content.

and intermetallic content of the welds nugget.

EXPERIMENTAL PROCEDURE

FSW of AA 6082 and pure Cu of dimensions 100

this study, HcHcr tool with a cylindrical taper unthreaded pin having 5

shoulder diameter of 22 mm was used to produce FSW of Al

other parameters are kept constant. A sc

tables 1 to 4 gives the physical properties and chemical composition of Al 6082 and Pure Copper.
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it is very difficult to get the high quality welds with normal fusion welding techniques. 

. [5] studied the impact of tool profile and parameters on FSW of Copper to AA6061 welds. 

this study, different FSW parameters such as travel speed, pin offset and plunge load. The results indicate

were produced using a cylindrical tool pin profile. 

. [6] studied FSW of copper alloys to evaluate the microstructural and mechanical 

properties. This study mainly reveals the possibility of welding commercially available pure copper plates by FSW. 

hardness and tensile strength and 94% of efficiency was found compare

. [7] conducted a work on Al–Cu joints to assess “microstructure

metallurgical relationship between Al and Cu principals

studied the tool pin profile influence on corrosion and microstructural 

Study reveals that the large deformation produced in the weld zone and microstructure strongly 

and hardness properties of the joints. 

experiments on morphological and structural properties of Al 5083/Cu joints.

that base materials positioning has strong influence on butt welds morphology and structure.

produced with keeping aluminium on advancing side of the tool were morphologically very irregular

Increasing the “tool rotational “speed results in the formation of mixing regions with 

increased dimension, homogeneity and intermetallic content. Shoulder geometry has strong influence on the morphology 

and intermetallic content of the welds nugget. 

EXPERIMENTAL PROCEDURE  

FSW of AA 6082 and pure Cu of dimensions 100 x 50 x 4 mm3 are produced using the Vertical type Milling Machine.

with a cylindrical taper unthreaded pin having 5-mm major diameter and 3

used to produce FSW of Al-Cu by varying the tool rotational speed and feed rate

A schematic of vertical milling machine and tool used 

properties and chemical composition of Al 6082 and Pure Copper.

 
Figure 1: Vertical Milling Machine.  
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impact of tool profile and parameters on FSW of Copper to AA6061 welds. In 

The results indicate that good quality 

. [6] studied FSW of copper alloys to evaluate the microstructural and mechanical 

properties. This study mainly reveals the possibility of welding commercially available pure copper plates by FSW. 

hardness and tensile strength and 94% of efficiency was found compared to the base material. 

“microstructure and mechanical properties” 

principals to good tensile and bending 

studied the tool pin profile influence on corrosion and microstructural behavior of Al-

in the weld zone and microstructure strongly 

properties of Al 5083/Cu joints. It was 

that base materials positioning has strong influence on butt welds morphology and structure. The welds 

produced with keeping aluminium on advancing side of the tool were morphologically very irregular, due to the removal of 

results in the formation of mixing regions with 

strong influence on the morphology 

produced using the Vertical type Milling Machine. In 

mm major diameter and 3-mm minor diameter and 

Cu by varying the tool rotational speed and feed rate, and 

hematic of vertical milling machine and tool used are shown in figures 1 and 2. 

properties and chemical composition of Al 6082 and Pure Copper. 
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Table 1: Al 6082 Chemical Composition of Al 6082
Si Cu

0.7–1.3 0–0.1
 

 

Table 3: Chemical Composition of Copper

 

A butt weld preparation is used to produce the FSW joints. 

The work piece dimensions are selected for convenience to suit the fixtures, which are attached to longitudinally traversing 

table of the FSW machine, and are representative of the heat sink inherently associated with larger or smaller work

The FSW tool was loaded into the tool holder, brought up to set the rotation speed and then plunged into the butting joint.

The work pieces were thoroughly cleaned before they 

acetone in order to remove the residues.

n Friction Stir Welded                                                            
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Figure 2: Tool Used. 

Table 1: Al 6082 Chemical Composition of Al 6082 
Cu Mg Cr Fe Mn Zn Al
0.1 0.6–1.2 0.25 0–0.5 0.4–1 0–0.1 Balance

Table 2: Physical Properties of Al 6082 
Density 2700kg/m3 
Melting Point  555°C 
Modulus of Elasticity 90 Gpa 
Poisson’s Ratio 0.32 

Table 3: Chemical Composition of Copper 
Element Content (%) 

Cu 99.99 

Table 4: Physical Properties of Copper 
Density 8.96 gm/cm3 
Melting Point  1083°C 
Modulus of Elasticity 113 Gpa 
Poisson’s Ratio 0.34 

A butt weld preparation is used to produce the FSW joints. The welding edge of work

piece dimensions are selected for convenience to suit the fixtures, which are attached to longitudinally traversing 

and are representative of the heat sink inherently associated with larger or smaller work

The FSW tool was loaded into the tool holder, brought up to set the rotation speed and then plunged into the butting joint.

thoroughly cleaned before they were fixed on the fixture by different grade emery paper

acetone in order to remove the residues. 
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Al  
Balance 

The welding edge of work piece is milled by end mill. 

piece dimensions are selected for convenience to suit the fixtures, which are attached to longitudinally traversing 

and are representative of the heat sink inherently associated with larger or smaller work pieces. 

The FSW tool was loaded into the tool holder, brought up to set the rotation speed and then plunged into the butting joint. 

fixed on the fixture by different grade emery papers and 
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The welds are produced at a rotational speed of 1000

mm/min are used for both the speeds. The copper plates are kept on 

the retrieving side with zero mm offset. 

RESULTS AND DISCUSSIONS 

Tensile Strength 

The test specimens are prepared as per the ASTM 

and the results are tabulated in table 5. Figure 5 shows 

“ Figure 4: 
 

Table 5: Tensile 

Trial No. 
Tool Rotational Speed

(rpm)
1 1000
2 1000
3 1000
4 1400
5 1400
6 1400
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produced at a rotational speed of 1000 rpm and 1400 rpm, while the travel speed 16

The copper plates are kept on the advancing side and aluminium plates are kept on 

retrieving side with zero mm offset. Figure 3 shows the welded joints. 

 
“ Figure 3: FSW Welded Joints. 

 

specimens are prepared as per the ASTM standards shown in figure 4, then subjected to standard tensile testing 

5. Figure 5 shows variation of tensile stress for conducted trials.

 
Figure 4: Tensile Specimen as per ASTM Standard. 

Table 5: Tensile Strength of Welded Joints 
Tool Rotational Speed 

(rpm)  
Tool Travel 

Speed(mm/min) 
UTS(Mpa) 

1000 16 98.5 
1000 25 161.4 
1000 32 121.5 
1400 16 98.3 
1400 25 90 
1400 32 76.5 
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rpm, while the travel speed 16, 25 and 32 

advancing side and aluminium plates are kept on 

 

4, then subjected to standard tensile testing 

variation of tensile stress for conducted trials. 

 

 
% of 

Elongation 
1.7 
1.8 
1.5 
1.4 
1.5 
1.1 
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Bending Test 

Bend tests are used to understand the ductility and toughness properties 

standard for 4-mm thickness plates using wire EDM

shows the variation of bending stress. 

“ 

 

Table 6: Bending stress for Welded Joints

Trial No. 

1 
2 
3 
4 
5 
6 
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Figure 5: Variation of Tensile Stress. 

Bend tests are used to understand the ductility and toughness properties of welds. The samples are cut as per the ASTM 

using wire EDM, as shown in figure 6, and results are tabulated in 

 
Figure 6: Bending Specimen. 

Table 6: Bending stress for Welded Joints”  

Tool Rotational Speed 
(rpm) 

Tool Travel 
Speed(mm/min) 

Bending 
Sress 
(Mpa)

1000 16 1.7
1000 25 1.8
1000 32 1.5
1400 16 1.4
1400 25 1.5
1400 32 1.1

 
Figure 7: Variation of Bending Stress. 
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welds. The samples are cut as per the ASTM 

igure 6, and results are tabulated in table 6. Figure 7 

Bending 
Sress 
(Mpa) 

1.7 
1.8 
1.5 
1.4 
1.5 
1.1 
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Microhardness Test 

In order to access the strength of FSW joints for selected parameters

hardness test is conducted on various zones of the specimen.

of hardness on various zones. 

Table 7: Vickers Hardness Number on various zones for Welded Joints

Trial 
No. 

Tool Rotational Speed 
(rpm) 

1 1000 
2 1000 
3 1000 
4 1400 
5 1400 
6 1400 

 

Microstructure 

To understand the amount of welded materials present at weld centerline, results of this test 

Evaluation is studied using Scanning Electron Microscope (SEM) to know the

since it is directly affecting the strength of welded joints. 

evaluation. 

“ Figure 9: Specimens for Microstruct
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In order to access the strength of FSW joints for selected parameters, the hardness test may be considered.

is conducted on various zones of the specimen. The results are presented in Table 7.

Table 7: Vickers Hardness Number on various zones for Welded Joints

Tool Travel 
Speed(mm/min) 

Hardness(HV) 
(At nugget 

Zone) 

TMAZ 
Al side HAZ Al 

side

16 95 87 
25 100 68 
32 92 90 
16 96 60 
25 98 68 
32 90 80 

Figure 8: Hardness on Various Zones. 

To understand the amount of welded materials present at weld centerline, results of this test are 

is studied using Scanning Electron Microscope (SEM) to know the quality of mixing of materials during FSW

strength of welded joints. Figure 9 shows the prepared specimens for microstructure 

Figure 9: Specimens for Microstructure Evaluation. 
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the hardness test may be considered. The Vickers 

The results are presented in Table 7. Figure 8 shows variation 

Table 7: Vickers Hardness Number on various zones for Welded Joints 

HAZ Al 
side 

TMAZ 
Cu 
side 

HAZ 
Cu 
side 

107 80 81 
69 78 87 
115 83 85 
71 70 86 
73 90 96 
72 84 86 

 

are considered. Microstructure 

quality of mixing of materials during FSW, 

Figure 9 shows the prepared specimens for microstructure 
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“ Figure 10: SEM Images of Trail 1. 

Figure 11: EDS Analysis of Trail 1. 

Figure 12: SEM Images of Trail 2. 
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“ Figure 13: EDS Analysis for Trail 2. 

“ Figure 14: SEM Images of Trail 3. 

Figure 15: EDS Analysis of Trail 3. 

Figure 16: SEM images of Trail 4. 
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Figure 17: EDS Analysis of Trail 4. 

Figure 18: SEM images of Trail 5. 

Figure 19: EDS Analysis of Trail 5. 
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CONCLUSIONS 

The influence of FSW parameters for Al

are: 

• Joints are successfully produced for the selected parameters.

• Selected tool material and pin can

• From the experimental investigation

parameter 1,000 rpm and 25 mm/min.

• Highest hardness of 100 HV reported for parameter 1000

(IMCs) presence in the nugget zone increases the hardness.

• Microstructure and EDS Analysis reveals that

higher number of Cu elements

strength and hardness value. 
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Abstract. Modal analysis is a method to describe the dynamic properties of structure such as natural 
frequency, mode shape and damping ratio. These properties are important for design and analysis of 
structure in dynamic condition. MATLAB is a high-performance numerical computation and 
visualization software package. It provides an interactive environment with hundreds of built-in 
functions for technical computation, graphics, and animation. In present analysis, use of MATLAB 
is done for finding the free vibrational characteristics of a structure made of composite material. The 
study involves finding the natural frequencies of structure made of Glass-epoxy, Carbon-epoxy and 
Graphite fiber reinforced polyamide materials. In this case Euler’s-Bernoulli beam theory is used for 
analytical solution and to construct MATLAB codes. The structure considered here is a beam with 
fixed-free condition. The results obtained from the MATLAB are accurate comparatively, the 
results obtained shows that the MATLAB can be further used to write programs which involve 
complicated iterations and cannot be done manually. The further work can be extended for writing 
the programs of much more complex equations in MATLAB and obtains exact solution. 

Introduction 

Usage of composite materials is more because of its high strength, high stiffness and low density. 
The behavior of the structures is designed according to their usage and applications [1]. Hence the 
analysis of composite is very important from design point of view. Beams are the basic elements of 
structures and widely used in many applications. These structures undergoes a wide variety of static 
and dynamic loads, which leads to its failure [2]. Hence it has become a standard procedure to test 
for vibration in design of structures. The present work considers Euler-Bernoulli beam theory for 
construction of mathematical model. The Euler-Bernoulli beam theory is the most commonly used 
because it is simple and provides realistic engineering approximations for many problems [2]. 
MATLAB is commercial software which is used for science, engineering numerical computation 
and other fields [5]. MATLAB is a power full tool for technical problems like mechanical, electrical 
and biomedical problems. This software also used for modelling, simulation, visualization data and 
to develop the algorithms [4]. In industries, the MATLAB software is used for research, 
development and design [6]. Modal analysis is a process of describing a structure in terms of its free 
vibrational characteristics namely the frequency, mode shapes and damping. Based on changes in 
frequencies and mode shapes of vibration the modal characteristics provides an indication of 
structural condition directly. 

Methodology 

The equation of motion can written without considering the damping is as follows. 
 

                                                       +k(x) = 0                     (1) 
 

Where ‘m’ is mass of system and ‘k’ is stiffness of system with respect to acceleration and 
displacement. Using Rayleigh’s principle maximum kinetic energy at mean position is equal to 
maximum potential energy at extreme position. Consider motion of vibration is harmonic or simple 
harmonic motion. The expression for motion is given as. 
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                                                                (2)                                         
Differentiate the equation [2] with respect to t then above equation becomes 

 
                                                               (3) 

                                     
From Rayleigh’s principle 
Max velocity max =       and Max amplitude  
 

Then KE becomes at mean position =         (4) 

PE at extreme position =                                 (5) 
After solving above equation get 

                                                                                          =            (6) 

                                                
The equation [6] is natural frequency of a SDF. 
Euler beam theory is the most commonly used because it is simple and provides reasonable 
engineering problems. 

 
Fig. 1: Cantilever beam under transverse vibration 

Consider a long thin beam as shown in Fig 1,  it under go transverse vibration. And dx is a small 
elemental area of beam. At free end of beam x=L 
 

Bending moment = EI    = 0                                                    (7) 
 

Shear force =  = 0       (8) 
 
Equation of motion beam is given below in vibration  
 

          

                          (9)                           
 Solve equation [9] by using variable separable method in partial differentiations. After variable 
separation method partial derivatives are replaced by total derivatives gives. 

                                                          (10)   
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  After solving the equation [10], the general solution expressed as 
 

         (11)                            
                    
Where 

                                        =  =                                  (12)   
From equation [12] 
 

                                 ω =     = (βl)2                      (13)    

                           
The value of βl for the fixed free boundary condition is  
 

(βl)1,2,3  = 1.875104, 4.694091,  7.854757 
                                     
Mode shape = Wn(x)=Cn[(     (14) 
 

                                                (15) 

 

Using the equations a general MATLAB codes are developed. 

Results and Discussions 

The Fig 2 shows the geometry of the composite beam considered for the analysis. Here the beam is 
made of three different composite materials with same geometry. The properties of the materials are 
listed in Table 1. 

 
Fig. 2: Physical model of beam 

Length (L) = 250mm  
Width (b) = 25mm  
Thickness (t) = 1.5mm 

Table 1: Material properties of composites 

Glass-Epoxy                         
Composite 

Carbon-Epoxy 
Composite 

Graphite fiber 
Reinforced polyimide 

Ex =40.59 Gpa Ex =144.8 Gpa Ex =129.207 Gpa 

µxy = 0.22 µxy = 0.3 µxy = 0.3 

ρ =1830 Kg/m3 ρ =1389.2 Kg/m3 ρ =1550.0666 Kg/m3 

Gxy =3.1 Gpa Gxy =4.14 Gpa Gxy =5.15658 Gpa 
 

The MATLAB codes are written in a script file and made to run for it to get the natural frequencies 
and their corresponding mode shapes. Fig 2 to Fig 5 shows the first two mode shapes of the beam 
with all three different materials. 
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Fig. 3: First two mode shapes of a Glass-Epoxy beam 

 
Fig. 4: First two mode shapes of a Carbon - Epoxy beam 

 

Fig. 5: First two mode shapes of a Graphite fiber reinforced polymide beam 
 

The Table 2 gives the natural frequencies of the composite beam obtained from the MATLAB.  
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Table 2: Results obtained from MATLAB  
 

Composite materials Boundary      
Conditions 

First 
Natural 

frequency 
in [Hz] 

Second 
Natural 

frequency 
In [Hz] 

Third 
Natural 

frequency 
In [Hz] 

Glass Epoxy Fixed-Free 18.256 114.373 320.336 

Carbon Epoxy Fixed-Free 39.577 247.938 694.423 

Graphite Fiber reinforced polymide Fixed-Free 35.392 221.722 620.998 

Conclusion  

Modal analysis was performed on composite beam by considering three different composites 
materials with fixed free boundary conditions using analytical or MATLAB. By observing this 
program we can state that to evaluate much harder problems by considering the empirical formulas 
to obtain results MATLAB can be used as best numerical computation software. The further work 
can be extended for writing the programs of much more complex equations in MATLAB and 
obtains exact solution. 
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Abstract. In tractor brakes, when the brake is applied, tension in the operating rod causes the links 

to turn the two actuating disc slightly, in opposite directions. The shape of the recesses in which the 

hardened steel balls locate is such that, as disc move relative to each other, the ball force them apart 

and apply pressure to the rotating discs. The automotive industry has for many years identified 

weight reduction as a way of improving product competitiveness and thus the ability to make 

profits. In present work, an attempt has been made to reduce the thickness of link and hence achieve 

weight reduction and cost savings. The actuator link has been analyzed for stresses. The existing 

link is of 6 mm thickness and is made of C – 40 steel. The existing link of 6 mm thickness along 

with links of 5 mm and 4 mm thickness were considered for analysis. It is found that the stresses in 

5 mm thick link are well within limits with a factor of safety of 2.3. This reduction in thickness 

would yield a reduction in weight of link and hence would reduce the cost of link with a saving 

potential of Rs.14, 40000/= per year considering the fact that 6, 00,000 tractors are sold in India 

every year. Experimental investigation showed the zone of failure of link is in line with the high 

stress zone indicated by finite element analysis.  

Introduction 

A brake is a machine element used to control the motion by absorbing kinetic energy of a 

moving body. The absorbed kinetic energy appears as heat energy which would get dissipated. 

Friction brakes are used as the means of slowing down or stopping. Friction is developed between 

rotating and non-rotating members of the vehicle itself. Drum and disc brakes are the two types of 

friction brakes used in practice 

The tractor brake is essentially a disc brake where in when the brake is applied, tension in the 

operating rod causes the links to turn the two actuating disc slightly, in opposite directions. 

Schematic sketch of a tractor disc brake is as shown in Fig. 1. The shape of the recesses in which 

the hardened steel balls locate is such that, as disc move relative to each other, the ball force them 

apart and apply pressure to the rotating discs. The links in use currently are 6 mm thick and are 

subjected to tensile force. There are 4 such links per tractor. In the present work, an attempt has 

been made to investigate the suitability of 5 mm and 4 mm thick links leading to reduction in 

weight of links. This would reduce the cost of the link and benefits both the manufacturer and the 

customer. The failure zone is to be identified with finite element analysis and correlated with testing 

of link in tensile testing machine.  
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Fig. 1: Schematic sketch of a Tractor Disc Brake with links  

At the conclusion of a brake application, the coil springs pull the actuating discs back into their 

original relative positions, the pressure is taken off the friction discs and the brake is released. 

 P. Vijayalakshmi and J. Lilly Mercy [1] obtained the fatigue life of the optimized model using 

Finite Element method along with optimization technique.  

 Peter O Jansson [2] investigated the stress distribution in link plates with varying amounts of 

material behind the link plate pins and developed them. 

 Swapnil R. Abhang and D.P.Bhaskar [3] found that friction force on the disc brake with carbon 

ceramic matrix works more efficiently.  

 V.M.M.Thilak et.al [4] made an attempt to investigate the suitability of hybrid composite 

material for extended service life and long term stability. 

 S. Sarip [5] tried to reduce weight by vehicle with regenerative braking system based on the 

relationship obtained between rotor weight, thickness, undercut affect and offset between hat and 

friction ring.  

 Amandeep [6] worked on brake pedal linkage of a tractor. Modeling is carried out using CATIA 

software and finite element analysis is carried out using ANSYS software. The maximum stress is 

found to be 173.51 MPa which is well below the yield stress of material which is 250MPa. 

Maximum deformation was 21.053 mm which according to the author is within safe limits. 

From the literature survey, it can be seen that there exist a lot of potential for exploration in 

reducing the weight of components in tractors. One such component is brake link which the author 

intends to investigate for weight reduction and thereby reducing the cost.  

Methodology  

The actuating link currently in use is of 6 mm thickness.  It is intended to check the suitability of 

5 mm thick and 4 mm thick link by adopting both analytical and finite element method. Finite 

Element Analysis is to be carried out using ANSYS software to find out maximum stress. The link 

is to be analyzed as plate with a hole concept and theoretical calculations are to be based on this 

concept. For the purpose of analysis, a pedal effort of 30 Kg is considered. Pedal ratio and linkage 

ratio are considered as 15. The link material is C-40 steel whose yield stress is 324 MPa.  

 The load is applied as pressure on the surface. The pressure to be applied depends on the cross 

section of the links. The areas of cross sections over which pressures are applied for 6 mm, 5 mm 

and 4 mm links are 88.2 mm2, 73.5 mm2 and 58.8 mm2 respectively. A new thickness of link is to 

be proposed based on results from analytical and finite element analysis. Based on the above 

observations cost reduction per year is to be calculated and tabulated. Tensile test is to be carried 

out to ascertain the location of failure zone. 

Analytical Calculation of Stresses in 6 mm Thick Link 

The pedal effort of 30 Kg and pedal and linkage ratio of 15 are considered for calculations and 

analysis. Hence, the load applied is 4415 N. However, load of 4500 N is considered for 

calculations. 

  Fig. 2 indicates the dimensions of existing link. Following are the Specification of the link in use 

currently  
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• Material = Mild Steel (C-40, Density = 7850 kg/m3) 

• Thickness t = 6 mm 

• Width of plate, w = 25 mm 

• Hole Diameter d =  11.18 mm 

 

Fig. 2: Geometry of existing link 

For plate with a hole concept, ratio of hole diameter to width of plate is to be found out ie. 

 

d/w             (1) 

11.18/25 = 0.4472 

For d/w =0.4472, the stress concentration factor from design data hand book is Kσ= 2.2 [6] where 

Kσ is stress concentration factor 

 

A = (w-d) x t            (2)   

 

A = (25-11.18) x 6 = 82.92 mm2 

 

nominal = F / A  where  nominal is the nominal stress in MPa      (3) 

 

nominal = 4500 / 82.92 = 54.27 MPa 

 

maximum = Kσ x nominal where maximum is the maximum stress in MPa    (4) 

maximum = 2.2 x 54.27 = 119.4 MPa 

 

Factor of safety (FOS) = yield / maximum        (5) 

FOS = 324 / 119.4 = 2.7 

Similarly stresses and FOS for 5 mm and 4 mm thick links are calculated and tabulated in Table 1 

Table 1: Maximum stresses induced 

Sl 

no. 

Link 

Thickness[mm] 

Maximum 

stress, [MPa] 

FOS 

1 6 119.4 2.7 

2 5 143.3 2.3 

3 4 179.1 1.8 
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Finite Element Analysis of 6 mm, 5mm and 4 mm thick links 

For Finite Element Analysis (FEA) the load is applied as pressure. The pressure values are as 

discussed earlier. Tractor brake link is analysed for stresses using ANSYS. The element used is 

SOLID BRICK 8node45 

As the load is applied on brake pedal, the force is transmitted to the link through the pin. One 

side of the link hole is constrained whereas the other hole has tensile pull acting on it. As in Fig. 3, 

180˚of the hole is constrained for all the degrees of freedom, since the movement of the hole is 

controlled by the pin at that area. 

 

 

 

 

 

 

      Fig. 3:  F E model with boundary conditions                   Fig. 4:  F E model with loading 

Axial tensile pressure acting on 180˚ of the hole is applied as shown in the Fig. 4, since the 

operating rod pulls the link axially at this area. The pressure of 51.02 MPa, 61.22 MPa and  

76.53 MPa are on 6 mm, 5 mm and 4 mm thick links respectively is applied on one of the hole and 

the other side of the hole is constrained. Fig. 5, Fig. 6 and Fig. 7 indicates the stresses and 

deformation in the links.  

 

 

 

 

 

 

Fig. 5: Stress and deformation in 6 mm thick link  Fig. 6: Stress and deformation in 5 mm thick link 

 

Fig. 7: Stresses and deformation in 4 mm thick link 
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Stresses obtained by both analytical and finite element methods are compared. Comparison of 

stresses and FOS obtained analytically and from FEA are tabulated in Table 2. 

Table 2: Stresses through analytical calculations and FEA 

Sl no. Link 

thickness, 

[mm] 

Stress from 

analytical method 

[MPa] 

Stress from 

FEA  [MPa] 

FOS from 

Analytical 

method 

FOS from 

FEA 

1 6 119.4 127.8 2.7 2.5 

2 5 143.3 189.7 2.3 1.7 

3 4 179.1 215.9 1.8 1.5 
 

Based on the analytical and FE analysis, for 4500 N load, the stress induced in 6 mm, 5 mm and 

4 mm thick specimens are well within the 324 Mpa yield stress of the material C - 40. Hence, based 

on strength criteria the component is safe. From analytical and FEA, both in 5 mm and 4 mm thick 

links, the stress induced are well within the limits and FOS obtained is safe. But, safety of human 

being is paramount while designing brakes. Hence, a higher value of FOS is desirable. Hence, 5 mm 

thick link may be considered for use in practice. 

Tensile test for existing link of 6 mm thickness was conducted in a Universal Testing Machine 

to identify the location of failure zone and correlate with that of FEA.  During the tensile test, the 

fracture occurred at the area of lowest radius of curvature where stress concentration is maximum. 

This is as shown in Fig. 8. This is in agreement with the high stress zone indicated in FEA. 

 
Fig. 8: Fractured 6 mm thick link 

Weight reduction is of high importance since reduction in weight of link reduces total weight of 

the tractor which improves the efficient working of the tractor. The weight of both 6 mm and 5 mm 

thick link is calculated by considering the density of steel to be 7850 Kg/m3 and surface area of 

1457.4 mm2. The weight of 6 mm thick link is 69 grams where as that of 5 mm thick link is  

57 grams. The weight saved by using 5 mm thick link is 12 grams. The cost of 1 Kg of steel is 

considered as Rs.50 for calculations. According to the survey conducted by Tractor Manufacturers 

Association in 2013 [7], a total of 6, 00,000 number of tractor units were sold in India. There are 

totally two disc brakes in a tractor. Each disc brake consists of two links. So a tractor consists of 4 

actuating links. Hence total number of links manufactured is 24, 00,000.  Hence, total cost saved is 

Rs.14, 40000/=.  
From the above analysis and calculations, it can be concluded that by using 5 mm thick link, the 

cost saved is quite substantial. 

Conclusions                                                                              

The main focus of this project was to find the stress induced analytically and by finite element 

methods for link of various thickness and estimate the weight reduction and in turn cost saving. 

Through analytical and finite element analysis of actuating link, it was found that the stress induced 

in 6 mm thick link as well as 5 mm thick link was well within safe limit under the loading condition 

of 4500 N. By using 5 mm thick link, the material saved is 12 grams per link. The cost analysis is 

performed for 5 mm link and it was found that  Rs.14,40000/= per annum can be saved for 
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24,00,000 links which are manufactured per year considering that 6,00,000 tractors are produced 

every year. Hence, 6 mm thick link may be replaced by 5 mm thick link. 
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Abstract: 

Vibration is the motion of a particle or a body or system of connected bodies displaced from the position of equilibrium. The system 

tends to return to equilibrium position due to restoring forces. Presence of unwanted vibrations in a system is undesirable and hence it 
is required to find the natural frequency of a system. The natural frequency can be calculated using stiffness and mass of the system. 

In the present work, an attempt is made to compare theoretical and experimentally obtained natural frequencies and ascertain the 

percentage error. From the experimental investigations, it is found that the percentage error in natural frequency is greatly reduced 

with the increase in mass attached to the set up. It is found that percentage error is 13.12% for the maximum mass attached to the set 

up. This comparison would help in finding out accurate values of natural frequency of a system which in turn would help in enhancing 

the ride and comfort levels for passengers in automobiles.  

 

Keywords: Vibration, Spring mass system, Natural frequency, Static deflection. 

  

I. INTRODUCTION 
 

All objects in the universe are made up of matter which can exist 
in solids, liquids or gaseous form. Any of these forms can exist 

in microscopic forms such as ions, atoms, molecules or as huge 

sizes like planets and their satellites. They are all composed of 

matter which essentially possesses mass. Masses without the 

action of forces on them can be stationary and only force acting 

on them is gravitational force which leads to weight. Masses 

under the action external forces are subjected to translations and 

rotations. The time rate of change of translations will lead to 

linear velocity. If it is rotation, it will lead to angular velocity. 

The time rate of change of linear and angular velocities will lead 

to linear and angular accelerations.  Masses under the influence 
of accelerations develop inertia forces. All the bodies which 

possess mass and elasticity are capable of vibrations. Any 

motion which repeats itself after an interval of time is called 

vibration or oscillation or periodic motion. 

 

Everything is related to vibration 

Biology  : Pulse rate, breathing rate 

Physics  : waves, sound 

Chemistry : Atomic vibration, Spectroscopy 

Astronomy : Planetary orbits 

Geology  :Earthquakes, Volcanic eruptions, Seismic 

tremors  
Economics : Financial cycles, Business cycles 
 

To & fro motion of a body in a particular time interval is said to 
be subjected vibrations 

 

 Causes of vibration are 

• Unbalance forces in the machines 

• External excitations by Impact loads 

• Earthquakes leads to failure of buildings & structures 

• Winds cause vibration of transmission lines 
 

Harmful effects of vibrations:   

• Excessive stresses 

• Undesirable noise 

• Loosening of parts 

• Partial or complete failure of parts 

 

Useful effects of vibration: 

• Musical instruments 

• Shakers 

• Stress relieving 
 

Following are the ways to eliminate vibrations  

• Removing cause of vibration 

• Putting screens if noise is an objection 

• Placing machinery on proper isolators 

• Shock absorbers 
 

Amplitude is the maximum distance travelled by the vibrating 

particle from its mean position. Period of vibration or time 

period is the time interval after which the motion is repeated 
itself. The period of vibration is usually expressed in seconds. 

Cycle is the motion completed during one time period 

Frequency is the number of cycles described in one second. Its 

unit is Hertz (Hz) or cycles per second (CPS)   

 

Types of vibrations are  

• Free or natural vibrations 

• Forced vibrations  

• Damped vibrations 
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In the present work a single degree of freedom system is 

considered using a spring mass system to understand the 

variations in frequencies in theoretical and experimental 

analysis. Also, the percentage error is to be estimated and 

analyze the influencing factors for higher errors occurring 
between theoretical and experimental values. This would help 

researchers and practicing engineers to find the natural 

frequencies of a system close to the theoretical values. 

 

II. LITERATURE REVIEW  

 

Pratik Muliya [1] et.al have compared the methods to calculate 

natural frequency of a simple vibrating system. They have 

compared analytical methods such as equilibrium method, 

maximum energy method and Rayleigh’s method with the 

experimental results. They have found that the results of 

experiments are in line with those of analytical methods Nandan 
Rajeev [2] et al have identified comfortable ride frequencies for 

various vehicles such as passenger cars, rally cars etc. They infer 

that the ride frequency of the suspension system plays a major 

role in the design of the vehicle. They provide an insight into 

natural frequency, ride frequency and how they are valuable in 

the design of springs for suspension system. T. Ravi teja[3] have 

made an attempt to analyze multi degree freedom system for 

natural frequencies and mode shapes. These mode shapes can be 

superimposed to get actual displacement pattern of a given 

system. The author has developed a multi degree freedom 

system in Mat Lab platform. The Mat Lab program could plot 
the amplitudes of the vibrating bodies. Using this designer can 

work out various parameters and arrive at an optimum 

specification of the system 

 

OBJECTIVES  

To find natural frequency of a spring for various masses 

theoretically  

To find natural frequency of a spring for various masses 

experimentally. 

To find the percentage error between 

 

III. METHODOLOGY  

 

In the present work a simple set up consisting of a spring mass 

system as shown in Fig. 1 is chosen for carrying out the 

experimentation. Various masses are considered for experiments. 

The theoretical values of natural frequency for various masses 

are calculated using the equation fth= 1/2 g /  where ‘g’ is 

acceleration due to gravity in mm/s2 and ‘’ is static deflection. 

The chosen masses are mounted on the setup and allowed to 
oscillate for 10 oscillations. Then time per oscillation is 

calculated and in turn frequencies are calculated.  

 

 
Figure.1. Spring Mass System Set Up 

IV. RESULTS AND DISCUSSIONS 

 

Theoretical natural frequency (Specimen calculation) 

Initial length of spring  =105mm 

Mass attached, m   =0.43Kg 

Final length of spring  =175mm 

Static deflection of spring,  = Final length of spring - 

Initial length of spring 

     = 175 – 105 = 70mm 

Acceleration due to gravity, g =9810mm/s2 

 

fth  = 1/2 g /  

    = 1/2 9810 / 70  

 = 1.884 Hz 

Similarly, for various masses static deflections are noted and 

theoretical frequencies are calculated. They are tabulated as 

shown in Table 1 
 

Table.1. Theoretical Frequencies for Various Masses 

Sl. no Mass, m Kg Initial length 

of spring, 

mm 

Final length 

of spring, 

mm 

Static deflection, 

, mm 

Theoretical 

frequency, Hz 

1 0.43 105 175 70 1.884 

2 0.63 105 225 120 1.439 

3 0.73 105 260 155 1.266 

4 0.93 105 320 215 1.075 

 

Experiments were conducted using the set up as shown in Fig 1 

for various masses considered. The time for 10 oscillations was 

recorded and time per oscillation is calculated. Table 2 indicates 

the experimentally obtained frequencies for the corresponding 

masses. 

 

 

Table.2. Experimentally Obtained Frequencies 

Sl. 

no 

Mass, m 

Kg 

Initial length 

of spring, 

mm 

Final length 

of spring, 

mm 

Time for 10 

oscillations, 

seconds 

Time per 

oscillation, 

seconds 

Experimental 

frequency, Hz 

1 0.43 105 175 7.1 0.71 1.408 

2 0.63 105 225 8.9 0.89 1.123 

3 0.73 105 260 9.6 0.96 1.042 

4 0.93 105 320 10.7 1.07 0.934 
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Percentage error between theoretical and experimental 

frequencies are tabulated as shown in table 3 

 

 

 

 

Table.3. Comparison of Theoretical and Experimental Frequencies and % Error 

Sl. no Theoretical 

frequency, Hz 

Experimental 

frequency, Hz 

% error 

1 1.884 1.408 25.26 

2 1.439 1.123 21.95 

3 1.266 1.042 17.69 

4 1.075 0.934 13.12 

 

 
 

Figure.2. Percentage Error Decreases with Increase in Mass 

Attached 

 

V. CONCLUSIONS 

 

In the present work, natural frequency of a given spring is 

calculated theoretically and compared with that of experimentally 

obtained natural frequency the natural frequencies are calculated 

with different masses. The percentage error is estimated. From 

experimental investigations it is found that the percentage error 

is reducing with the increase in mass attached. This may be due 

to the fact that as the mass increases, the recording of time 

becomes more and more accurate and hence the percentage error 

gets reduced. It can be concluded that the recording of time need 
to be more accurate during experimentation. Also, the researchers 

and practicing engineers can note that the experimentally 

obtained natural frequency will be more in concurrence with 

theoretical natural frequency if the mass attached is increased. 
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Solid state kinetic models were developed for predicting conversion fraction (α), reaction rate (d/dt), kinetic triplet (model 
f(), frequency factor (A) and activation energy (Ea)) of (K0.5Na0.5)NbO3ceramics using thermos-gravimetric analysis data 
obtained at constant temperature of 900C .The integral reaction model g(), were evaluated for experimental data and 
theoretical reaction models. Kinetics of solid state reaction of KNN ceramics was a homogenous nucleation process with one 
dimensional nuclei growth per particle at constant rate, 2D diffusion controlled reaction mechanism, particles with 
spherical/cubical shape based on Mapel, JMAEK nucleation, Jander Model and contracting volume model respectively. 
 
 
© 2018 Elsevier Ltd. All rights reserved. 
Selection and Peer-review under responsibility of INTERNATIONAL CONFERENCE ON SMART ENGINEERING 
MATERIALS (ICSEM 2016). 

Keywords:KNN; solid state reaction; Kinetics analysis; Kinetic Triplet; Reaction model; Diffusion model;Nucleation model; 
Crystal imperfections. 

1. Introduction 

Presently, potassium sodium niobate (KNN) based lead free piezoelectric ceramic materials have  high potential 
applications in emerging areas of micro-motors[1], energy harvesting devices[2], magneto-electrical sensor [3] etc., 
due to their high curie temperature (TC )[4],  piezoelectric  and ferroelectric properties[5]. Solid state method is a 
convenient way to decompose the presence of carbonates and oxides in KNN piezoelectric materials with good 
control on particle morphology [6-7]. The KNN is a heterogeneous material with melting point of two alkali 
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elements close to normal calcination temperature in solid state route.  Hence establishment of the calcination 
temperature may result in the formation of non-stoichiometric phases due to volatile nature of the alkaline 
elements, which hinders the densification and piezoelectric properties [8-10]. In this direction many researchers 
have investigated the influence of calcination parameters and alkali carbonates on phase transformation of KNN 
from orthorhombic to tetragonal crystal structure [11-13].  

Many researchers have worked on kinetic (isothermal or non-isothermal) analysis of model-fitting and model-free 
(iso-conversional) methods [14-19] for amorphous, polymeric and pharmaceutical materials in the solid state route. 
Avrami models were used to achieve  required reaction mechanism  and to determine kinetics of (GeS2)0.3(Sb2S3)0.7 

glass, zirconia gel ZrO2[15]crystalline material, crystallographic transition[16], decomposition kinetics of the AlH3 
polymorphs, thiourea and thiourea oxides[17-18],  hydrogen adsorption or desorption  of MgH2 with single walled 
carbon nano tubes (SWNT) and metallic catalyst[19], hydration of tricalcium and dicalcium silicate mixtures 
[20]and de-solvation of sulfa meter solvates [21] respectively. Thermal decomposition of AgMnO4 crystals for 
polymorphic transformation was analyzed by kinetics models based on Maxwell-Boltzmann distribution of energy 
[22]. Acid -base type solid chemicals such as sulfonamide and ammonia adducts [23] showed that diffusion model 
plays a vital role when the crystal lattices of the reactants are separate. The dehydration process of calcium oxalate 
monohydrate followed geometrical contraction models [24].Thermal oxidation of porous silicon [25]followed 
Mapel (First-order) Model. But as per authors knowledge no or few research is focused on solid state kinetic 
analysis to optimize the synthesis route of KNN piezoelectric materials to achieve (K0.5Na0.5)NbO3 system without 
non-stoichiometric phases for better piezoelectric properties. 

The purpose of the work was to investigate solid state kinetics of KNN ceramic particles for the system 
(K0.5Na0.5)NbO3 isothermally  by thermal gravimetric analysis.  The isothermal reaction rate (dα/dt), the kinetic 
triplet (A, Ea, f(α)) and integral reaction model g(α) was determined by conversion fraction(α). The nucleation, 
geometrical contraction, diffusion, reaction-order models were studied to achieve completion of the isothermal 
reaction of KNN piezoelectric materials, without non-stoichiometric phases by model fitting method for better 
piezoelectric properties.    
 
2. Experimentation 
 
The potassium sodium niobate piezoelectric ceramics was synthesized by conventional solid state method [26].The 
synthesized homogeneous KNN nano powders were subjected for thermo-gravimetric analysis to study isothermal 
solid state kinetics ,behind solid state route of  KNN ceramics. Thermo-gravimetric measurements was done by 
using simultaneous thermos-gravimetry / differential thermal analyser, (DTG-60/60) Shimadzu, with an analytical 
measuring instrument to work in inert atmosphere (50ml min-1 N2). Small sample (2.724mg) was placed in a 
platinum cell to reduce the phenomena of heat and mass transfer. A constant rate controlled thermal degradation 
curve was obtained to study the solid state kinetics of KNN ceramic powders. The measured parameters were 
transformed into a conversion fraction (α) to analyse the reaction mechanism of KNN piezoelectric ceramic 
powders. 

3.Results and Discussions 

3.1 Isothermal curves of KNN powder 

The measured isothermal gravimetric data of KNN powder at 900○C for dwell time between 1-1000 min was 
transformed into conversion fraction (α) by using equation 1.  m0, mt , m∞    is the initial mass , mass at time t, and 
final mass of KNN powder at 1000min. The obtained α values were plotted against the dwell time, from 1-1000 
min. Isothermal curve (α vs. t) of synthesized KNN powder is depicted by Fig. 1(a). The parabolic nature of the 
graph indicates gradual increase in the mass fraction of the KNN powder as the reaction mechanism progress till 
500min. Enhancement in the mass fraction during isothermal reaction is due to removal of moisture, decomposition 
of KNN powder from carbonates into bi-carbonates with the release of CO2 gas. Further the mass fraction of the 
isothermal reaction from 500-1000 min was constant. This ensured that isothermal reaction mechanism of KNN 
powder at 900○C is completed. The reaction rate of the KNN powder at 900○C was evaluated by determining 
change in mass fraction to change in dwell time (dα/dt) and was plotted against the conversion fraction as shown in 
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Fig 1(b). Here the reaction rate reduced gradually as the reaction progressed and almost zero towards the mass 
fraction value of 1 ensuring that, kinetic model of KNN ceramic powders can be grouped under deceleratory 
models.  
ൌ ן  ௠బି௠೟௠బି௠ಮ                                                                                                                                                                        ሺ1ሻ 

  
 

 

 
 
 
 
 

 

 

 

 

 

3.2 Order based models of KNN 

The conversion fraction (α) and reaction rate (dα/dt) computed from  the measured parameter of isothermal 
gravimetric analysis  was used to determine reaction  model f(α)  and  integral reaction model g(α) of KNN 
particles. The experimental f(α) value was determined by equations 2,3 and g(α)  by Eqs. 4,5 respectively. The 
frequency factor,  activation energy, absolute temperature,  gas constant, heating rate, reaction and integral reaction 
model  is denoted  by  A, Ea ,T, R, β ,f(α) and g(α) respectively. The heating rate [β] is given by the equation dT/dt.  
 ௗןௗ௧ ൌ ሻןሻ                         ሺ2ሻ                                          ݃ሺןሺாೌ|ோ்ሻ ݂ ሺି݁ ܣ ൌ  ሻ                            ሺ4ሻןሺாೌ|ோ்ሻ݂ሺି݁ ܣ

 ௗןௗ௧ ൌ  ஺ఉ  ݁ିሺாೌ|ோ்ሻ݂ሺߙሻ                         ሺ3ሻ                                            ݃ሺןሻ ൌ  ஺ఉ ׬  ݁ିሺாೌ|ோ்ሻை்  ݂ሺןሻ                   ሺ5ሻ 

 
The theoretical first, second and third order reaction models where determined by the Eqs. 6- 8 using conversion 
fraction (α) values of KNN particles. The order of integral reaction models was evaluated by Eqs. 9-11.The reaction 
and integral models of KNN powder computed from measured parameters where mapped with derived order based 
models by model fitting method. 
 ݂ሺןሻ ൌ ሺ1െןሻ,     1ݎ݁݀ݎ݋ ݐݏ                            ሺ6ሻ           ݃ሺןሻ ൌ ሺ݈݊|ሺ1െןሻሻ,                     1ݎ݁݀ݎ݋ ݐݏ                       ሺ9ሻ 
 ݂ሺןሻ ൌ ሺ1െןሻ² , ሻןሺ7ሻ            ݃ሺ                          ݎ݁݀ݎ݋ 2݊݀ ൌ  ሺ1 ሺ1െןሻ⁄ ሻ െ  ሺ10ሻ                   ݎ݁݀ݎ݋ 2݊݀             ,1
 ݂ሺןሻ ൌ  ሺ1െןሻ³ , ሻןሺ8ሻ             ݃ሺ                           ݎ݁݀ݎ݋ ݀ݎ3 ൌ ሺ1|2ሻ൫ሺ1െןሻˉ² െ 1൯,      3ݎ݁݀ݎ݋ ݀ݎ                   ሺ11ሻ 
 
In this regard, the plot of order based models of synthesized KNN nano-powders is indicated by Fig. 2a and 2b. In 
Fig. 2a, The f(α)  vs. (α)  for different order of the reaction was almost similar to homogenous kinetics. The nature 
of the graph ensured reaction rate (dα/dt) and the mass fraction (α) were proportional to each other, raised to a 
particular power, called to be the reaction order. The evaluated reaction model f(α) of  KNN experimentally  was 
compared with derived models for different orders (1, 2 and 3).  The nature of the experimental reaction model was 
similar to second order reaction at initial and final α values. The other consecutive α values of the experimental 
reaction model was fitting towards first order model.  To confirm the reaction order of the synthesized KNN nano-
powders, the graph of integral reaction models g(α) vs. mass fraction (α) for different order was plotted as shown in 

Fig. 1(a). Mass fraction(α) vs. time of  
synthesized(K0.5Na0.5)NbO3ceramic 

Fig. 1(b). Reaction rate vs. Mass fraction(α) of  
synthesized (K0.5Na0.5)NbO3 ceramic powder. 
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Fig.2b. The  experimental integral reaction  model  g(α) fitted exactly with the derived second order reaction 
model, ensuring that synthesized KNN powders in the system (K0.5Na0.5)NbO3 is the second order solid state 
reaction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3 Activation Energy [Ea] of KNN. 
 
The activation energy  [Ea ] of  the synthesized  KNN powders can be evaluated by the rate law as  shown in  Eq. 2 
or 4 ,after  evaluating dα/dt, f(α) and  g(α)  values of  KNN 
particles. Here A is the frequency factor, T is the absolute 
temperature, R is the gas constant, f(α) is the reaction model. 
The variation in activation energy for synthesized KNN nano-
powders by solid state reaction is indicated by Fig. 3. The 
uniqueness and variance in activation energy ensured that it is a 
complex reaction mechanism with two or more elementary 
steps in the mechanism. In such a case, change in activation 
energy will be observed as the reaction progress [29]. This 
indicates that during a reaction, reactivity changes due to 
formation of the required system (K0.5Na0.5)NbO3, and presence 
of crystal defect and intra crystalline strain. The reactivity of 
KNN solid state reaction is also affected by experimental 
variables, which changes the kinetics of reaction mechanism. 
The dependence of E on α in decreasing mode confirms that it 
is an endothermic reversible reaction which follows an 
irreversible reaction [30]. 
 

3.4 Kinetics of solid state reaction of KNN piezoelectric powders  

3.4.1 Nucleation Model. 

The kinetics behind solid state reaction of KNN particles can be divided into nucleation models, geometric 
contraction, and diffusion and reaction order based on its reaction mechanism. The nucleation based integral 
reaction expression were derived by Power law, Avrami , Mapel and JMAEK  models from Eqs. 12 to 20 as shown 
below.  
 
 
 
 
 

Fig. 2(a)   Order based reaction models of  
 synthesized (K0.5Na0.5)NbO3 Fig.2(b) Integral reaction model of synthesized 

(K0.5Na0.5)NbO3(K0.5Na0.5)NbO3 

Fig. 3. Dependence of E on α for synthesized   
KNN powders 
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 The formation of the required system i.e.(K0.5Na0.5)NbO3 was achieved by decomposition [27] of  the reactant with 
the release of CO2  in the lattice of reactant (K2CO3, Na2CO3 and Nb2O5).The nucleation rate of the experimental 
value was comparatively higher than that of Avrami (Fig.4b)and power model (Fig.4a) which indicates problem of 
ingestion and overlap of nuclei [26].Prout-Tompkins (B1) model was not relevant to experimental g(α) values of 
KNN. The integral reaction rate of KNN powder mapped with the derived value of Mapel Nucleation model, 
ensured single nucleus per particle in the synthesized system of (K0.5Na0.5)NbO3 ceramic materials as shown in 
Fig4b. The nature of the diffusion controlled nucleation models (JMAEK) for n=1.5 was in agreement with reaction 
rate of KNN particles as indicating Fig. 4c. This JMAEK model ensured that it is a homogeneous nucleation with 
one dimensional nuclei growth at constant rate, considered under bulk mechanism [29]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.4.2 Diffusion model of KNN powder 
 
The experimental rate controlling process for the reaction mechanism of the KNN powder was analysed by 
diffusion models. In this regard 1-D,2-D,3-D and Brounshtein models were derived from α values of KNN 
particles,  using below mentioned equations 21-24. 
 

  
 
 

 
 
.                                                     
 
 
 
 
 
 
 
 

Fig. 4a.  Power law models of synthesized 
(K0.5Na0.5)NbO3 

Fig. 4b. Avrami and Mapel models of 
synthesised (K0.5Na0.5)NbO3powders 

        Fig. 5. Diffusion Models (a) 1D, 2D, 3D, D4-  
 of  (K0.5Na0.5)NbO3powders. 

 Fig. 4.(c)JMAEK nucleation models of  
               (K0.5Na0.5)NbO3powders 
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1ܦ  ൌןଶ                                           ሺ21ሻ                              3ܦ ൌ ൣ1 െ ሺ1െןሻଵ ଷ⁄ ൧ଶ                             ሺ23ሻ    
2ܦ  ൌ  ൫ሺ1െן൯݈݊൫1െןሻ൯ ൅ 4ܦ                               ሺ22ሻ     ߙ ൌ 1 െ ሺ2 3⁄ ሻ ן  െ ሺ1െןሻଶ ଷ⁄             ሺ24ሻ 
 
The rate controlling process (Diffusion) for the solid state reaction of KNN powders is indicated by Fig.5.The 
experimental integral reaction expression g(α) of the KNN powders was mapped with the derived diffusion models 
for 1, 2 , 3 and 4 dimensions  models.  The reaction model was not proportional to mass fraction values (α) 
conforming that, it is not 1D model. The Jander model(D3) which assumes spherical shape of the solid particle and 
Ginstling and Bounstein(D4 ) for   low conversion values ,didn't hold good for integral reaction rate  models of 
KNN powders. The graphical shape of the experimental diffusion model maps with the 2D-Diffusion model. 2D-
Diffusion model which was in agreement with the integral reaction rate of KNN ensured, that the synthesized KNN 
solid particles are in cylindrical shape with increased reaction zone at radial diffusion through a cylindrical shell. 
The product formation rate decreased proportionally as shown in Fig.1b, in diffusion controlled reactions with a 
barrier to the product layer [31]. Hence we can conclude that, solid state kinetics of KNN powder is a 2D-diffusion 
controlled reaction mechanism. 
 

3.4.3 Geometrical contraction model of KNN powders 

Contraction (Phase Boundary) models of synthesized KNN powders which assumes  nucleation to occur quickly 
across  the surface of the KNN crystal is indicated by Fig.6a and 6b. The reaction  rate and integral reaction rate of  
the model  was derived from Eqs. 25 - 26, using  mass fraction (α) value, obtained from measured gravimetric data.  
The experimental integral reaction value g(α) of KNN particles was mapped with derived models of contracting 
area and volume as shown in Fig. 6. Since the reaction interface of KNN powder  progress towards the centre in 
contraction models ,the rate of degradation can be controlled. The graphical shape of  reaction and integral reaction 
rate model at almost all α values, excluding few of KNN particles as shown in Fig.6a and 6b, was in match with 
contraction volume model [27]. This confirmed that, the KNN solid particles where spherical/cubical in shape.   
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
       
 
 
           
             ܴ 2 ൌ 2ሺ1െןሻଵ ଶ ⁄         ሺ25ሻ                                     ܴ2 ൌ 1 െ ሺ1െןሻଵ ଶ⁄                                 ሺ27ሻ    
 
          ܴ3 ൌ 3ሺ1െןሻଶ ଷ⁄            ሺ26ሻ                                     ܴ3 ൌ 1 െ ሺ1െןሻଵ ଷ⁄                                 ሺ28ሻ 
 
 
 

Fig. 6a.   Geometrical contraction (R) reaction       
 models f(α). 

 
Fig. 6b. Geometrical contraction (R) Integral  

reaction models g(α). 
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4. Conclusion 
 
The current work was focussed on isothermal kinetic analysis, to study the kinetics behind solid state reaction of 
potassium sodium niobate piezoelectric ceramics.  Mass fraction (α) and reaction rate of KNN powder achieved 
completion of the solid state reaction at 900○C,500min with a deceleratory reaction rate. The Ea values revealed that 
synthesized KNN powders were of complex endothermic reversible reaction followed with irreversible reaction. 
Order based model concluded that reaction mechanism of KNN is the second order solid state reaction. The Mapel 
and JMAEK nucleation model revealed that (K0.5Na0.5)NbO3 ceramic materials is an constant rate homogenous 
nucleation  with one dimensional growth  of single nucleus per particle. Jander Model conclude that, solid state 
kinetics of KNN powder is a 2D-diffusion controlled reaction mechanism. Geometrically contacting volume model 
ensured that the synthesized KNN solid particles where spherical/cubical in shape.  
 
In summary, the theoretical based experimental approach helped to analyze the kinetics behind reaction mechanism 
of calcined KNN nanopowders through various derived solid state models. Solid state kinetics tool helped in 
achieving completion of the reaction mechanism successfully without non-stoichiometric phases, there by leading 
for betterment of piezoelectric properties. 
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Abstract: The motive of this research is to develop a new 

hybrid Nano composite on the surface of mild steel to eradicate 

the rate of corrosion that takes place on the surface of the mild 

steel and to enhance mechanical properties. For this, a hybrid 

Nano composite of Multi-Walled Carbon Nano Tube’s 

(MWCNT’s), Zinc Oxide (ZnO) Nano particles and Epoxy resin 

has been used to overcome the major disadvantage of mild steel 

which is corrosion. The mechanical property of mild steel is also 

increased. Ultra-sonication method is adopted for better 

dispersion of ZnO Nano particles and MWCNT’s. In this study, 

Ethanol is used for better dispersion. After applying the coating 

on the surface of newly developed Nano composite by using 

pneumatic gun spray method is used. FESEM was conducted to 

study the surface morphology of corroded surface of mild steel. 

The rate of anticorrosion and mechanical properties get 

improved by the application MWCNT’s/ZO Nano particles/Epoxy 

resin.  

 

Keywords: MWCNT’s, Zinc Oxide Nano particles, Epoxy 

Resin, Anticorrosion, Mechanical Properties. 

I. INTRODUCTION 

 The Coating industry is growing rapidly around the 

globe. Today, coating not only helps for beautification of 

structure but also protects the valuable metals and buildings 

from corrosion. Application of nanotechnology in the field 

of coating can  improve upon the coating industry. 

Properties like corrosion resistance, flame resistance, UV 

stability, gloss retention, chemical and mechanical 

properties are enhanced by making use of nanoparticles. The 

main merits of using Nano-coating are: (1) Provides better 

surface appearance, (2) Offers good resistance to chemicals, 

(3) Increases thermal stability, (4) Surface is easy to clean, 

(5) Has anti-fogging, anti-graffiti, anti-skid, and anti-fouling 

properties, (6) Improves electrical and thermal conductivity, 

(7) It is anti-reflective in nature, (8) It is Lead and chromate 

free, and (9) Has good adherence.  
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 The anti-corrosion hybrid coatings provide a very 

effective method to protect the element against corrosion. 

There are various types of corrosion resistant coatings 

available such as urethanes, latexes, epoxies, and silicone 

alkyd. Two major mechanisms are accountable for the 

breakdown of coating protection, namely, diffusion of water 

through the coating and dis-bond propagation between the 

coating and the substrate (Aglan, Allie, et al. 

2007). Corrosion is degradation of materials’ properties due 

to chemical reaction with the environment, and corrosion of 

most metals is unavoidable. While primarily associated with 

metallic materials, all types of materials are susceptible to 

degradation. Approaches convenient for controlling 

corrosion include:  Application of protective coatings to 

metal surfaces to act as a barrier and perhaps provide votive 

protection, the addition of chemical species to the 

environment to inhibit corrosion, alteration of alloy 

chemistry to enhance the resistance to corrosion, and the 

treatment of the surface of a metal to increase its resistance 

to corrosion (Shaw and Kelly 2006). 

 Multi-Walled Carbon Nanotubes, invented by 

Iijima and Ichihashi, have attracted considerable interest due 

to their application in fabricating a new classes of advanced 

materials owing to their distinctive structural, mechanical 

and electronic properties. MWCNTs possess good 

mechanical properties. The tensile strength of carbon 

nanotubes is about 100 times greater than that of steel of the 

same diameter.   Two factors account for this strength. The 

first is the strength dispensed by the interlocking carbon-to-

carbon covalent bonds. The second is the fact that each 

carbon nanotubes is one large molecule (Yeole, Mahajan et 

al. 2015).  

 Zinc oxide (ZnO) forms colour-less hexagonal 

crystals or a white dusty powder. When heated, the colour 

changes into lemon yellow. It reverts into white again when 

cooled down. Zinc oxide has a density of 5.61 g/cm³. It 

evaporates at 1300 °C and above and sublimates as it 

reaches a temperature of 1800 °C. Hence, there is no (liquid) 

melt but a direct transition from the solid into the gaseous 

aggregate state. ZnO nanoparticles have attracted great 

attention because of their unique catalytic, electrical, 

electronic and optical properties as well as their low cost 

and vast applications in different areas (He 2004). 
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Epoxy resin is the most popular material in the world for 

anti-corrosive coating of materials. This type of materials 

has high resistance to chemicals and possesses attrition 

resistance. Epoxy resin has good mechanical properties and 

electrical properties, and also offers resistance against 

chemical and atmospheric attacks (Dunn 1959). 

II. EXPERIMENTAL PROGRAM 

1.1 Materials: 

           Materials required are Multi-walled carbon 

nanotube’s (MWCNT’s), Zinc Oxide Nano particles (ZO), 

Epoxy resin (E) (Fine coat EP 200/A) and hardener (Fine 

coat EP 200/B), Mild steel, Thinner (Thinner-643), Ethanol, 

etc.  

Multi-Walled Carbon Nano Tubes were prepared by CVD 

method. Epoxy resin (FINECOAT- EP 200A & EP 200B) is 

a two- component epoxy clear lacquer, cured with 

polyamide hardener. It cures at room temperature (above 

10
o
C). Multi- Walled Carbon Nano Tube’s (MWCNT’s) and 

Zinc Oxide Nano particle’s (ZO) as shown in Figure.1 and 2 

were purchased from “Platonic Nanotech private limited," 

Jharkhand, India. 

Epoxy resin was purchased from the “Fine Finesh Organics 

Pvt.Ltd” (ISO 9001- 2008 certified company) Taloja, Navi 

Mumbai, India. Pneumatic spray gun was purchased from, 

“Burhani hardware”, Dahanu road, Palghar dist., India. Mild 

steel was brought from “Shubh M. L. Shah and Sons Steel 

Pvt. Ltd.” Dahanu road, Mumbai, India. 

The technical specifications of Multi -Walled Carbon Nano 

Tubes (MWCNT’s), Zinc Oxide Nano particles (ZO) and 

Epoxy resin are mentioned below in Table. No.1, 2, and 3 

respectively. 

 
Figure.1. Multi-Walled Carbon Nano-Tube’s (MWCNT’s) 

 

 
Figure.2. Zinc Oxide Nano Particles (ZO) 

 

Table.1.Technical specification of Multi-Walled Carbon Nano-Tube’s (MWCNT’s) 

Sl.

No. 

Specifications Value 

1. Tensile Strength 30 ~ 180GPa (100 times of metal) 

2. Thermal Conductivity 6,000W/m·k (2 times of that of diamond) 

3. Electric Conductivity 6,000S/cm (1,000 times of that of copper wire) 

4. Modulus 1 ~ 2TPa (7 times of that of metal) 

5. Diameter 10 ~ 15 nm 

6. Length 2-10 microns 
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7. Purity >99 % 

8. Ash content ＜.01 % 

9. Fe  <4000 mg/kg 

10. Al  <3500 mg/kg 

11. Mo  <800 mg/kg 

12. Specific Surface Area 250 ~ 270 m
2
/g 

13. Bulk Density 0.06 ~ 0.09 g/cm
3
 

14. Physical Form  Fluffy, Very Light Powder 

15. Color Black 

16. Chemical Formula C 

 
Table.2.Technical specification of Zinc Oxide Nano Particles (ZO) 

Sl.

No

. 

Specifications Value 

1. Purity 99.90% 

2. Average Particle Size 30-50 nm 

3. Specific  Surface Area 20-60 m
2
/g 

4. Molecular Weight 81.408g/mol 

5. Bulk Density 0.28-0.48  g/cm
3
 

6. True Density 6 g/cm
3
 

7. Morphology Spherical 

8. Molecular Formula ZnO 

9. Physical form Powder 

10 Color Milky White 

11. ZnO >99.9%  

12. Pb  <0.01%  

13. Si <0.02%  

14. Mn  <0.02%  

15. Cu <0.01% 

Table.3.Technical specifications of epoxy resin 

Sl. 

No. 
Characteristic 

Specifications 

1. Colour Clear. Can be dyed as per the requirement 

2. Finish Glossy 

3. Mixing Ratio Base  :   Hardener   =   2 : 1  (by  volume) 

4. Pot life 14 - 16 Hours @30
o
C 

5. Theoretical  covering capacity 12 sq.m. /lit  @25 microns  dft. 

6. Application method Air-assisted   / airless spray / brush 

1.2  Preparation of Multi-Walled Carbon Nano 

Tube’s/Zinc Oxide Nano Particles: 

 The composite materials i.e. MWCNTs / ZO are 

prepared by blending various proportions of MWCNT’s 

(0.25%, 0.5%, 0.75% and 1% by weight of resin) and ZO 

(2%, 4%, 6% and 8% by weight of resin). For dispersion, 

both the Nano materials are Ultra-sonicated individually in 

ethyle alcohol (40% weight of resin) for 30 minutes as 

shown in Figure.5. Then, the materials are combined 

together for additional ultrasonication for another 30 min. 

After the ultra-sanitation is completed, the composite was 

mixed for 30 minutes at 50ºC temperature by means of the 

magnetic stirrer to generate MWCNTs / ZO hybrid Nano 

composite.   
 

Figure.5. Ultra sonication process of MWCNT’s and SiO 
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1.3  Preparation of MWCNT’s/ZO/E Composite 

coating: 

For development of Nano composite coating, primarily, 

Epoxy resin (E) (Fine coat EP 200/A) of 10 g is added and 

mixed for an hour and then it is degassed for 20 min under 

the process of Ultra-sonicator. The detail regarding 

MWCNTs/ZO/E composite materials with various ratios is 

specified in Table.4. Then, hardener (Fine coat EP 200/B) is 

further added in MWCNTs / ZO/ E, and the composite is 

mixed by magnetic stirrer for 5 minutes along with the 

thinner. The prepared MWCNTs / ZO / E Nano composite 

coating was then sprayed by using pneumatic spray gun on 

the surface of the mild steel. The distance between the 

sample and spraying gun is kept at about 100 mm to 150 

mm and the thickness of coating is about 120 micron to150 

μm. After the coating was applied to the surface of mild 

steel, the samples were dried for 48 hours at  room 

temperature, and then the sample were kept in the oven at 

150 ºC for one hour. The samples of mild steel coated with 

Nano composite were kept underwater containing 3.5% 

NaCl for 14 days (336 Hours).Corrosion rate is determined 

and then it is again subjected  to Salt Spray Method (ASTM 

B-117:2016) at 34.8 to 35.1 degree centigrade, 5% NaCl, 

salt type. AR grade was conducted for 3 days (72 Hours) to 

find out the corrosion rate by the percentage of weight loss. 

 Samples with the same combinations were also 

made for testing the tensile strength Test. The specimens 

were tested by using fully computerized Servo Hydraulic 

Universal Testing Machine facility – AGIS 250kN in which 

Yield stress, Gauge length, Final length, Initial area, Gauge 

diameter, Elongation percentage, Ultimate load, initial and 

final thickness, yield load, Ultimate tensile Strength, and 

Fracture are evaluated. The scratch hardness test was also 

conducted to evaluate the surface hardness of the specimens.  

Table.4. Detail of MWCNT’s/ZO/E coating specimens 

Sl.

No. 

Specimen 

Reference 
Constituents 

% of 

MWCNT's 

by Weight 

of Resins 

% of Silicon 

oxide Nano 

Particles by 

Weight of 

Resins 

Epoxy Resin(E) (gm.) 

1 PMS Plain Mild Steel Nil Nil Nil 

2 E Epoxy Nil Nil 10 g 

3 MZE 1 MWCNT’s+ZO+E 0.25% 2% 10 g 

4 MZE 2 MWCNT’s+ZO+E 0.50% 4% 10 g 

5 MZE 3 MWCNT’s+ZO+E 0.75% 6% 10 g 

6 MZE 4 MWCNT’s+ZO+E 1.00% 8% 10 g 

1.4 Preparation of mild steel surface 

The Mild Steel specimen with 12mm diameter bar is cut to a 

span of 300mm (Figure.4) for Tensile test and flat specimen 

having (125 x 60 x 6) mm (Figure.4) for Scratch hardness 

test was sand blasted with Sanding paper P80 on the surface 

of Mild Steel and washed by acetone to clean and remove 

oxides present on surface of mild steel. Then, the specimen 

is allowed for drying by exposing to room temperature for 

more than an hour before application of resin coating. After 

the coating on mild steel specimen was dried for 48 hours at 

the room temperature, the specimens were kept in the oven 

at 150
0
 C for one hour. 

The prepared MWCNT’s/ZO/E Nano composites of different 

ratios were sprayed by pneumatic spray gun on surface of 

mild steel. The distance between the spraying gun and the 

specimen is kept at about 100-150 mm and the thickness of 

coating was 160-180μm. 

 

 
Figure.3. Tensile and Salt Spray test specimen 

 
Figure.4. Specimen sample after hardness test 

 

2.4 FESEM studies were done to study the corrosion 

external morphology of mild steel covered with 

MWCNT’s/Silicon Oxide Nano Particles/Epoxy Resin 

coating with different combinations by field emission 

scanning electron microscope (FESEM). The corrosion 

surface is studied by gold coating to evade any charging 

and then images were captured at dissimilar 

magnification. The corroded surface using FESEM 

operated at an accelerating voltage of 20 kV.  

1.5 Corrosion Analysis 

1.6 Immersion Test: 

The corrosion resistance properties of MWCNTs/Zinc 

Oxide Nano Particles/Epoxy Resin coated on the mild steel 

was were analyzed by immersion of samples. The samples 

were immersed in the distilled water containing 3.5% NaCl 

for 336 hours and corrosion rate was determined by 

weighing technique. The weight of the sample with resins 

coated is measured before and 

after immersion in the above 
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mentioned solution to determine the rate of corrosion. 

1.7 Salt Spray Test (ASTM B117):  

 In addition Corrosion resistance of mild steel coated with 

the MWCNTs/Zinc Oxide Nano Particles/Epoxy Resin was 

evaluated by means of the standard Salt Spray (Fog) test 

method as per ASTM B117:2016. In this examination, the 

mild steel specimens coated by the resins were kept at 

constant temperature where the specimens were open to the 

fine spray of salt solution having 5 percent for a definite 

period, and washed in water and dried. The extent of 

corrosion of test parts can be expressed as percent of red 

rust. 

1.8 Mechanical Properties 

1.9  Tensile Strength Test (A370:2017)  

The effect of MWCNTs/Zinc Oxide Nano Particles/Epoxy 

Resin coated on the external surface of mild steel was 

studied by tensile test method on Universal Testing Machine 

(A370:2017). The Ultimate Tensile Strength, Yield load, 

Ultimate Load, Yield stress were evaluated in this 

experiment. 

1.10  Scratch Hardness Test: 

Scratch Hardness test was conducted on the flat plain mild 

steel sample having 120 mm length, 60 mm breadth and 6 

mm thickness.  Scratch Hardness testing method is 

conducted according to IS 101(Part-5, Sec.2):1988. The 

minimum load to cause failure is noted as the Hardness of 

the hybrid Nano coating. 

III. RESULTS AND DISCUSSIONS 

1.11 Corrosion properties of MWCNT’s/ZO Nano 

Particles/Epoxy Resin coating: 

The corrosion resistance properties of MWCNTs/Zinc 

Oxide Nano Particles/Epoxy Resin coated mild steel 

samples were studied by immersion method. The samples 

were immersed in the distilled water containing 3.5% NaCl 

for 336 hours by weighing method. This method was carried 

out to determine the percentage of loss of weight and then 

corrosion analysis was continued by using salt spray method 

for 72 hours in which the percentage of weight loss was yet 

again calculated. The total percentage of weight loss was 

considered by collective addition of both the methods 

mentioned above. The Comparison of corrosion protection 

by MWCNTs/ZO /E composite with neat Epoxy coated 

sample and plain mild steel in %, is shown in Figure.6 for 

only immersion test and Figure.7 for both immersion and 

salt spray test. 

The samples having Epoxy resin before and after the 

corrosion indicates the highest percentage of protection of 

mild steel samples from corrosion with 65.29 %. Whereas 

MZE-1 indicates the second highest value about 32.57% as 

shown in Figure.13 and 14 before and after the corrosion 

respectively. The MZE-3, MZE-2 and MZE-4 show 16.28%, 

12.63%, and 8.06% of anti corrosion respectively compared 

to plain mild steel sample without coating shown in 

Figure.16 and 17 (before and after corrosion). The 

percentage of protection by Nano composite against 

corrosion is mentioned in Table.5. (Immersion test) and 

Table.6. (Immersion and salt spray test).  

 

Table.5. % of protection by coating against corrosion by 

immersion test 

Sl. 

No. 

Specimen 

% of protection  by 

resin against 

corrosion after 336 

hours (Immersion 

test) 

1 
PMS 0 

2 
E 96.95 

3 
MZE 1  61.79 

4 
MZE 2 45.96 

5 
MZE 3 49.77 

6 
MZE 4 44.14 

Table.6. % of protection by coating against corrosion by 

immersion test and Salt Spray Test 

Sl. No. Specimen 

% of protection  by 

resin against corrosion 

after 408 hours 

(Immersion and Salt 

Spray Test) 

1 PMS 0 

2 E 65.29 

3 MZE 1  32.57 

4 MZE 2 12.63 

5 MZE 3 16.28 

6 MZE 4 8.06 

 

 
 

Figure. 6. Comparison of corrosion protection by 

MWCNT’s/ZO/E in % by immersion test. 
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Figure. 7. Comparison of corrosion protection by 

MWCNT’s/ZO/E in % by immersion and salt spray test. 
1.12 Mechanical Properties 

1.12.1 Tensile Strength Test (A370:2017): 

The effect of Nano composite coated on surface of mild 

steel was studied by tensile test method on Universal 

Testing Machine. The Ultimate Tensile Strength test results 

and percentage increase in Ultimate Tensile Strength of 

plain mild steel, neat Epoxy resin, MZE-1, MZE-2, MZE-3 

and MZE-4 coated samples are given in table no.7 and no.8. 

The standard deviation of Ultimate Tensile Strength and 

Percentage increase in Ultimate Tensile Strength are shown 

in Fig.8 and Fig.9.  

The samples having MZE-1 coated samples show the 

maximum Ultimate Tensile Strength with 585.08 N/mm
2
, 

Whereas neat Epoxy resin coated samples have 505.82 

N/mm
2
, MZE-4 have 491.11 N/mm

2
, MZE-3 with 485.21 

N/mm
2
, MZE-2 with 479.58N/mm

2
 and Plain mild steel 

have the least Ultimate Tensile Strength value of 456.23 

N/mm
2
 as shown in Figure.8.  

The samples having MZE-1 shows the maximum percentage of 

increase in Ultimate Tensile Strength compared to mild steel 

samples with 22.02 %. Whereas neat Epoxy coated sample with 9.8 

%, MZE-4 have 7.1 %, MZE-3 have 5.97% and the MZE-2 with 

least 4.86% increase in Ultimate Tensile Strength compared to 

mild steel samples without coating as shown in Fig.8.  

Table.7.Ultimate Tensile Strength (N/mm
2
) 

Sl. 

No. 

Specimen 

Reference 

Ultimate Tensile 

strength 

(KN/mm
2
) 

1 PMS 456.23 

2 E 505.82 

3 MZE 1  585.08 

4 MZE 2 479.58 

5 MZE 3 485.21 

6 MZE 4 491.11 

  

Table.8. % increase in Ultimate Tensile Strength 

Sl. 

No. 

Specimen 

Reference 

% increase in 

Ultimate Tensile 

Strength 

1 PMS 0 

2 E 9.8 

3 MZE 1  22.02 

4 MZE 2 4.86 

5 MZE 3 5.97 

6 MZE 4 7.1 

 

0 

65.29 

32.57 

12.63 
16.28 

8.06 

0 

10 

20 

30 

40 

50 

60 

70 

P
M

S E 

M
ZE

 1
  

M
ZE

 2
 

M
ZE

 3
 

M
ZE

 4
 

%
 o

f 
p

ro
te

c
ti

o
n

  
b

y
 r

e
si

n
 a

g
a

in
st

 

co
rr

o
si

o
n

 a
ft

er
 4

0
8

 h
o

u
rs

  

Specimen Sample 

% of protection  by resin against corrosion 

after 408 hours (Immersion and Salt Spray 

Test) 

% of protection  

by resin against 

corrosion after 

408 hours 

(Immersion and 

Salt Spray Test) 



International Journal of Innovative Technology and Exploring Engineering (IJITEE) 

ISSN: 2278-3075, Volume-9 Issue-6, April 2020 

1022 

Published By: 

Blue Eyes Intelligence Engineering 

& Sciences Publication  

Retrieval Number: F3859049620/2020©BEIESP 

DOI: 10.35940/ijitee.F3859.049620 
 

 
Figure.8. Ultimate Tensile Strength (N/mm

2
) 

 

 
 Figure.9. % increase in Ultimate Tensile Strength  

 

 

1.12.2 Scratch Hardness Test: 
The least load to cause failure is distinguished as the Scratch 

Hardness of the hybrid Nano composite coating. Scratch Hardness 

with standard deviation with Epoxy resin and MZE-1 coated mild 

steel samples are as shown in Fig.10. Neat Epoxy coated sample 

shows the maximum hardness with 700 mg, and MZE-1 coated 

sample with 500 mg. The scratch hardness values of the neat 

Epoxy and MZE-1 Nano composite coated surface values are as 

given in Table.No.9. 

Table.9. Scratch Hardness (in mg) 

Sl. 

No. 
Specimen 

Scratch Hardness 

(in mg) 

1 EPOXY 700.00 

2 MZE1 500.00 

 

 
Figure.10. Scratch Hardness with standard 

deviation with Epoxy resin and MZE-1 coated 

mild steel samples. 

1.13 Morphology 

Figure.11 and 12 display the images of FESEM of Neat 

Epoxy resin coated samples before and after subjecting to 

corrosion. Figure.12 displays the corrosion products formed 

on the mild steel surface. Figure.13 and 14 are the images of 

MZE-1 coated samples. Figure.14 shows MZE-1 coated 

samples with protection of the mild steel surface with least 

rust with 32.57 % corrosion protection on its surface when 

compared to other ratios of Nano composite coating. 
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It is clearly seen that the mild steel samples coated with the 

Neat Epoxy resin (Figure.12) show the lowest corrosion 

products compared to MZE-1 Nano composite coated 

samples as per Figure.14. 
 

IV. CONCLUSIONS: 

The MWCNTs / ZO/ E (MSE1) Nano composites having 

2% of ZO and 0.25% of MWCNT’s indicate the upgraded 

properties as compared the plain mild steel , neat Epoxy and 

different proportions of MWCNT’s and ZO. The superior 

properties include anticorrosion, Ultimate Tensile Strength 

and scratch hardness. The results from the test of MZE-

1show 32.57% of anti-corrosiveness property, which is 

noted to be second maximum value. Scratch hardness 

property noted was 500 mg which is also the second highest 

value when compared to the neat Epoxy samples, the 

Ultimate Tensile Strength recorded was 585.08 N/mm
2
 

which is the highest value and the existence of Epoxy resin, 

Nano ZO and MWCNT’s particles specifies that the 

increased mechanical properties as well as anti-corrosion 

properties when compared to the samples with Neat Epoxy 

and plain mild steel. Hence, it was concluded that the 

combination of 0.25% of MWCNT’s, 2% of ZO with 

respect to weight of Epoxy resin used is an ideal 

combination for both anticorrosion and mechanical property. 

There is a wide scope for the study of mechanical and 

anticorrosion properties of mild steel with the combination 

of MWCNT’s / ZO/ E with new practices of dispersion, 

deviation in percentages used, with upgraded properties of 

MWCNT’s, ZO and Epoxy Resin. 
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Jour of Adv Research in Dynamical & Control Systems, Vol. 12, Special Issue-02, 2020  442 DOI: 10.5373/JARDCS/V12SP2/SP20201090 *Corresponding Author: Kiran M D, Email: kiranmdg@gmail.com Article History: Received: Dec 08, 2020, Accepted: Mar 03, 2020 Evaluation Of Mechanical And Fracture Properties Of Nickel Coated Short Carbon Fiber/Epoxy Composites With Nanofillers  1Kiran M D, 1H K Govindaraju, 2Lokesh Yadhav B R 1 BMS Institute of Technology and Management, Bengaluru 560064, India. 2R.L.Jalappa Institute of Technology, Doddaballapur,  India.  Abstract:The objective of the present research article is to study the mechanical and fracture properties of epoxy polymer composites reinforced with nickel coated short carbon fiber with Aluminium oxide (Al2O3), Titanium dioxide (TiO2) and Silica(SiO2) nano powder with different loading. The samples were prepared using open mould technique using a matrix and fiber weight ratio of 98:02. The nano fillers were mixed with epoxy using mechanical stirrer with particle loading of 2%, 4% and 6% of weight. Results of hybrid composites were evaluated with the tensile and impact strengths and fracture toughness andwhose results are mainly dependent on type of filler and filler loading. The addition of nano fillers enhances the cross-linking in the matrix and it leads to increase the mechanical properties and fracture toughness.Addition of 6% Al2O3with epoxy matrix enhanced the tensile strength by 25% and impact strength and fracture toughness by 77% and 103% respectively. Key words: Titanium dioxide (TiO2), Silica(SiO2), fracture toughness  Introduction Polymers and Polymers matrix composites have gained attention for various applications which include structural, automotive and aerospace [1-2]. Epoxy based polymer composites have significant importance in various engineering applications due to better mechanical electrical and thermalproperties[3].Due to ease processing and better mechanical properties, polymer composites reinforced with Short fibergained significant importance in engineering and structural applications [4-8]. Epoxy matrix composites shows the improvement in fracture toughness with addition of short fibers than the neat epoxy. Short carbon fiber reinforcement to epoxy matrix composites exhibits better fracture toughness than short glass fiber reinforcement [9-11]. Mechanical properties of fiber reinforced polymer composites will be contingent on adhesion between fiber and matrix since load carried by composites will be transferred through interface between matrix and fiber [12-14]. Both cryogenic and oxidative surface treatments significantly reduces the chemical inherent, upsurges the surface roughness and leads to enhancement in adhesion between fiber and matrix due to improvement in mechanical interlocking and it shows better mechanical properties [15]. Fibers are coated with copper, borax, nickel etc. using both electroless and electroplating coating processes with single or dual layer on carbon fiber surface. Carbon fibers coated with nickel using electroplating technique exhibits improved mechanical properties and resists the oxidization at high temperature applications [16-17]. The current research trend is to improve the mechanical properties by the addition of filler to the polymer matrix composites. The desired mechanical and fracture properties of polymer matrix composites have been achieved by the incorporation of various particulate fillers like aluminium oxide, silica, titanium dioxide, silicon carbidesince fillers have larger modulus and stiffness as related to matrix [18-23].Subsequently the mechanical and fracture properties of particulate filled polymer matrix composites mainly depends on particle size, distribution and particle loading with composite since it iscontingent with load transfer between matrix and filler [24].The Stiffness of composite is significantly better at size of particle is in nanoscale and below and is due to nano-effect which causes the more surface area of contact [25]. In the present research work, nano-sized aluminium oxide (Al2O3), titanium dioxide (TiO2) and silica (SiO2) particles have been mixedwith epoxy matrix. Nickel coated short carbon fiber(NC) used as reinforcement for modified resin. The mechanical properties and fracture toughness were evaluated for different composition under static loading condition. The details of fabrication procedure and evaluation of test results are described in the subsequent sections.   



Evaluation Of Mechanical And Fracture Properties Of Nickel Coated Short Carbon Fiber/Epoxy Composites With Nanofillers 443  Experimental Details 1. Materials and sample preparation: The composite materials used in present research includes nickel coated short carbon fiber about 7μm diameter and 6mm length as reinforcement with matrix material epoxy Lapox L-12 with Triethylene Tetro amine (TETA) K6 curing hardener. Aluminum oxide, Titanium dioxide and silica particles are used as filler materials with size about 30 to 50μm which are supplied by Ultrananotech Pvt. Ltd, Bengaluru. The organo-reactive silane couplingagent was used to treat these fillers.Pre-calculated quantity of epoxy resin and nano filler were mixed using ultra-sonicator and after sonication 2 wt%of nickel coated carbon fiber were mixed with matrix using mechanical stirrer. The mixture was poured to mould and it was cured at room temperature for 24hours and after removing from mould, composite was post cured for 1hour at 1100 C and 2 hours at 1400 C using auto clave facility. Table 1 illustrates the designation and composition of epoxy and nano fillers in 2wt% nickel coated short carbon fiber used in the present research.  Table 1 Composites fabricated for present work Composites (designation) Epoxy (wt.%) Al2O3 (wt.%) TiO2 (wt.%) SiO2 (wt.%) NCE (NCE) 98 - - - Al2O3 + NCE (NCE-2A) 96 2 - - Al2O3 + NCE (NCE-4A) 94 4 - - Al2O3 + NCE (NCE-6A) 92 6 - - TiO2 + NCE (NCE-2T) 96 - 2 - TiO2 + NCE (NCE-4T) 94 - 4 - TiO2 + NCE (NCE-6T) 92 - 6 - SiO2 + NCE (NCE-2S) 96 - - 2 SiO2 + NCE (NCE-4S) 94 - - 4 SiO2 + NCE (NCE-6S) 92 - - 6  2. Determination of voids Void fraction is a measurement of the void in a material and is a fraction of the volume of voids over the total volume. There are different ways to find the voids in the composites. In the present investigation for polymer composites the volume fraction of voids was found using theoretical and actual density of the composites. 2.3Testing Procedure The tensile strength and tensile modulus of the NCE composites with and without nano fillers were found as per ASTM D-638 under displacement control of 5mm/min cross head speed. Impact strength of the composites were determined usingizord test methodaccording to ASTM D-256 using conventional V-notched specimen.And fracture toughness of the composites was tested using single edge notched beam method by determining critical-stress intensity factor KIC as per ASTM D5045-99. It involves three-point bending test of a notched specimenwith pre-crack as per standard.Water jet cutting method was used to cut the specimen as per ASTM standards.  Results And Discussion 1. Density and volume fraction Density of polymer matrix composites be contingent to the proportion of the matrix material and reinforcement materials. Theoretical density of the fabricated composite was determined using rule of mixture by considering weight fraction. Due to the presence voids in the fabricated composite density measured experimentally was slightly lesser than the theoretical density. The theoretical and experimentally measured densities and volume fraction of voids of NCE composites with and without nano fillers are listed in Table 2. The result shows very less volume fractions of voids which may due to the process used to fabricate these composites and Al2O3filled NCE composites are shows slightly higher volume fraction of voids compared to other composites.    



Jour of Adv Research in Dynamical & Control Systems, Vol. 12, Special Issue-02, 2020  444 DOI: 10.5373/JARDCS/V12SP2/SP20201090 *Corresponding Author: Kiran M D, Email: kiranmdg@gmail.com Article History: Received: Dec 08, 2020, Accepted: Mar 03, 2020 Table 2Theoretical experimentally measured densities and volumefractionof voids of fabricated composites Composites Theoretical density (g/cm3) Theoretical density (g/cm3) Volume fraction of voids (%) NCE 1.108 1.084 2.166 NCE-2A 1.126 1.092 3.019 NCE-4A 1.142 1.107 3.064 NCE-6A 1.159 1.128 2.674 NCE-2T 1.124 1.096 2.491 NCE-4T 1.141 1.106 3.067 NCE-6T 1.158 1.131 2.331 NCE-2S 1.120 1.096 2.142 NCE-4S 1.131 1.112 1.679 NCE-6S 1.143 1.127 1.399  2. Tensile properties The experimental results of tensile strength and young’s modulus of nickel coated short carbon fiber reinforced epoxy composites with and without nano fillers noted and shown in Figures 1 and 2 respectively. The tensile strength of composites with different nano fillers is shown in Figure 1. It is observed from figure 1 that addition of nano fillers to the composites shows increase in tensile strength with increase in filler loading.Among the three nano fillers used in the study,tensile strength of Al2O3filled composite shows maximum increment as compared to other two nano fillers.  The tensile strength of NCE composite with addition of nano fillers enhanced compared to unfilled NCE composites due to interface bonding between silane treated fillers and matrix which leads to effective load transfer to fillers. The tensile modulus of composites with different nano fillers is shown in Figure 2. The tensile modulus of the composites enhanced with the increase in loading of nano fillers to the composites since the particulate fillers have greater stiffness than the matrix. The tensile modulus of Al2O3filled composite is higher than the TiO2 and SiO2 filled composites and it may due to improved interfacial bonding between filler and matrix.  Figure 1. Variation of Ultimate tensile strength with the addition of nano fillers.  



Evaluation Of Mechanical And Fracture Properties Of Nickel Coated Short Carbon Fiber/Epoxy Composites With Nanofillers 445   Figure 2. Variation of tensile modulus with the addition of nano fillers. 3. Impact strength The experimental results of impact strength of NCE composites with and without nano fillers noted and shown in Figures 3. From the experimentation, it has been observed that TiO2 and SiO2 filled composites exhibits better impact strength than the unfilled and Al2O3filled composites. due the better adhesive strengthand stiffness, the SiO2 filled composite shows highest impact strength [26].  Figure 3. Variation of impact strength with the addition of nano fillers.  4. Fracture Toughness Fracture toughness of composites was studied and shown in figure 4. The result indicates loading of nano fillers significantly enhances the fracture toughness of the nickel coated short carbon fiber reinforced epoxy composites. 



Jour of Adv Research in Dynamical & Control Systems, Vol. 12, Special Issue-02, 2020  446 DOI: 10.5373/JARDCS/V12SP2/SP20201090 *Corresponding Author: Kiran M D, Email: kiranmdg@gmail.com Article History: Received: Dec 08, 2020, Accepted: Mar 03, 2020  Figure 4. Variation of fracture toughness with the addition of nano fillers. Addition of Al2O3changed the fracture toughness of NCE composite by 45% compared to unfilled NCE composites. However, the effect of addition of TiO2 and SiO2is more significant and enhanced respectively by 75% and 103% compared to unfilled NCE composites. The enhancement in the fracture toughness of particulate filledNCE composites was due to the improvement in the interfacial bond strength between theNano-phased matrix and the Nickel coated carbon fibre. The fracture toughness of SiO2 is significantly high compared to other fillers due its toughness and high-volume occupancy.  Conclusions In the present work, nickel coated short carbon fiber-based epoxycomposites filled with different weight percentages ofaluminium oxide (Al2O3), titanium dioxide (TiO2) and silica (SiO2) nano fillers are fabricated and mechanical and fracture properties were evaluated.Addition of nano fillers to NCE composites shows significant enhancement of tensile strength and tensile modulus, and it was found that the tensilestrength and tensile modulus of the present NCE composites significantly highwithAl2O3 fillers compared to other fillers. The impact strength of the NCE composites filled with TiO2and SiO2was significantly high when compared to Al2O3filled composites. Impact strength of the NCE composites is high at 6% loading of SiO2 than the TiO2 and Al2O3 filled NCE composites.The fracture toughness of the NCE composites increases with the addition of nano fillers. The NCE composites filled with SiO2showed significantly high fracture toughness when compared to TiO2and Al2O3filled composites. References  [1] Osswald T and Menges G. Failure and damage of polymers. In: Osswald T and Menges G (eds) Mater Sci PolymEng 2003; 22: 447–519. [2] Kaundal, R., Patnaik, A., &Satapathy, A.Mechanical characterizations and development of erosive wear model for Al2O3-filled short glass fiber-reinforced polymer composites. Proceedings of the Institution of Mechanical Engineers, Part L: Journal of Materials: Design and Applications (2016)., 146442071665430. doi:10.1177/1464420716654307. [3] Broughton WR, Koukoulas T, Woolliams P, et al.Assessment of nanoparticle loading and dispersion inpolymeric materials using optical coherence tomography.Polym Test 2013; 32: 1290–1298. [4] Derringer, G. C. Short Fiber-Elastomer Composites. Journal of Elastoplastics, 3(4), 230–248. doi:10.1177/009524437100300403. [5] Jafari, B., Mohsenin, V.Endothelial dysfunction and hypertension in obstructive sleep apnea - Is it due to intermittent hypoxia?(2013) Journal of Cardiovascular Disease Research, 4 (2), pp. 87-91. DOI: 10.1016/j.jcdr.2013.04.001 [6] Kuni Zu'aimah Barikah. "Traditional and Novel Methods for Cocrystal Formation: A Mini Review." Systematic Reviews in Pharmacy 9.1 (2018), 79-82. Print. doi:10.5530/srp.2018.1.15 [7] K, m. S. K., alias, . M. & r., . S. K. (2018) a review on novel uses of vitamin e. Journal of Critical Reviews, 5 (2), 10-14. doi:10.22159/jcr.2018v5i2.24282 
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Abstract: - Agriculture being one of the major occupations in 
India, it is very essential to discover and implement new idea in 
this field, though lot of work has been done in this area. It is 
unfortunate that, these ideas are not been implemented properly 
in actual field. This is due to high cost and is complicated for 
rural people. Multipurpose Farming Machine is basic and major 
equipment involved in agriculture for maximum yielding. 
Conventional method of planting and cultivating crops is a 
laborious process and hence for that reason there is a
labors, this result in delayed agriculture to overcome these 
difficulties, multipurpose agriculture equipment is designed. This 
Agricultural vehicle is an agricultural machine of a considerable 
power and great soil clearing capacity. This mult
gives an advance method to sow, plow, water and cut the crops 
with minimum man power and labour making it an efficient 
vehicle. The machine will cultivate the farm by considering 
particular rows and specific column at fixed distance dependi
on crop. Moreover the vehicle can be controlled manually by 
driving the vehicle using seating arrangement. This agricultural 
vehicle will be running with batteries. Batteries will be charged 
using Solar Energy. So ultimate aim is to develop a agricultur
vehicle which uses renewable sources for operation. 

Keywords: agriculture, automated farming, multipurpose 
farming machine, solar energy 

I. METHODOLOGY 

irst, we surveyed thoroughly about all the types of 
existing forms of Agribots. We then designed t

taking into account crops, seed spacing, soil parameters and 
costs. We also designed the tools for all the intended 
operations. Then we fabricated the chassis and tools according 
to the design.  

The chassis structure was fabricated as per the de
mild steel metal strips is welded together as a lap joint using 
arc welding. Then Motor clamps were mounted on the chassis 
through welding to attach the wheels. Wheels and motor was 
attached to the clamps. Roller has been fabricated using 
hollow cylinder, screw rod, fasteners and arm attachments and 
welded to the chassis. Seed sowing equipment was also 
fabricated and attached on chassis. Harvesting tool was also 
fabricated and  mounted. A solar panel is connected to the 
battery for it to be charged thus fulfilling our objective of 
making the Agribots eco-friendly. All the operations were 
connected by the 8 channel relay as intended. 

II. WORKING PRINCIPLE 

This agribot was constructed using 8 channel relay system to 
select various operations using infrared remote ,solar panel to 
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This agribot was constructed using 8 channel relay system to 
nfrared remote ,solar panel to 

charge the battery ,DC motors to actuate the various 
operations and drive the vehicle Agribot can be used for other 
horticultural tasks such as pruning, weeding, spraying and 
monitoring. Agribot - can also be used in livestoc
applications (livestock robotics) such as automatic milking, 
washing and castrating. Agricultural vehicles like these have 
many benefits for the agricultural industry, including a higher 
quality of fresh produce, lower production costs, and a smaller 
need for manual labor. 

III. COMPONENTS AND EQUIPMENT’S

Material Used: 

1. Mild steel frame 
2. Fasteners 
3. Battery (12v) 
4. Dc motors (60 rpm) 
5. Dc motor (10 rpm) 
6. Wheels 
7. Motor clamps 

 

Equipment’s

1. Tool Kit and Measuring 
Equipment 
2. Arc Welding Plant 
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III. COMPONENTS AND EQUIPMENT’S 

8. Flex board 
9. Wheel grip belt 
10. Cutting wheel 
11. Mild steel cylinders 
12. Welding rods 
13. Solar panel 
14. Relay board and 

remote 

Equipment’s 

2. Cutting Machine 
4. Saws 
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IV. BASIC DESIGN 

The basic design has a chassis to which ploughing tool and 
roller is mounted. 4 motor clamps are mounted for the wheels 
with 2 motors. A wheel belt drive will come around the 
wheels to provide strength as well as to avoid the soil getting 
stuck on the wheels. A seed sowing equipment is also be 
mounted on the ploughing tool side. Two motors to drive the 
vehicle will be mounted with the wheels. 1 motor will be 
driving the up and down movement of the ploughing tool, 1 
will actuate the seed sowing, 1 will be for the harvesting tool 
and 1 more to pump the water for irrigation.Chassis and all 
the tools are designed according to the crop requirements and 
cost. 

 

V. DESIGN CALCULATIONS 

Maximum Speed 
Diameter of wheel – 65mm 
Speed of motor driving the wheels – 60rpm  
Circumference of wheel (c) – 204.2035 mm [πd]  
Speed of the vehicle – 12.252 m/min 

Roller 

Volume of hollow cylinder:28.128cc 
2washers:9.899cc 
Screw Rod:21.944cc 
Two roller attachment arms:7.2cc 
Total Volume:67.171 
Density:7.87g/cc 

     Weight:600g 

Ploughing Tool 

Blade support: 7.62 cc 
8 Blades: 15.24 cc  
Attachment Arm : 7.2 cc TOTAL VOLUME : 30.0 
Density : 7.87g/cc 
Weight:236.572g 
Rake angle:67.79o 

                         {tan-1(2.54/1) 

Chassis 

2 strips 14 in 21.336cc 

2 strips 11 in 16.764cc 
Total volume:38.1cc 
Density :7.87g/cc 

       Weight:236.572g 

Total weight on chassis  

Roller                                      : 600g  
Ploughing Tool                       : 240g  
Seed Sowing Equipment        :  200g 
Harvesting Tool                     : 150g 
Battery                                    : 700g  
Miscellaneous                        : 3kg 
(Motors, circuit board, pump, solar panel etc.) 

TOTAL WEIGHT                        : 5-6 kg 

Design Analysis 

Based on the total weight acting on the chassis, analysis was 
done on Solid Works.  
Total load applied on the chassis: 10 kg 
Chassis material: Mild Steel 
Type of stress analysed: Von Misses Stress 
A uniformly distributed load of 10 kg was applied as shown. 

 

 

The maximum deformation was found out to be 1.407 

Displacement 

Stress  

Analysis of Von Mises stress is as shown 
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Strain 

It was found that the proposed chassis structure
 to withstand a load upto 10 kg with 1.4 mm deformation
. Since the  agribot  requirement was only 6 kgs    the design 
fabrication was justified 

VI. RESULTS AND DISCUSSIONS

After fabrication, we tested the agribot to ensure that the 
vehicle is operating as intended. The results of all the 
operations are as follows. Vehicle was able to move smoothly 
on flat ground. The vehicle also moved freely on soil. It was 
even able to move on grassy land. All the 5 operations were 
working properly by using remote control. Ploughing tool was 
able to dig the soil and vehicle was able to overcome the 
torque        resistance of the soil. Rolling operation was also 
smoothly performed by the vehicle. Seed sowing and 
harvesting equipment is also working. Battery is also charging 
perfectly from the solar pan 
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SIONS 

After fabrication, we tested the agribot to ensure that the 
vehicle is operating as intended. The results of all the 
operations are as follows. Vehicle was able to move smoothly 
on flat ground. The vehicle also moved freely on soil. It was 

to move on grassy land. All the 5 operations were 
working properly by using remote control. Ploughing tool was 
able to dig the soil and vehicle was able to overcome the 
torque        resistance of the soil. Rolling operation was also 

the vehicle. Seed sowing and 
harvesting equipment is also working. Battery is also charging 

 

VII. CONCLUSION

The agribot developed can perform 5 operations ploughing, 
seed sowing, harvesting, rolling and irrigation. All these 
operations can be performed by a single machine without any 
need of driver. This would reduce the cost and make it simple 
to be used which would be helpful for the farmers. If this 
model is adopted in real applications it would really improve 
the agriculture sector drastically. 
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INTRODUCTION 
The machining study aims to increase tool life and better surface quality. Over few years, a tremendous research took 

place on the tool material to overcome the heat generation in order to enhance tool life. The flow of chip on the tool rake 
face causes an excessive heat generation. The raise in temperature during machining influences on tool life, quality of 
machining, tool wear, cutting force and formation of  serrated chips etc. [1]. Consequently the machining industries are 
consistently making an endeavor to discover new material that is lighter and more grounded to withstand high 
temperature. In this regards selection of good cutting tool material before machining operation is very essential. Different 
types of tool inserts are available commercially, namely uncoated, coated, multilayer coated inserts.  However; tungsten 
carbide (WC) insert is the majority suitable cutting insert for machining with stainless steel [2,3]. A continues effort has 
been made to enhance properties of the tool material. There are a few methodologies have been persued to improve tool 
life, for example traditional cooling, single layer coating, multilayer coating, heat treatment process, nitrogen cooling and 
latest being the CT, which reported a significant enhancement in cutting tool life and  reduction in heat generation due to 
formation of carbide particles over the surface roughness.  

In an cryogenic turning of AISI & MDN 250 steel, found a reduction in wear and improved surface finish, are other 
considerable  findings which enhanced machinability  [4,5]. Similarly, Varghese et al. [6] in his inveatigation, also 
claimed significant reduction in tool wear in CT machining in contrat with non CT  machining, respectively. In this regard, 
Chetan  et al. [7] reported that CT insert significantly improved in wear resistance, reduced cutting force and chip tool 
contact length. In another study, da silva et al. [8] studied the performanc of cryogenically high speed tools in contrast 
with tool of a similar material however, conventional heat treated, during machining and during sliding abrasion tests. It 
was observed that the CT tools compared to the UT one. Likewise, Padmakumar  et al. [9] investigated the tool 
performance for crystal structure and magnetic properties between DCT and sintered with cobalt (Co) on WC cutting 
insert. The authors claimed that the presence of cobalt in the cutting insert experience transformation of phase when 
subjected to DCT. In another work by Deshpande et al.[10] revealed an improvement in hardness due to the presence of 
cobalt after CT to carbide insert. Gill et al. [11] also claimed CT performed better in continuous and interrupted machining 
operation. In another study Gill et al. [12] analysed the effect of  CT on metallurgical and mechanical characterization of 
cryogenically treated (CT) tungsten carbide. The insert were exposed to two different treatment, namely (a) shallow 

ABSTRACT – The cutting tool in the machining process plays an important role as it acts on the 
working material. There are a few methodologies have been persued to improve tool life, for 
example traditional cooling, single layer coating, multilayer coating, heat treatment process, 
nitrogen cooling and latest being the cryogenic treatment which reported a significant improvement 
in cutting tool life, chip morphology, reduction in heat generation. Hence, the cryogenic treatment 
is emerged as the sustainable machining process.  This paper presents machining of AISI 304 
steel using both cryogenic treated (CT) and untreated (UT) cutting tool insert. The commercially 
available uncoated carbide insert has been cryogenically treated at -196°C for 24 hours soaking 
period. The machining test has been  conducted under four different cutting speeds. The material 
characterization of cutting insert is studied by using scanning electron microscopy (SEM), hardness 
test, and microscopic image analysis has been carried out before and after cryogenic treatment. 
The cutting tool performance is assessed in terms of of wear, cutting temperature, chip morphology, 
surface roughness under the influence of cryogenic machining and the results are contrast with UT 
one. The exploratory findings reveals that the deep cryogenic treatment (DCT) with 24 hours 
soaking period, performed better wear resistance and improved surface roughness of the cutting 
tool. Also considerable reduction in the flank wear, crater wear, cutting temperature is obtained 
and found improved chip morphology.     
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cryogenic (-110°C) (b) deep cryogenic (-196°C). It was found that the DCT insert exhibited formation of precipitation of 
multiple carbide particles that has the indication of  η-phase. The results also revealed a phase transformation from 
retained austenite to martensite which leads to enhance wear resistance and hardness. Likewise, Seah and Zang et al. 
[13,14] claimed CT process shows significant improvement in wear resiatnce in comparision with UT insert. Similarly, 
Gill et al. [15] analysed the effect of adhesion strength of coating deposit of carbide substrate. The experimental results 
revealed a positive result for deep cryogenic insert followed by shallow cryogenic treatment.  

In another work, Dhananchezian et al. [16] studied the cause of CT  machining on stainless steel and modified physical 
vapor diposition coated carbide insert. The results indicated a lower cutting temperature by 45%, cutting force by 16%, 
and surface roughness was reduced by 25% when the insert was exposed to cryogenic cooling.Whereas, Venugopal et al. 
[17] concluded that cryogenic cooling method during machining has shown remarkable improvement in the wear 
resistance and decrease in the cutting temperature. Whereas, Rahman et al. [18] studied the performance of CT and UT 
carbide insert for moderated carbon (C) steel. The experimental results rendered a positive result for intermittent 
machining operation. Likewise, Ozbek et al. [19] found that DCT-24 sample showed highest hardness rate due to 
precipitation and homogeneous distribution of η phase particles.  He et al. [20] performed a numerical study on stainless 
steel AISI 304 with coated and carbide insert. The results found the coated tool showed  lower cutting temperature in 
comparision with uncoated tool. Dhar et al. [21] analysed the effect of cryogenic cooling by liquid nitrogen and 
performance of the cryogenic cooling insert found to be better compared to conventional cooling.  

In another study, Dhar et al. [22] claimed a significant decrease in the temperature during machining, chip tool 
interface temperature and reduced wear rate after CT. kaynak et al. [23] investigated on NiTi alloys and results revealed 
a lower value of the tool-chip contact length, chip thickness, cutting force in comparison with dry condition. Nayak et al. 
[24] studied the improvement in tool life of Nitrile Rubber after lower-temperature machining as compared with dry 
machining. They found that the reduction in cutting force and radial force after lower-temperature machining. Singh et 
al. [25] studied the effects of minimum quantity lubrication machining over dry and flooded machining on tool wear and 
surface roughness. They observed that tool lives were increased by 9.68% and 32.26% after a dry and minimum quantity 
lubrication machining respectively. The literature on extensive experimental study on cutting temperature, flank wear 
rand surface roughness and chip morphology of the carbide insert on stainless steel is lacking and this spells the need of 
comprehensive experimental study. Hence, in the present investigation, focused to carry out the performance evaluation 
of CT on cutting temperature, wear rate and surface roughness and chip morphology is considered in the present work. 
The machining test has been carried out under different machining parameters. In addition, the investigation has been 
carried out with microscopic images analysis to support the experimental results. 

METHODS AND MATERIAL 
An AISI304 austenitic stainless steel workpiece having a dimension of 40 mm diameter and 300 mm length in size 

was machined under dry machining condition and has been used a workpiece material in the current study. The 
composition of the workpiece, consists of 0.085% C, 18% Cr, 66.34% Fe, 2% Mn, 8% Ni, 0.045% P, 0.035S, 1% Si. The 
cryogenic process involved mainly cooling, soaking, raise in temperature. CT of the insert has been performed in a 
cryogenic chamber. Initially, the inserts were cooled from room temperature to -196°C at a controlled condition and kept 
it for 24 hours maintaining the same temperature once it attained -196°C followed by increase in temperature till it attains 
ambient conditions. The temperature has been raised further up to 200ºC for 2 hours. The machining trails are executed 
on CNC Machine (ace jobber xl) and uncoated carbide insert (Seco CNMG 120408 Grade MF3 029) supplied by Seco 
Tools India Pvt. Ltd and the cutting tool were rigidly mounted on tool holder designated by DCLNR 2525 M12.  

To investigate the effect of CT on tool wear, surface roughness, cutting temperature and chip morphology were 
performed at different cutting parameters on both CT and UT carbide insert. The wear test was performed on CNC 
Machine, at different cutting speed (100.52m/min, 125.66m/min, 150.79m/min and 175.92m/min), constant feed rate 
0.14mm/rev and depth of cut 0.5mm. In the course of experimentation, different types of wear tests were formed on the 
cutting tool at different speeds. To investigate the performance of wear mechanism, microscopic study of the tungsten 
carbide inserts has been carried out in terms of maximum tool wear for every 2 minutes of machining operation. The 
machining process was stopped at every 2 minutes and the amount of flank wear and crater wear formed on the inserts 
has been measured before and after machining using digital microscope (Model: AM3113T: Range: 20 to 250x). The 
maximum flank width of the flank wear when it reaches 0.6 mm during machining is considered as tool life of the cutting 
tool as ISO standard.  

The micro-hardness test was performed for both insert using Vickers hardness test with a load of 0.5N for a dwell 
time of 15sec. To investigate the performance of wear mechanism, microscopic study has been carried out before and 
after machining by using digital microscope and the energy dispersive spectroscopy (EDX) test was carried out to identify 
the weight percentage of foreign particles on the tool surface area. Formation of built-up edges during high speed 
machining is evaluated using Mitutoyo SJ210 surface roughness tester. The experiment has been repeated for three trails 
and the average of the three readings has been considered for the analysis to overcome the experimental error. During 
machining operation the chip was flowing over the rake face of the tool due to rubbing action that leads to heat generation, 
was measured  in terms of increased temperature using infrared thermometer (Make: Equinox ED-DT530A:range: -32°C 
to 530°C), Accuracy: ± 2 ºC or 2%: Resolution 0.1 ºC / 0.1ºF: Emissivity: 0.95 (fixed).  

 



Nagraj Patil et al. │ International Journal of Automotive and Mechanical Engineering │ Vol. 17, Issue 1 (2020) 

7711   journal.ump.edu.my/ijame ◄ 

RESULT AND DISCUSSION 
Cutting Tool Characterisation by using SEM and EDX 

Figure 1(a) and 1(b), represents the microstructure of CT and UT inserts. Following phases present in the 
microstructure; alpha (α) phase which indicates WC particles, beta (β) phase indicates cobalt binder, gamma (γ) phase 
consists of (tantalum carbide) TaC, (titanium carbide) TiC and Eta (η) that contains multiple carbide. It is clearly observed 
from SEM images in Figure 1. The angular pattern with light grey in the microscopic image represents the WC particles 
while dark grey in between the lighter grey are the cobalt binders as shown in Figure 1(a), the α phase of CT insert is seen 
in a triangular shape which is the most balanced state, whereas the α phase in UT insert is unstable. The most balanced α 
phase helps to improve the wear resistance and hardness of CT insert due to stress-free appearance of the microstructure 
which leads to precipitation of fine η phase carbide on the top surface of the carbide insert. This enhanced the wear 
resistance in comparison with UT insert. A similar finding was also claimed by previous researchers [26, 27]. 

 

 
(a) CT              (b) UT 

Figure 1. Microstructure of carbide inserts. 

EDX analysis was carried out to examine the weight percentage of CT and UT carbide insert. EDX spectra along with 
the chemical composition of both the carbide insert shown in Figure 2(a) and 2(b).  From the Figure, observed a change 
in the chemical composition in cryogenic inserts. The growth in the Co and carbon (C) percentage are seen over the top 
surface of the cryogenic insert, after the CT. The weight percentage of C and Co of CT insert (C: 9.47% and Co: 11.79%) 
was found to be higher in comparison with UT (C: 8.80% and Co: 8.19%). This indicated the densification of Co binder 
for CT inserts. The growth in carbon percentage leads to precipitation of η phase carbide, which is hard in nature, leads 
to an increase in the wear resistance in comparison with UT insert. Similar finding were also claimed by the previous 
researchers [28, 29]. 

 

 
(a) UT                 (b) CT 

Figure 2. EDX analysis of carbide inserts. 

Hardness Analysis  
In the present experimental study, hardness rate is evaluated for both CT and UT insert. The average value of the 

micro-hardness along with standard deviation of both carbide inserts are shown in Figure 3. The hardness value of the 
CT insert having higher value approximately 4% had obtained in comparison with UT. The increase in hardness rate is 
due to densification of cobalt binder and precipitation of η carbide, which seems to be the harder phase and this, was 
confirmed in the EDX test. From the EDX it is confirmed that the cobalt binder decreased. Since, due CT of carbide 
inserts, the α phase is exposed to compressive stresses β phase exposed tensile stress. The quantity of the stresses in the 
α phase increases with reduction in β phase content due to rapid cooling. The sudden cooling leads to increase in 
compressive stresses would lead to an increase in the formation of η phase carbide. This leads to increase in the micro-
hardness [30]. The DCT in the cutting insert enhanced mechanical properties, especially hardness has improved by 20% 
in comparison with UT insert, which enhance strength of the material [31]. 

 

(
 

(
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Figure 3. Micro-hardness of carbide inserts. 

 Effect of Cryogenic Treatment on Tool Wear   
Flank wear 

A rapid wear rate is observed initially, in this region; cutting is quickly broken down, established a wear land and 
uniform wear is noticed in which the wear rate gradually increases with increase in machining time followed by 
uncontrolled wear region [32]. Figure 4 and 5 show the maximum width of the flank wear (VBmax) for both CT and UT 
insert respectively. The tool life criteria (VBmax=0.6mm) is applied for all four cutting speeds by keeping feed rate and 
depth of cut constant. In this experiment the work piece has been machined at different cutting speed up to it reaches the 
maximum tool wear (VBmax=0.6mm). In the result it is found that the flank wear appeared after 4 minutes of machining 
operation for both the types of cutting inserts. The CT insert performed better in all the cutting speed in comparison with 
UT insert and improved by 40% at 100.52 m/min, 13% at 125.66 m/min, 23% at 150.79 m/min and 21% at 175.92 m/min. 
Due to the CT, the microstructure of the carbide insert has been improved mainly because of precipitation of η phase 
carbide particles. This clearly depicts that the CT establishes a prolonged tool life than the UT cutting insert. The DCT 
improves mechanical properties of the cutting insert, due to homogenous distribution of carbide particles over the surface 
leads to outstanding enhancement in wear resistance which in turn improves tool life and this was also reported in the 
literature [33, 34]. The Table 1 represents the tool life (VBmax=0.6mm) of CT insert and UT insert under different cutting 
speed. 
 

 
(a)                 (b) 

Figure 4. Variations of flank wear according to machining time of (a) CT and (b) UT insert 

To evaluate the diffusion at the tool-workpiece interface, EDX analysis has been carried out at tool rake face of the 
both the cutting inserts. Figure 6(a) and 6(b) shows the EDX spectra along with chemical composition of both the insert. 
The uninterrupted embossment of chip over the rake face for prolonged time duration has resulted in adhesion over the 
rake face. The reactive nature of iron (Fe), chromium (Cr) and nickel (Ni) is the cause of such behavior. The amount of 
Fe as per the table indicated in EDX analysis found to be considerably lower in case of CT (9.48%) compared with UT 
one (45.12%). In addition, lower amount of Cr (3.70%) and Ni (1.06%) is being detected in case of CT inserts. The EDX 
analysis clearly depicted that the adhesive wear is more intensive in UT inserts. The substantial amount of chemical 
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composition of the workpiece material is found over the rake face which clearly shows the presence of built up edge 
formation in UT inserts whereas negligible amount of work piece material is seen in case of cryogenically treated (CT) 
inserts. Hence the adhesive wear and uncontrolled chip removal caused maximum wear in UT inserts whereas less wear 
has been detected in case of CT insert due to lower rate of built up formation of edges over the rake face.   

 

Table 1. Shows tool life (VBmax=0.6mm) of CT insert and UT insert under different cutting speed. 
Cutting speed (m/min) Cutting insert Machining time (min) 
100.52 CT insert 48 

UT insert 39 
125.66 CT inset 30 

UT insert 25 
150.79 CT insert 24 

UT insert 22 
175.92 CT insert 17 

UT insert 16 
 

 
(a) 

 
(b) 

Figure 6. EDX results after machining for (a) CT (b) UT inserts. 

Crater wear  
The microscopic images of the rake surface have been carried out at four cutting speeds to study the crater wear. An 

exhaustive literature along with experimental analysis has been performed on the cutting inserts, observed three different 
wear mechanisms for all the parameters and this also has been confirmed by various authors [1, 26]. The tip of the cutting 
insert is normally prone to fracture, adhesion, chip formation due to the excessive generation of built-up edges. In addition, 
abrasion peeling also being observed at the rake surface region. Figure 7 to Figure 10 shows the crater wear for both the 
cutting inserts for different cutting speeds. However, as per the microscopic images, the lowest rate of crater wear is being 
observed for CT as indicated in Figure 7(a). From the Figure 7, it is indicated that the width of crater wear has observed 
less for CT insert (0.084 mm) and 0.296 mm is obtained for UT one.  
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(a)           (b) 

Figure 7. Microscopic image of crater wear observed at cutting speed of 100.52 m/min on (a) CT (b) UT insert. 

 
(a)           (b) 

Figure 8. Microscopic image of crater wear observed at cutting speed of 125.66 m/min on (a) CT (b) UT insert. 

 
(a)           (b) 

Figure 9. Microscopic image of crater wear observed at cutting speed of 150.79 m/min on (a) CT (b) UT insert. 

 
(a)           (b) 

Figure 10. Microscopic image of crater wear observed at cutting speed of 175.92 m/min on (a) CT (b) UT insert. 

On the other hand for a cutting speed of 125.66 m/min, very less crater wear had found on the tool rake of the tool CT 
insert in comparison with UT insert as shown in Figure 8. The crater width of the CT found to be less for different cutting 
speeds in all the cases. Further increase in the cutting speed, the UT insert under goes nose fracture while the CT insert 
significantly performed better than UT insert. The higher wear resistance due to precipitation of η phase carbide as the 
reason for the advancement. The increase in cutting speed, advanced into faster removal of material which further 
triggered to attain higher temperature at the rake face. CT insert has prohibited the built-up edge damage and fracture 
failure of insert. Along with this, it has curbed the propagation of plastic deformation of the cutting edge. This is happened 
for the reason that the deployment of CT diminishes the residual stresses developed during sintering of the cutting insert. 
The improved micro-hardness and toughness as a result of CT followed by tempering treatment  assisted to decrease the 
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tool wear, cutting temperature, increased thermal conductivity, heat dissipation capacity are some of the reason which 
decreases the tool wear under cryogenic machining [35]. 

Chip Morphology Study  
In the present investigation chip morphology study helps to understand the mechanism accountable for emergence of 

different types of chips formed at different machining conditions, also useful to assess better surface quality of machined 
work piece and tool life. Figure 11 portrays the SEM images of the crest of the chips formed without treatment and with 
CT. By observing the Figure it is clear that, both the cutting inserts generates chips in the form zigzag shape while more 
saw edged chips were seen in case of UT cutting insert compared to CT insert.  At 100.52m/min speed no segmented 
chips are found for both the type of cutting inserts whereas increase in the cutting speed the width of the chip increased, 
showing more serration chips.  
 

 
(a) 

 
(b) 

 
 

(c) 

  

 
(d) 

 

(e) (f) 
 

Figure 11. SEM chip morphology at different cutting speed: (a), (c), (e) are CT at100.52m/min, 125.66m/min, 
150.79m/min, (b), (d), (f) are UT insert at 100.52m/min, 125.66m/min, 150.79m/min. 

The serrated chips size has been expanded with increase in speed. The serrations are more advanced in case of UT 
than CT one. It has been observed from the Figure 10(b), 10(d) and 10(f) that the UT insert have high degree of serration 
in comparison with CT insert presented in Figure 10(a), 10(c) and 10(e). The increase in the mechanical properties due 
to CT would results in enhanced wear resistance, high hardness and increase in toughness leads to less serrated chip in 
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comparison with UT insert. Khan A et [29] reported more serrated chips were found on UT insert at higher cutting speed 
in contrast with CT insert. 

Effect of Cutting Speed on Cutting Temperature under Cryogenic Machining Condition  
It was observed from the Figure 11 the temperature increased with increase in cutting speed. The results revealed that 

the reduction in cutting temperature in case of CT insert found 36% in contrast with UT cutting insert. The difference 
between CT and UT insert is 27% when the cutting speed increases from 100.52m/min to 125.66m/min followed by 20% 
for further increase in speed from 125.66m/min to 150.79m/min. At 175.92m/min speed, the difference is found to be 
10%. This attributed to the fact that the CT cutting inserts account for the reduction in temperature with increase in speed. 
A lower value of temperature is found in case of CT insert is mainly due to increase in thermal conductivity and heat 
dissipation over the rake surface. The increase in temperature is seen in UT insert would increase in wear rate. The 
performance of UT insert is not satisfactory. The results indicated that with a raise in cutting speed the cutting temperature 
raises for both the cases. However, the entire CT cutting inserts performed better in contrast with UT insert due to 
improvement in the mechanical properties and similar results are observed in [23].  Other researches also claimed that 
the increase cryogenic effect reduces the cutting temperature [16, 17].  

 

 
 

Figure 12. Development of cutting temperature at different cutting speed. 

 Effects of Cutting Speed on Surface Roughness  
The enhancement of surface quality of the working material is also equally important in addition to increase the 

machinability of the working piece.  There are many factors that cause the surface quality of the specimen such as feed, 
speed, vibration, environmental factor and cutting temperature. The surface roughness has been carried out for both 
inserts. The typical average value of the surface roughness is shown in Figure 13. It is clear that, CT insert exhibited a 
better surface finish and more stable reading is obtained than UT insert. The unstable reading has been reported for UT 
insert due to the excessive generation of chips on the tool rake surface. This may cause to increase in the level of friction 
and produce residual stresses over the surface which leads to poor surface finish. Whereas surface quality has been shown 
good in case of CT and found to be around 18% over UT insert. It is revealed that the surface quality improves for all the 
cutting speed tested in the current study. This is due to higher wear resistance, minimized cutting temperature and lesser 
distortion of cutting edge. Also the lower cutting temperature due to CT improves thermal conductivity which leads to 
better heat dissipation and in turn helps to obtain good surface roughness. It is found that the surface roughness is being 
reduced with raise in cutting speed and for both the inserts. The built-up edge formation and vibration further worsen the 
surface roughness. Previous researcher also claimed that CT insert improves the surface roughness [36]. 

 

 
 

Figure 13. Development of surface roughness at different cutting speed. 
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CONCLUSION 
In the present experimental investigation, machining of AISI304 austenite stainless steel is carried out with cryogenic 

treated (CT) cutting insert and the results are compared with untreated (UT) insert one. Different types of wear 
mechanism, cutting temperature, chip morphology and surface roughness has been assessed and compared. 
i. The CT cutting insert resists wear more effectively than untreated cutting tool. The enhanced in the micro-hardness 

due to CT enabled to withstand wear resistance at high speed up to certain extent, but it decreases with further 
increase in speed. However, the cryogenic treated cutting insert reported least flank wear in comparison with 
untreated cutting insert. 

ii. The CT inserts account for the reduction in temperature with increase in speed compared to UT insert. This 
attributed to the fact that the CT cutting insert improved mechanical properties and heat dissipation over the rake 
surface. The rise in temperature is seen in untreated insert would adversely affects the hardness and wear rate. 

iii. After CT, the fine η carbides improved the hardness without significantly affecting the toughness. While the α 
phase of the CT cutting tool is seen in more stable condition The stable form of α phase might have supported to 
enhance wear resistance of CT cutting tool.  

iv. The reduction in tool temperature due to increase in the thermal conductivity, which reduced the tool wear under 
CT condition in contrast with UT. 

v. The highest percentage of reduction in surface roughness during cryogenic machining is 82% in contrast with UT 
insert. 

vi. The results clearly depicts that, both the cutting tools produce ser-rated chips while lower serrations with CT cutting 
inserts were seen. The high stress, shear force and excess amount of heat generation in the UT cutting insert would 
have produced large serrated chips. 

vii. The results revealed that the reduction in cutting temperature in case of cryogenic treated insert found 36% in 
comparison with untreated cutting insert. The difference between CT and UT insert is 27% when the cutting speed 
increase from 100.52m/min to 125.66m/min followed by 20% for further increase in speed from 125.66m/min to 
150.79m/min. At 175.92m/min speed, the difference is found to be 10%.  
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Abstract: 
Beam is a structural member subjected to a transverse load. The two types of beams are straight beams and curved beams. In straight 

beams the centroidal axis and neutral axis are coincident. In curved beams the centroidal axis and neutral axis are not coincident. 

Straight beams when subjected to moment the neutral axis is bent whereas in curved beams the neutral axis is already bent even 

before the application of moment. In the present work, an attempt is made to understand the application of finite element technique 

through an application on a curved beam. A typical curved with proper dimensions was chosen and deformation was found using 

analytical technique through equating the moment equation and strain energy. The deformation was found to be 6.82mm The same 

curved beam was analyzed using a finite element software. The deformation from finite element analysis was found to be 7.03mm. 

The  variation between analytical finite element technique was found to be well within the limits. 

 

Keywords: Curved beam, Deformation, Finite elements, Moment of inertia.  

  

I. INTRODUCTION 

 

Many members that are subjected to bending however are 

curved before a bending moment is applied to them. Such 

members are called curved beams. Examples of curved beam are 

crane hooks, chain links, closed rings and frames of punching 

presses. Curved beam is defined as a beam in which the neutral 

axis in the unfolded condition is curved instead of straight. The 

following assumptions are made in the stress analysis of curved 

beams. 

• Plane sections perpendicular to the axis of the beam remain 

plane after bending 

• The moduli of elasticity in tension and compression are equal 

• The material is homogeneous and obeys Hooke’s law 

 

The factors that distinguish the stress distribution in straight 

and curved beams are  

• The neutral and centroidal axes of the curved beam are not 

coincident 

• The neutral axis is shifted towards the centre of curvature 

• The stress distribution is hyperbolic in curved beams 

In the present work, a typical curved beam with rectangular 

cross section of dimension 25mm * 4mm is chosen for analysis. 

 

II. LITERATURE REVIEW  

 

Souvik Das et.al[1]   identified accounts of repeated failure of 

crane hooks at the coil yard of a Hot Strip Mill which pose a 

serious threat to safety in the area. More than 4 hooks failed in 

less than 5 years. The crane hook (rated for 36000 kg) failed 

from the threaded shank while lifting a load of 18143 kg. The 

metal in the hook was revealed by chemical analysis to be IS: 

4367 20C15 steel. The hook rod failed from a step where there 

was a cross sectional change and the locations were associated 

with machining and chatter marks. Such cross-sectional changes 

are the potential sites of stress concentrations leading to crack 

initiations. Fracture surfaces of broken pieces of hook reveal 

initiation of beach marks from both sides with granular rough 

surface at the middle of fracture zone. Beach marks initiated 

from both sides indicate origin of reverse bending fatigue. 

Distinct granular rough zone at the middle is due to final brittle 

fracture. Microstructure of the polished sample revealed 

numerous inclusions which indicate that the steel was not clean 

.Such a huge number of inclusions are not desirable as they can 

act as stress concentration sites and lead to fatigue crack 

initiation. Etched microstructure of failed hook reveals coarse 

cast structure having inhomogeneous microstructure with a 

mixture of ferrite and pearlite. This inhomogeneous coarser cast 

structure is outcome of lower reduction ratio during rolling 

followed by improper heat treatment process. The fracture was 

concluded to have occurred due to stress concentration from the 

step region due to inferior material. Preventive maintenance and 

condition monitoring procedures should be applied to identify 

and minimize the risk. 

 

Kijun Kang et. al [2] applied exact closed-form solution and a 

numerical solution by the differential quadrature method 

(D.Q.M.)   to predict the out-of-plane static behavior of a curved 

beam subjected to torque, based on the curved-beam version of 

the classical (Bernoulli-Euler) and shear deformable (Bresse-

Timoshenko) beam theories. Deflections, twist angles, angles of 

rotation, bending moments and twisting moments are calculated 

for the case of a circular are of circular cross section with 

clamped and simply supported boundary conditions, and the 

results obtained by both methods (exact and D.Q.M.) are 

compared. It is found that the D.Q.M. gives good accuracy for 

only a limited number of grid points. 

 

Amitkumar Premdas Chavan et al [3] identified that the existing 

formulas of stress and deflection calculations on beams are 
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commonly for straight beams that undergo small linear 

deflections. They are not applicable to curved beams. The depth 

of the cross section of a slender curved beam is small compared 

with its radius of curvature. It usually has large deformation. 

The load-deflection relationship of a slender curved beam is 

often nonlinear. It is much more challenging to analyze the 

deformation of a nonlinear slender curved beam than a linear 

straight beam. In this paper, the authors have presented a stress 

calculation formula  for slender curved beams. The nonlinear 

deformations of slender curved beams are analyzed. The 

deformations and stresses of slender curved beams are 

simulated.  

 

Yeong-Bin Yang et al [4] intended  to derive the nonlinear 

differential equations of equilibrium for a horizontally curved I-

beam. Based on the principle of virtual displacements, the 

equilibrium of a bar is established for its deformed or buckled 

configuration using a Lagrangian approach. Central to the 

consideration of the effect of curvature is the expression of 

various quantities in cylindrical coordinates and the 

incorporation of radial stresses in the virtual work statement. 

The governing differential equations are obtained for the curved 

beam as the Euler-Lagrange equations of the functional using a 

variational procedure. Rationality of the present theory is 

demonstrated for some typical examples, where the sources of 

errors in existing theories are traced. Also illustrated is the 

inconsistency involved in a conventional finite element analysis 

in which a curved beam is represented by several straight beam 

elements. 

 

G. Mathiyazhagan et al [5] are of the opinion that the curved 

beams are more efficient in transfer of loads than straight beams. 

The transfer in the curved beam is affected by means of bending, 

shear and membrane action. This is particularly important in 

studying initially curved beams. The aim of this project is to 

improve the use and flexibility of curved beams in various 

mechanical components and structures. In this project the finite 

element formulation is used to analyze static and dynamic 

analysis of a curved cantilever beam with various cross sections, 

various types of curvature under various types of load and its 

directions, for linear elastic isotropic materials. The numerical 

analysis for the beam is solved by means of ANSYS and the 

deflection values are tabulated 

 

OBJECTIVES  

To find out deformation in a curved beam analyticaly and 

compare the same using the finite element technique. 

 

III. METHODOLOGY  
 

The deformation of the curved beam is found by using the 

moment and strain energy methods. Finite element analysis is 

carried out using ANSYS software. The results of both the 

methods are compared.  

 

IV. RESULTS AND DISCUSSIONS 

 

ANALYTICAL SOLUTION 

In the present work a typical curved beam of rectangular cross 

section of 25 mm wide and 4 mm thick is chosen for analysis as 

shown in fig 1 

 
Figure.1. A curved beam with rectangular cross section 

 

The chosen curved beam is subjected to a load of 10N. The 

material of chosen curved beam is having modulus of elasticity 

of 205GPa.  

Considering an element of length ds on the beam, the moment 

M=W(200+80Sin) 

At a distance ‘x’ from load, moment M=Wx 

The strain energy  

U=M2
ds/2EI=1/2EI [0


 [W(200+80Sin)]

2
 R d + 0

200
 (Wx)

2
 

dx] and 

=U/W =1/2EI [0

 [2W(200+80Sin)]

2
 R d + 0

200
 2Wx

2
 dx] 

=W/EI [8000{432 - 0 -320(-1-1)}+200
3
/3] 

= 10*18.644*10
6
 / 205000*(24 * 4

3
/12) 

= 6.82mm 

 

FINITE ELEMENT SOLUTION 

The finite element method provides a systematic procedure for 

the derivation of the approximation functions over sub regions 

of the domain. The method has three features. First one is 

geometrically simple sub domains called finite elements. 

Second, over each finite element, interpolating functions are 

derived using the idea that any continuous function can be 

represented by a linear combination of algebraic polynomials. 

Then the algebraic relations among the nodal values are obtained 

by satisfying the governing equations over each element. In the 

present work, the geometric model of the chosen curved beam is 

created using ANSYS 11 software. It is as shown in Fig 

 

 
Figure.2. Geometric model of curved beam 



IJESC, July 2020                                                                      26633                                                                               http:// ijesc.org/ 

The geometric model is then descretized using beam elements 

namely Beam 2D elastic. It is as shown in Fig 3. 

 

 
Figure.3. Finite element model of curved beam 

 

The real constants for the rectangular cross section such as area 

of cross section and moment of inertia are calculated   

Area of cross section, A = 25mm x 4mm = 100mm
2 

Moment of inertia, I = bh
3
 / 12 where ‘b’ is width of cross 

section, ie b=25mm. ‘h’ is the thickness of cross section, ie h = 

4mm 

I = 25 * 4
3
 / 12 = 133.33mm

4
 

The constraints and load are applied as shown in Fig4 

 

 
Figure.4. Constraints and load applied 

 

Analysis is carried after applying the constraints. The values of 

deformation at various locations of curved beam are indicated. 

The deformation values are shown in fig 5  

  

 
Figure.5. Deformation values at various locations 

 

The deformation values from analytical and finite element 

method are tabulated as in table 1 

 

Table.1.Deformation values from analytical and finite 

element methods 

Slno Description of method Deformation in mm 

1 Analytical method 6.82 

2 Finite element method 7.03 
 

 

V. CONCLUSIONS 

 

In the present work an attempt has been made to show the 

importance of using finite element method as a technique for 

finding out the deformation and stresses in a component with 

complex geometry. Solving for stresses and deformations using 

analytical techniques is time consuming. The curved beam is 

chosen for analysis. As deformation of the curved beam is 

essential for this application, only the deformation is calculated 

analytically. The deformation   at the point of application of load 

is also found out by finite element method. The variation 

between analytical method and finite element method is found to 

be 3.1% which is quite a good approximation. From the analysis 

it can be concluded that the mechanical components with 

complex geometries such as those of curved beams can be 

effectively carried out using finite element technique.  
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ABSTRACT: In the present investigation the mechanical behavior of 1 - 4 wt% tungsten carbide reinforced 

aluminum metal matrix composites and 4 wt% graphite reinforced hybrid metal matrix composites were studied.   

The composites were developed by liquid metallurgy technique. All the investigating composites were heat 

treated with T6 treatment for 1,3,5 aging period. It was found that, due to the thermal mismatch of base metal 

and reinforcement the mechanical properties were varied further results revealed that the tensile strength, 

compressive strength and hardness of MMCs and MMHCs were increased. The micrographs of the fractured 

surfaces confirmed the brittle fracture of the composite 

Keywords: Tungsten carbide, Graphite, Liquid metallurgy technique, Hybrid Composites, Heat treatment 

 

I. INTRODUCTION 

It is a well-known fact that the design of alloy composition and heat treatments of aluminum alloys and 
composites used in aerospace and automobiles etc., aims at a compromise between strength and damage tolerance 
[1].  Steels are widely used in structures and machine components.  Different grades of steels are available from 

high strength steels to medium strength steels [3].  Now a days composite is replacing the aluminum alloys and 

steels wherever possible, because it is comparatively lighter in weight and resistant to corrosion[5].  The present 

day trend is to go in for light weight constructions for easy handling, reduced space with aesthetic appearance and 

high resistance to weathering attack. These factors have propelled the modern designers to develop newer 

composite materials up to the stage of large scale production with exacting requirements [2]. 

 

II. MATERIALS AND METHODS 

Among several series of Aluminum alloys, the AL6061 is an aluminum-magnesium-silicon alloy [4]. The 

chemical composition of the matrix material used in the present investigation is shown in table 1. 

 

Table 1 Chemical composition of base alloy (Al6061) 

Elements Si Fe Cu Mn Mg Cr Zn Ti Al 

wt% 0.62 0.23 0.22 0.03 0.84 0.22 0.10 0.1 Bal 

 

Primary reinforcement material is Tungsten carbide (WC). It is commonly known as carbide. It is an inorganic 

compound having tungsten and carbon atoms in identical extent. In its most simple form it is a fine gray power. 

In the present examination WC of 5 microns size is used as primary reinforcement in preparing the composites. 

The wt% of WC was varied from 1 to 4 wt% in steps of 1 wt%.  4 wt% of Graphite (Gr) is used as a secondary 

reinforcement material in the production of hybrid composites (MMHCs). 
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The fabrication of composites was carried out by liquid metallurgy route via stir casting technique. The major 

components of the casting process consist of electrical resistance furnace, ceramic coated chromium steel 

impeller.  The casted base alloy, MMCs and MMHCs were subjected to T6 heat treatment. In T6 heat treatment 

the casting were solutionised at a temperature of 530°C for 10 h and quenched in hot water at a temperature of 
100°C, followed by natural ageing at room temperature for 12 h.  Artificially aged at a temperature of 175°C for 

1, 3 and 5 h respectively. 

Hardness Test 

The specimens were prepared from the as-cast and heat-treated castings according to ASTM E-10 standard. The 

tests were conducted on Brinell hardness testing machine with a ball indenter of diameter 10 mm with an applied 

load of 500 kg. The hardness was determined at four different points and the average values were recorded. 

The hardness of as-cast base alloy was 55, in MMCs and MMHCs were 89 and 76 respectively for 3 wt% of 

WC reinforcement.  This showed a significant increase in hardness of 62 % in MMCs and 39 % in MMHCs 

when compared with as cast base alloy. In T6 heat treated, 5 h aged base alloy, MMCs and MMHCs the 

observed hardness was 113, 166, and 142 respectively for 3 wt% of WC reinforcement in MMCs and MMHCs. 

It resulted in increase of 47 % of hardness in MMCs and 26% of hardness in MMHCs when compared with heat 

treated base alloy. The highest hardness was noticed in composites for 5 h aged with 3 wt% of WC 
reinforcement. There is a gain in hardness of 87 % due to heat treatment in both MMCs and MMHCs when 

compared with as-cast composites.  In T6 heat treated Al6061-3wt%WC MMCs and Al6061-3wt%WC-4wt%Gr 

MMHCs the highest hardness was observed in 5 h aging time. It shows an improvement of 96% and 90% 

respectively when compared with T6 heat treated base alloy. 

Fig 2(a) and 2(b) shows the effect of hardness with the tungsten carbide reinforcement on the of as-cast and T6 

heat treated Al6061 base alloy, Al6061-WC MMCs and Al6061-WC-Gr MMHCs.  It was observed that the 

hardness of composites increased significantly with increase in percentage of WC reinforcement upto 3 wt%.  

At 4 wt% and above led to the rejection of particulates from the melt during preparation through liquid 

metallurgy technique. The presence of denser particulates in the melt caused the settling of particulates at the 

bottom of the furnace, which resulted in decrease of hardness. 

In the present study 3 wt% WC reinforced and 5 h aged MMCs and MMHCs have showed highest hardness. 
Highest hardness was observed in MMCs when compared with MMHCs.  The improvement in the hardness of 

the composites with increased content of reinforcement mainly attributed to the higher hardness of the WC 

reinforcement.  Increase in content of reinforcement in the matrix alloy leads to increase in hardness. 

 

Fig2(a) Hardness variation with WC reinforcement in base alloy Al6061, Al6061-WC MMCs 
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Fig2(b) Hardness variation with WC reinforcement in base alloy Al6061, Al6061-WC-Gr MMHCs 

 

Tensile Test 

The tests were conducted on computerized universal testing machine according to ASTM-E8 standard testing 

procedure. In order to ensure the consistency of the material properties multiple tests were conducted the 

average values were reported. The tests were conducted on computerized universal testing machine according to 

ASTM-E8 standard testing procedure. In order to ensure the consistency of the material properties multiple tests 

were conducted the average values were reported in fig 3(a) and Fig 3(b). 

From the tensile test it was found that the tensile strength of base alloy was 96 MPa. The tensile strength of as-

cast MMCs were 123, 143, 165 and 97 MPa respectively for 1, 2, 3 and 4 wt% of WC reinforcement. In as-cast 

MMHCs the tensile strengths reported were 125, 144, 167 and 102 MPa respectively for 1, 2, 3 and 4 wt% WC. 

In as-cast MMCs and MMHCs the tensile strength was increased with increase in percentage of WC 

reinforcement.  At 3 wt% WC of reinforcement the strength was enhanced upto 72 % and 74% in MMCs and 

MMHCs respectively when compared with base alloy. At 4 wt% of WC reinforcement the strength was 
decreased in both the composites. The particulates rejected from the melt, due to the denser particulates of WC 

reinforcement. The increase in tensile strength was attributed to the presence of hard WC particulates that impart 

strength to the matrix alloy. Highest ultimate tensile strength was observed at 3 wt% of WC reinforcement in 

MMCs and MMHCs. 

The tensile strength increased significantly in T6 heat treated MMCs and MMHCs. In MMCs the tensile 

strength is of the order of 257, 297 and 329 MPa for 1, 3, and 5 h aging time respectively at 3 wt% WC 

reinforcement. Whereas in case of MMHCs the tensile strength was 266, 302 and 336 MPa, for 1, 3 and 5 h 

aging time respectively for 3 wt% of WC. The increase in strength was marginal in MMHCs when compared to 

MMCs. The effect of reinforcement on the tensile strength of Al6061 alloy, MMCs and MMHCs for as-cast and 

heat treated conditions.  It was observed that the tensile strength increased with increase in WC reinforcement (0 

to 3 wt %) and ageing time (1 to 5 h). When the percentage of WC was increased beyond 3 wt%, the tensile 
strength decreased. From the results of the analysis it was found that 3 wt% WC with 5 h aged MMCs and 

MMHCs have shown best tensile strength. 

 

Fig.3(a) Variation of ultimate tensile strength with WC reinforcement in base alloy Al6061, Al6061-WC 

MMCs 
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Fig.3 (b) Variation of ultimate tensile strength with WC reinforcement in base alloy Al6061, Al6061-WC-

Gr MMHCs 

 

From the result analysis it was found that the yield strength of the as-cast base alloy was 69 MPa and in as-cast 

MMCs at 1, 2, 3 and 4 wt% of WC reinforcement the yield strength was 94, 107, 118 and 77 MPa respectively.  

This shows the highest yield strength in MMCs at 3 wt% WC reinforcement.  It showed an improvement 71 % 

in yield strength as compared with as-cast base alloy in 3 wt% WC.  The yield strength of as-cast MMHCs was 

97, 118, 131 and 101 MPa respectively for 1, 2, 3 and 4 wt% WC shown in Table 2. 

] 

Table 2 Yield strength of heat treated MMCs and MMHCs 

Materials Composition 
𝛔y  (MPa) 

As-cast 1h 3h 5h 

Base alloy Al6061 69±2 138±6 150±5 175±5 

MMCs 

Al6061-1wt%WC 94± 4 178±5 194±6 218±4 

Al6061-2wt%WC 107±4 186±4 207±4 237±6 

Al6061-3wt%WC 118±2 206±3 228±4 272±4 

Al6061-4wt%WC 77± 2 154±4 168±3 181±3 

MMHCs 

Al6061-1wt%WC-4wt%Gr 97± 3 192±5 213±3 242±4 

Al6061-2wt%WC-4wt%Gr 118±3 216±3 239±4 266±5 

Al6061-3wt%WC-4wt%Gr 131±2 239±4 263±5 309±4 

Al6061-4wt%WC-4wt%Gr 101±3 182±5 205±4 219±4 

 

Yield strength was increased upto 90% with increase in WC reinforcement upto 3 wt%. The effect of 

reinforcement on yield strength of Al6061 alloy, Al6061-WC, and Al6061-WC-Gr hybrid composites for as-cast 

and T6 heat treated condition.  Linear increase in strength was observed with the increase in WC reinforcement 

(0 to 3 wt %) and ageing time (1, 3 & 5 h). The highest strength was observed in MMCs and MMHCs for 3 wt% 

of WC reinforcement at 5 h ageing time. At 4 wt% of WC reinforcement the yield strength was decreased. 

Percentage of elongation for the as-cast base alloy, MMCs and MMHCs. The percentage of elongation was 

reduced marginally in as-cast MMCs and MMHCs when compared with as-cast base alloy. The values of 

percentage of elongation of T6 heat treated MMCs and MMHCs for different ageing time were shown in Table 

3. 

In T6 heat treated MMCs the ductility increased significantly with the aging time when compared with as-cast 

base alloy. It was observed that for the 3 wt% WC reinforcement MMCs the ductility was decreased by 23, 20 
and 16 % for 1, 3 and 5h aging respectively when compared heat treated base alloy. Similarly in MMHCs the 

ductility decreased by 11, 11 and 8 % for 1, 3 and 5 h aging time respectively with respect to heat treated base 

alloy.  The addition of graphite in MMHCs showed an improvement in ductility of the MMHCs when compared 
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with MMCs. Also, it was observed that ductility increased by 26 % and 29 % in MMCs and MMHCs due to 

heat treatment, which leads to the conclusion that ductility increases due to the heat treatment and addition of 

graphite. 

The effect of reinforcement content and T6 heat treatment on the ductility of the investigating composites in 
terms of percentage of elongation. In as-cast MMCs, as the reinforcement content increases, the ductility 

decreased by 24 % with the increase of WC content from 0 to 3 wt%, and in as-cast MMHCs as the 

reinforcement content increases the ductility of the composite material decreases marginally. With the increase 

of WC reinforcement from 0 to 3 wt% the ductility was found to decrease by 12 %. When compared with the 

MMCs the ductility was improved in MMHCs due to addition of Graphite. 

 

Table 3 Percentage of elongation of heat treated MMCs and MMHCs 

Composite 

materials 
Composition 

Elongation (%) 

As-cast 1h 3h 5h 

Base alloy Al6061 5.0±0.5 5.3±0.5 5.5±0.4 5.7±0.6 

MMCs 

Al6061-1wt%WC 4.7±0.7 4.9±0.6 5.2±0.5 5.5±0.6 

Al6061-2wt%WC 4.4±0.6 4.7±0.4 4.9±0.5 5.3±0.5 

Al6061-3wt%WC 3.8±0.8 4.1±0.6 4.4±0.4 4.8±0.4 

Al6061-4wt%WC 3.3±0.5 3.3±0.6 3.7±0.6 3.9±0.4 

MMHCs 

Al6061-1wt%WC-4wt%Gr 4.7±0.4 5.2±0.6 5.4±0.6 5.6±0.4 

Al6061-2wt%WC-4wt%Gr 4.5±0.4 4.9±0.6 5.1±0.5 5.4±0.6 

Al6061-3wt%WC-4wt%Gr 3.8±0.5 4.7±0.4 4.9±0.5 5.3±0.5 

Al6061-4wt%WC-4wt%Gr 3.1±0.4 3.6±0.5 4.1±0.6 4.2±0.4 

 

The addition of graphite as secondary reinforcement eases the movement of grains along the slip planes which 

explains the improvement in ductility in MMHCs compared to MMCs. The results obtained were in close 

agreement with the results of other researchers having observed that the ductility of the composites decreases 

with the increase in hard reinforcement content. 

The decrease in ductility in comparison with the base alloy is a most commonly encountered disadvantage in 

discontinuously reinforced MMCs [8]. 

 

III. COMPRESSION TEST 

The specimens were prepared from the castings of as-cast and T6 heat treated base alloy, MMCs and MMHCs. 

The compression tests were conducted on computerized universal testing machine according to ASTM-E9 

standard testing procedures.  In order to ensure the consistency of the material property the multiple tests were 

conducted and the average values are shown in Table 4. 

From the result analysis it was found that the compressive strength was 570 MPa.  The compressive strength of 

as-cast MMCs at 1, 2, 3 and 4 wt% WC reinforcement were 696, 823, 846 and 743 MPa respectively. It shows 

upto 3 wt% of WC reinforcement the compressive strength was increased progressively. At 3 wt% of WC 
reinforcement 48% of higher compressive strength was observed when compared with base alloy. 

The compressive strength of as-cast MMHCs are 756, 864, 918 and 821 MPa respectively for 1, 2, 3 and 4 wt% 

of WC reinforcement.  Similar trend was observed in the compressive behavior of MMHCs at all wt% of WC 

reinforcement.  The compressive strength of MMHCs was higher than MMCs in as-cast condition.  It shows an 

improvement of 60% in compression strength when compared with base alloy.  Also shows the marginal 

increase in compressive strength when compared with MMCs. 
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Table 4 Compressive strength of investigating composites 

Composite 

materials 
Composition 

Compressive strength (MPa) 

As-cast 1h 3h 5h 

Base alloy Al6061 570±8 726±7 816±6 898±8 

MMCs 

Al6061-1wt%WC 696±9 958±8 1063±9 1170±7 

Al6061-2wt%WC 823±7 1071±7 1186±8 1279±9 

Al6061-3wt%WC 846±7 1139±9 1229±8 1314±8 

Al6061-4wt%WC 743±6 950±6 1047±7 1135±8 

MMHCs 

Al6061-1wt%WC-4wt%Gr 756±8 1032±9 1123±8 1227±7 

Al6061-2wt%WC-4wt%Gr 864±6 1125±6 1234±6 1362±6 

Al6061-3wt%WC-4wt%Gr 918±9 1183±8 1332±7 1457±7 

Al6061-4wt%WC-4wt%Gr 821±6 1064±7 1154±7 1291±8 

 

The test results of T6 heat treated base alloy and composites for 1, 3 and 5h aging time were reported in Table6, 

3 wt% of WC reinforced and 5 h aged MMCs and MMHCs have shown the highest compressive strength.  The 

compressive strength of base alloy was 898 MPa and that of MMCs and MMHCs were 1314 MPa and 1457 
MPa respectively. It shows an improvement of 46% and 62% respectively for MMCs and MMHCs. when 

compared with MMCs, the marginal improvement in compressive strength was observed in MMHCs. The 

compressive strength was reduced at 4 wt% of WC reinforcement in both the composites due to the rejection of 

particulates from the melt at higher density of WC. 

In T6 heat treated 3 wt% of WC reinforced MMCs the compressive strength was increased for 1, 3 and 5 h 

aging in the order of 34.7, 45.36 and 55.37 % respectively when compared with heat treated base alloy. Similar 

improvement in compressive strength was observed for Metal Matrix Hybrid Composites (MMHCs) and there 

was a significant improvement in T6 heat treated MMHCs, the compressive strength was increased in the order 

of 28, 45 and 59 % for 1, 3 and 5 h aging time when compared with base alloy. 

It was observed that the compressive strength was increased by 55% and 59% due to heat treatment in MMCs 

and MMHCs when compared with as-cast composites, which leads to the conclusion that the compressive 
strength of MMCs and MMHCs increased significantly with heat treatment.  Heat treatment played an important 

role in making the strong bonding between reinforcement particles and aluminium matrix [13]. Hence the load 

sharing from matrix to reinforcements was increased and hence the load bearing capacity of the composites 

increased. 

 

IV. DENSITY 

Density was determined experimentally and compared with the theoretical values, which have been evaluated by 

the rule of mixtures [12]. The density of the MMCs and MMHCs were linearly increased with the increase in 

percentage of wt% of WC reinforcement. The experimental and the theoretical density values were in line with 

each other, which conclude the uniform distribution of reinforcements in composites. Very small variation was 

observed between the experimental and theoretical density values. 

All the calculated and experimentally measured density values are shown in Table 5.  The density of Al6061 

base alloy is 2.71 g/cc.  The density of MMCs and MMHCs were increased when compared with the base alloy. 

At 4 wt% WC reinforcement the density of MMCs and MMHCs were 3.06 and 3.10 g/cc. It shows 14% and 

15% increase in density of MMCs and MMHCs. The increase in density of the composites was attributed to the 

fact that the reinforcement material tungsten carbide (WC) possesses higher density than Al6061 base alloy.  

Highest density was observed in MMHCs when compared with MMCs, this may be due to the presence of 

graphite reinforcement. The increase in density of the composite in comparison with that of matrix material was 

mainly due to the higher density of reinforcement material. 
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Table 5 Density of the investigating composites 

Composite 

materials 
Composition 

Density (g/cc) 

Theoretical Experimental 

Base alloy Al6061 2.71 2.68 

MMCs 

Al6061-1wt%WC 2.79 2.77 

Al6061-2wt%WC 2.90 2.87 

Al6061-3wt%WC 3.02 2.98 

Al6061-4wt%WC 3.13 3.06 

MMHCs 

Al6061-1wt%WC-4wt%Gr 2.81 2.8 

Al6061-2wt%WC-4wt%Gr 2.92 2.91 

Al6061-3wt%WC-4wt%Gr 3.03 3.02 

Al6061-4wt%WC-4wt%Gr 3.15 3.10 

 

FRACTOGRAPHIC EXAMINATION 

The tensile fractured specimen surfaces were closely examined using SEM analysis. The tensile fractured 

surface of the as-cast Al6061alloy, MMCs and MMHCs. In Al6061 alloy dendritic arm spacing is very large 
when compared with MMCs and MMHCs. The fractured surface shows brittle failure, in which deep dimples 

were present in all the experimental composites.  This is evident from the that shallow dimples were observed in 

MMCs and MMHCs which promote the brittle fracture. 

The fractograph of heat treated base alloy, MMCs and MMHCs. The fracture surface shows suitable bonding 

between reinforcements and matrix alloy. The failure surfaces composed of pulled regions and a few cracked 

particles. The heat treated composites shows more dimples and plastic deformation was observed in MMCs and 

MMHCs as compared to as-cast composites. The fracture in both as-cast and heat treated composite was 

promoted by delamination at the particulate surface. 

The fractured surfaces consist of more number of particles. Some particles were broken and pulled out.  It was 

also found that the plastic dimples in the fractured surfaces of the MMCHs increased, resulting an increase in 

the strength of the composites. 

 

SEM of tensile fractured surfaces of as-cast investigating composites Fig4(a) Al6061-3wt%WC, 

Fig4(b)Al6061-3wt%WC+4%Gr 
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SEM of heat treated tensile fractured surfaces of investigating composites Fig4(a) Al6061-3wt%WC, 

Fig4(b)Al6061-3wt%WC+4%Gr 

V. CONCLUSIONS 

From the results and analysis of the investigation the following conclusions were drawn on the mechanical and 

wear behavior of as-cast and T6 heat treated (1, 3, 5h aging time) base alloy, MMCs (Al6061-WC) and MMHCs 

(Al6061-WC-Gr). 

 From the liquid metallurgy techniques Al6061base alloy, Al6061-WC MMCs and Al6061-WC –Gr 

MMHCs composites were prepared successfully. 

 In T6 heat treated Al6061-3wt%WC MMCs and Al6061-3wt%WC-4wt%Gr MMHCs the highest 

hardness was observed in 5 h aging time. It shows an improvement of 96% and 90% respectively when 
compared with T6 heat treated base alloy. 

 In T6 heat treated, 5 h aged base alloy, Al6061-3wt%WC MMCs and Al6061-3wt%WC-4wt%Gr 

MMHCs had shown the ultimate tensile strength of 230, 329 and 336 MPa. This shows an improvement of 

109% and 113% respectively when compared with heat treated base alloy. Al6061-3wt%WC-4wt%Gr MMHCs 

have shown highest tensile strength. 

 The compressive strength of heat treated 5 h aged base alloy, Al6061-3wt%WC MMCs and MMHCs 

are 898, 1314 and 1457 MPa respectively. This shown an improvement of 46% and 62% when compared with 

the heat treated base alloy. 

 From the investigation it was concluded that, composites containing 3 wt%   tungsten carbide and 4 

wt% graphite reinforcements with 5 h ageing time exhibited superior mechanical properties. 
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ABSTRACT: In the present research work, the dry sliding wear behavior of nickel coated short carbon fibers 

(NCSCFs) reinforced aluminummatrix compositewere studied. The composites were fabricated by liquid metallurgy 

technique by varying with 2, 4, 6 & 8 wt% ofNCSCFs.The wear rateswere evaluated using a pin-on-disc wear-testing 

machine by varying the loads. The effects of percentageof fiber content, normal load, sliding speed, and 

wearmechanism were investigated. The results indicated that Al/NCSCFs composite had lower rates than that of Al 

alloy. The wear rates of the composites decreased with the increase of NCSCFs content.However, wear rates increased 

with the increase in normal load and rotating speed in both composites and Al alloy. NCSCF develops direct bridge 
gap between the matrix and counterpart thus, results in improving the better wear resistance in Al/NCSCFs 

composite.Theworn and fractured surfaces ofboth Al/NCSCFs compositeand Al alloy werecharacterized using SEM  

KEYWORDS: Al alloy, NCSCF, sliding wear, wear resistance. 

 

I. INTRODUCTION 

Over the decades,metal matrix composites (MMC) has drawn the attention of many investigators to carry the research 

onaluminiumbased MMC’s due to its excellent combination of properties such as higher mechanical strength,young’s 

modulus and good wear resistance [1].  AluminiumMMC’s are widely used in automotive industry because of its 

good strength at high temperature, high weight ratio, high thermal conductivity [2], good dimensional stability and 

high structural rigidity[3]. AluminiumMMC’s are particularly used in automobile like cylinder liners, brake rotors, 

connecting rods, drive shafts, pistons and reciprocating part, components of brake-system, engine blocks 
andaerospace industries and defence equipment’s [2-3].Although aluminum and its alloy are known for excellent 

mechanical properties as well as corrosion resistance but in term of wear properties, they are poor. Hence, a strong 

drives to develop newer material to achieve the better tribological properties [4-5]. Hence, requirements for 

enhancements in wear resistance and service loads of materials in all these applications has forced researchers to 

develop and synthesise aluminium based composites.There are many fibres used as reinforcement for aluminium alloy, 

among that carbon fibre has been used as appealing reinforcements, which enhacethe wear resistance of the part and 

also reduces the coefficient of friction while maintaining its remarkable properties such as light weight, high specific 

strength, high thermal and electrical conductivity, high stiffness, specific modulus,low coefficient of thermal 

expansion and good self-lubricating abilities [6–7]. 

 

In spite of many advantages, the applications of carbon reinforced aluminum composite are limited by the industries 

due to its manufacturing problem [8]. Many researchers have carried out the investigations of fiber reinforced 
aluminum composites focusing on casting process and uniform distribution of reinforcement, but very limited study is 

reported about wear and coefficient of friction. Liu Leiet al. [9] studied the friction and wear properties of carbon 

reinforced aluminum matrix composites the results show that with short carbon fiber content the wear resistance was 

improved andwear rate was reduced. Daoud et al. [10] investigated CF/2014 Alalloy composites for their wear 

performance, his finding showed the wear resistance was improved significantly with incorporation of carbon fiber 

and improvement in seizure resistance.EzhilVannan.Set al. [11] studied the effect of basalt fiber on dry sliding wear 

behavior of basalt fiber reinforced alumiunium metal matrix composites reported that the wear rate decreased with 

increase in weight percentage of copper coated fiber basalt fiber. B.Venkataraman et al. [12] investigated the dry 

sliding wear condition of wear behavior of SiC particulate reinforced aluminiummatrix composites (Al-SiC) 

suggested that a strong correlation exist between friction and wear transition behavior. Kong et al. [13]studiedcarbon 
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fiber/Al felt composites for their tribological behavior and concluded that wear resistance can be improved with the 

presence of carbon film. In the case of Al6061 reinforced with TiO2, it was observed that composites exhibit lower 

wear coefficient, exhibits better hardness as compared with the matrix alloy [14]. The volumetric wear loss is high 

because of increased loads and sliding distances, but the coefficient of wear is low in both matrix alloy and its 

composites. The high strength aluminium alloys Al7010, Al7009 and Al2024 reinforced with SiC particles exhibits 

significantly better sliding wear characteristics than that of alloys due to the addition of SiC particles [15]. Aluminium 

matrix composites reinforced with short steel fibres shows decrease in wear rate by increasing the reinforcement fibres 

decreased the rate of wear and coefficient of friction at different loading conditions [16]. Metal matrix composite of 

aluminium-7075 with nickel coated carbon fibers in the form of short fibers shows increasing in fatigue strength with 

increase in reinforcement loading [17]. Surface coating on carbon fibers increase the wettability and it increases the 

interfacial reaction between matrix and carbon. And it overcomes the arduous of obtaining better interface bonding 
between fibers matrix. Coating of nickel on surface of carbon fiber exhibits better interface bonding among matrix and 

fibers and also increases the oxidization resistance, strength of the composites with both metal and polymer matrix 

[18-19]. 

 

In present investigation, Al7075 alloy composite reinforced by NCSCFs were prepared by Liquid metallurgy process. 

The tribological behavior of Al7075 alloy and NCSCFs/Al7075 were methodically studied using Pin-on-Disc 

method.The surface, subsurface and the fragments are studied using scanning electron microscopy to analyse the wear 

mechanisms. 

 

II. Experimental  

2.1. Sample preparation 

In this study, Al7075 alloy is used as base matrix. The chemical composition of Al7075 is as shown in the table 1. 

Nickel coated short carbon fiber were used as reinforcement, long polyacrylonitrile (PAN)based carbon fibers were 

cut into short fiber to length about 1.0-1.5 mm after being dispersed.The properties of polyacrylonitrile(PAN) based 

fiber are: density is 1.76g/cm3, average diameter of fiber is 7μm. The short fibers were coated with nickel deposition 

using electroless coatingtechnique; the reason was due to poor wettability between the matrix and reinforcement. The 

Composites were prepared by reinforcing Al7075 alloy with varying weight percentage of 0, 2, 4, 6 and 8 of carbon 

fibres coated with nickel using stir casting process.The matrix Al7075 was heated above its melting 

temperatureupto7000C; at this temperature around 1% of magnesium metal powder is mixed with the molten metal.  

 

 

 

2.2. Wear tests 

 

For wear testing, the specimens had been prepared with the size of Pin-on-Disc specimen measuring 8mm in dia. and 

20mm height consistent with the ASTM G99 standard. All the specimens followed a single-track 115mm in diameter, 

with the tangential force during sliding is monitored by a force transducer continuously which is attached to the 

specimen holder.  The coefficient of friction (μ) is obtained as the ratio of the tangential force to the normal force. The 

test is performed with a load range of 20N to 50 N at a sliding velocity of 7.35m/s to 31.5m/s and with a sliding 

distance of 2km. The specific gravity measurements were performed consistent with ASTM C127-88 Standard. For 

every load, volume losses from the surface of specimens had been determined as a feature of sliding distance, sliding 

velocity, and applied load. [20]. 
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Fig. 1Pin-on-Disc Test rig 

 

III. Results and discussion 

3.1 Wear Behaviour 

The effects of reinforcement on wear rate were studied and found that Al/NCSCFs composite has 

superiortribologicalcharacteristics than Aluminium alloy. It was also observed that the wear resistance of the 

composite improved significantly with the increase in NCSCFs content. An investigation was carried out to study the 

effects of reinforcement on both applied load and sliding speed. Fig. 2(a) to 2(d) shows the graphs of sliding velocity 

vs wear rates of the Al/NCSCFs composites and Al alloy specimens at an applied load of 20, 30 and 40 N, respectively. 

From the graph, it is evident that the composite with 8 wt. % NCSCFs has the least wear rate for normal loads ranging 

from 10-40 N with increasing sliding distance at 300 RPM and also similar trends were observed for the same normal 

loads at 400 RPM and 500 RPM. However, for the initial sliding distance, the wear rate increased, after some duration, 

it decreased and then remained almost constant for the entire duration of the test.  

 

Fig. 2(b) Wear rate at 20N load                   Fig.  2(a)Wear rate at 10N load 
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                     Fig. 2(c)Wear rate at 30N load   Fig. 2(d) Wear rate at 40N load 

 

Fig. 3shows the result of normal load and rotational speed at 300 rpm on volumetric wear rateofAl/NCSCFs 

composites. The results indicate that the volumetric wear rate of both Al/NCSCFs compositesand Al alloy increased 

with the increase in normal load and showed almost linear trend.Owing to the fact that, for significantly greater 

amounts of normal load, the frictional thrust was observed to have increased and resulted in increased de-bonding and 

fracture that caused more volumetric wear loss. From the graph it is evident that the composite with 8 wt.% 

NCSCFshas least volumetric wear ratewhen compared to Al alloy.An additional increase in the load triggered the 

commencement of delamination which resulted in a higher volumetric wear rate for both, the Al alloy and its 

composites as observed by several researchers [23-25]. Similar trendswere observed at 400 and 500 rpm. 

 

 

Fig. 3Volumetric Wear rate at normal load and 

300rpm 

Fig. 4 Specific Wear rate at normal load and 

300rpm
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Fig. 4shows the result of normal load and rotation speed at 300 rpm on specific wear rate ofAl/NCSCFs 

composites. The results indicate that the specificwear rate of both Al/NCSCFs compositesand Al alloy decreased 

with the increase in normal load with speed at 300 rpm. From the graph it is evident that the specific wear rate for 

Al/NCSCFs composites with 8 wt% NCSCFsshowed a nearly horizontal trend and was found to be much lesser in 

comparison with Al alloy. The reason being for lower speeds and loads, the difference between the specific wear 

rate for each specimen was found to be large which decreased with the increase in speed and load. However, for 

higher speeds of 400RPM and 500 RPM, the rate of specific wear decreases with the increase in normal load 

values including the 8 wt.% reinforced composite specimen. 

 

3.2 Effect of reinforcement on the wear resistance 

 

The effect of reinforcement on wear resistance is study at different load and speed. It has been observed from the 

graph that at both 30N and 40 N, the Al alloy seizes as sliding distance is increased, whilethe Al/NCSCFs 

compositeshad better wear resistance.  At highload of 40N, only the 8% carbon fiber reinforced Al composite has 

better wear resistance, where as the pure Al alloy, 2, 4 and 6 % carbon fiber reinforced composites has high wear 

rate, which indicates that as reinforcement content is increased than the wear rate of the material is reduced 

indicating thepositive effect of the reinforcing. 

 

3.3 Wear mechanism 

 

In order to comprehend the wear mechanism of Al alloy and its composite, SEM micrographs observation of the 
wear surfaces was carried out.A typical worn surface ofthe Al alloy and Al/NCSCFs composites with 4% and 8% 

carbon fiber is shown in Fig.5.In order to comprehend the wear mechanism of Al alloy and its composite, SEM 

micrographs observation of the wear  

 

surfaces was carried out. A typical worn surface ofthe Al alloy and Al/NCSCFs composites with 4% and 8% 

carbon fiber is shown in Fig.5. It is observed that Al alloy shows composition of deep grooves and small debris, 

indicating the presence of damages occurred due to plastic deformation. Further, some flake shape pieces began to 

peel off from fracture surface of Al alloy as worn surface becomes soft due increase in surface temperature. The 

worn surface of Al/NCSCFs composites with 4% and 8% carbon fibershow rough surfaces due to removal of 

material and also formation of white layers at the top most worn out surface, indicate that the temperature at the 

surfaces is very high.Moreover, presence of NCSCFs deforms the Al alloy, results a decrease of mass loss. It is 
observed that as the load increases, the fine scratches on the surface changes into distinct grooves and results in 

wear loss, which increases with the rise in the sliding speed. From the Fig. 6 it can be clearly seen from the fact that 

the grooves on the worn surfaces for 500 rpm were more than that of 300 rpm. From the images, it can be seen that 

extent of grooves in 8 wt% of carbon fibre reinforced composite is much less than 4 wt% carbon fibre reinforced 

composite and as cast Al7075 alloy in both the cases. Hence it is clear from the figures that adding carbon fibre 

increases the wear resistance of the composite. At low loads mixed abrasion-plastic deformation mechanism is 

observed where as in case of high loads it was observed the surface was severely damaged and many facture spots 

were visible. Resulting in high wear rates and moreover, the protective layer of carbon fibre remains unstable due 

to ploughing action. 
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Fig. 5 SEM morphology 500rpm 
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IV. Conclusions 

From the investigations of wear behavior the following conclusions are arrived. 

1. Addition of NCSCFsin Aluminium alloy showed that wear resistance was improved significantly. With 

increase inwt% of short carbon fiber content,the wear rate is found to be decreased. The Al alloy and the 

Al/NCSCFs composites showed that wear rate was increased with increase in applied load. 

2. With addition of NCSCFs with matrix,the direct contact between the counterpart and matrix was 

minimized, results great improvement in wear resistance. 

3. At low loads abrasion wear was exhibited by the Al/NCSCFscomposite whereas in case of high loads 

delamination was observed and found to be superior,who was much evident from SEM micrographs.  

4. For different conditions like change in the sliding distance, change in the sliding velocity and change in 

the applied normal load and at 8 wt% of the short carbon fiber as reinforcement the wear rate was found to 
be least. 
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Abstract. Renewable energy sources like wind turbines are gaining more importance in recent 

years as apprehension of environment pollution has increased. Many developments have taken 

place to utilize solar and wind energy. Wind is present everywhere at all time but wind 

turbines are present in few places to generate power. An attempt has been made to make use of 

wind even from small regions by developing prototype of vertical axis wind turbine using 

maglev suspension to harness power. PVC pipes were used as wind turbine blades; simple and 
economic materials were also used in making this wind turbine. A new approach of having 

placed the magnets (double ended arrangement) has been experimented in this work. The 

voltage generated in double ended arrangement for different wind speeds was twice the voltage 

as that of single ended arrangement. The aim is to use simple low density material as wind 

turbine blade and generate power by magnetically levitated system. A new way of placing the 

neodymium permanent magnet and coils were deployed on the wind turbine plates and 

experimented in this work. On rotation of the wind turbine the magnetic arrangement would 

create axial flux while passing over copper coil arrangement. 

1. Introduction 

In  favourable  sites  wind  turbines  are  preferred  over  fossil  fuels  [1].Along  with  growth  of  

power  generated through solar energy, power generated through wind energy is growing rapidly 
worldwide [2]. Wind energy can be  utilized  effectively  to  generate  power  predominantly  and  also  

for  other  purposes.  It  is  a  reliable  source  of renewable  energy  as  it’s  available  at  all  altitude  

and  at  all  seasons.  Horizontal wind turbine is installed as gigantic structures to generate high power. 

However horizontal wind turbines are not preferred for medium to compact area as they occupy more 
space. On the other hand vertical axis wind turbines are chosen as they occupy less space and generate 

reasonable power. Vertical axis wind turbine (VAWT) accepts wind from any direction without any 

yawing mechanism as they are omnidirectional [3]. Shienbein et al presented their findings on 
mechanical and control systems of turbine for 50KW and 500KW darrieus wind turbine models [4].  

Complex geometry  of  blades  being  used  in  VAWTs  lead  to  manufacturing  difficulty  and  

associated  cost  has  led  to production limitation as mentioned by Eriksson S et al [5]. Savonius rotor 
has 20% less flow energy utilization than darrieus rotor [6]. Savonius rotors have the ability to self-
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start when compared to other “lift type” Vertical axis wind turbines [7]. Efficiency can be improved 

by adding discs at both ends of the turbine as suggested by Muller et al [8]. Magnetic vertical axis 

wind turbine used by James A Rowan et al [9] in which foils were placed  vertically and mounted are 

magnetically levitated above the turbines base; thereby reducing friction within the system. Cost is 
significantly low with smaller size generator in Maglev VAWT. Aravind C V et al [10] proposed the 

novelty of levitation concept which shows vertical axis wind turbine can be designed to work under 

low speed to produce power at 1 m/s.  

2. Materials and Methods  
Two O-ring neodymium magnets are arranged in the dimensions 40 mm, 20mm and 10mm of outer 

diameter, inner diameter with thickness respectively on the shaft which levitates non-rotating plate 

(stator) and rotating plate (rotor) due to the repulsive forces of the magnet. Ten disc type magnets of 
diameter 30mm and 4mm thickness were placed on the periphery of the rotor. Ten copper coils of 42 

gauge having wire diameter of 0.102mm and 2000 turns in each coil of stator and magnets present on 

rotor are arranged on to the exterior in line with periphery. Arrangement of coils was in 
circumferential pattern to a radius of 10 cm and was connected serially in order to obtain maximum 

output voltage. For double ended; same set of arrangement is made on the other end of turbine blade. 

The repulsive force from the O-ring magnet give rise to the gap between the stator and rotor discs. 
Due to this magnetic levitation; rotor is free to rotate without much frictional forces and give rise to 

rotation of the wind turbine even at low wind speed. Magnetic levitation between the stator and rotor 

with the arrangement of magnets and coils are illustrated in the Fig 1.below as shown.  

 
Figure 1. Levitation between Stator and Rotor 

            

PVC pipes were used as wind turbine blades which were cut into two half forming a semicircular 

blade profile having a radius of 4.5cm and height 60cm. Fig.2 represents the wind turbine structure 
pictorially. The profile blades are attached to the rotor by using simple L clamp. This type of 

arrangement helps in fixing blades to the stator easily and also various blade profiles can be fixed to 

this setup in turn carrying experiments without changing the other components. 

2.1.  Single ended arrangement 

In single ended arrangement type of experiment; ten copper coils were mounted on the base plate 

(stator) and ten neodymium magnets were mounted on the bottom end of the lower disc (rotor) of the 

wind turbine wherein the rotor and stator are separated by the magnetic levitation generated by the    
O-ring magnet placed on the shaft. 
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Figure 2. Levitation between Stator and Rotor 

2.2.  Double ended arrangement 

In order to generate more voltage a similar set of magnet and copper coils were arranged on the top 
end of the wind turbine blades. The coils present at both ends of the blade were connected in series 

and voltage generated was recorded using a multimeter during the rotation of wind turbine at various 

speeds. 

3. Results and Discussion  
VAWT was fabricated as described in material and methods. Testing was carried by placing the setup 

on house roof top which is about 60 feet above ground level. Anemometer was used to measure wind 

speed and output voltage caused due the  rotation  of  wind  turbine  blades  for  both  single  and  
double  ended  arrangement  was  measured  using multimeter. The experimental results are as shown 

in Table 1. It is observed from graph 1 that higher voltage is developed for double ended setup which 

almost 50% greater than the voltage developed in single ended setup at all wind speeds. This is due to 
the increase number of coils and magnet in double ended setup which cut more flux generating higher 

voltage. 

On  comparing  with  the  speed  of  VAWT  for  single  ended  and  double  ended  setup,  rotation  

speed  of  double ended setup is lesser than that of the single ended setup. This may be due to the 
resistance to rotation caused by magnetic force created as the magnet passes over the coils. Table 1(b) 

and graph 2 indicates the speed of VAWT for single ended and double ended setup with respect to 

wind speed. 
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        Graph 1: Voltage v/s Wind speed                       Graph 2: Rotation speed v/s Wind speed 
 

Table 1. Experimental Data 

Sl. 

No 

Wind 

Speed VAWT 

Speed 

(rpm) 

Voltage (V) 

(m/s) 
Single 

Ended 

Double 

Ended 

1 2.1 124 3.6 6.7 

2 2.3 130 3.8 7.1 

3 2.7 127 3.7 7.4 

4 3 135 4.2 7.6 

5 3.3 150 5 8.4 

6 3.7 161 5.9 9.9 

7 4 152 5.6 10.3 

8 4.3 153 5.4 10.8 

9 4.7 186 6.7 11.8 

10 4.9 197 7.4 12.6 

(a) 

Sl. 

No 

Wind 

Speed 

VAWT Speed 

(rpm) 

(m/s) 
Single 

Ended 

Double  

Ended 

1 2.1 124 114 

2 2.3 130 115 

3 2.7 127 117 

4 3 135 116 

5 3.3 150 126 

6 3.7 161 139 

7 4 152 146 

8 4.3 163 154 

9 4.7 186 177 

10 4.9 197 187 

(b) 

 

 

4. Conclusion 
VAWT rotated at low wind speed even with simple blade geometry and as the density of blade 

material (PVC) is less. In double ended setup VAWT rotation speed is lesser than single ended setup 

which might be due to the resistance caused by the pulling magnetic force as the magnet is about to 

leave the coil surface. Voltage produced in double ended setup is twice that of single ended 
arrangement, even though rotation speed is less in double  ended  arrangement  compared  to  single  

ended  arrangement  for  same  wind  speeds  due  to  the  high magnetic flux density. 
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ABSTRACT: The present research targeted to study the influence and effect of injection pressure, synthesized 

aluminum and titanium oxide nanoparticles in Simarouba biodiesel (SuOME20) on engine performance and 

emission. To avoid the agglomerating of nanoparticles in SuOME20, test fuel samples were prepared using 

probe sonication process by mixing nano particles with 20mg/ltr dosage; sodium dodecyl sulfate is used for 

retaining the stability of nano particles in fuel. The test fuel used in the study is diesel at 180 bar, B20SuOME, 

B20SuOMEAL and B20SuOMETI at 200 bar.  The aluminum nano fuel blend showed an enhancement in brake 
thermal efficiency and reduction in specific fuel consumption at full load than other test fuels due to enhanced 

micro explosion tendency of aluminum oxide. The heat release rate, peak pressure increased while unburnt 

hydrocarbon, carbon monoxide and smoke emissions were lesser. Marginal increment in emissions of oxides of 

nitrogen for blended and nonfuel blends compared with diesel mode of operation is observed. 

Keywords: Simarouba oil methyl ester, Aluminum and Titanium oxide nanoparticles, performance, Emissions. 

 

I. INTRODUCTION 

Rise in the population and rate of development of any country is one of the ways to measures of consumption of 

petroleum products. Many sectors namely, transportations, military, agricultural and power generation are 

majorly depends on engine run by conventional diesel fuel [1]. Due to rapid rise in population and increased 

modernization, there is huge demand for the petroleum products. To meet the demand of fossil fuels, an 

uncontrolled extraction of fossil fuels is leading to rapid depletion of petroleum products. Use of fossil fuels also 
leads to pollute the environment and rise in global warming. This fast growing energy requirements and 

environmental hazards has motivated many researchers to search a suitable alternative fuel for fossil fuels viz, 

diesel. Many researchers are worked on various plant seed oils and concluded as the  oil produced from plant 

seed oil can be treated  as suitable substitute for diesel [2-7]. Among all the different non edible seed oils, 

biodiesel produced from simarouba seed oil is considered as best alternative fuel for diesel fuel due to its 

nontoxic nature, and other properties like heating value, conversion rate etc., [2, 7]. But use of plan seed oil to 

run the engine is not feasible due to their higher viscosity.   To overcome these problems, many researchers 

came with better solutions for the use of simarouba seed oil in engine. Transesterification of plant seed oil, use 

of fuel additives, which acts as catalysts and able to mitigate the combustion, pre heating, blending with diesel 

are popular among them [6]. Use of seed oils also tents to reduce the BTE and increase BSFC due to their 

properties. Methyl ester produced from plant seeds was most popular method adopted by many researchers to 
reduce the emissions. Use of nano additives is popular to enhance the engine performance. A significant 

reduction in all the emissions were recorded with the use of cerium oxide of 0.25g/lt in simarouba oil biodiesel, 

also increment in BTE are also recorded [12]. Small reduction in  BTE and rise in NOx emissions with other 

emissions reduction is recorded by adding magnesium oxide nano particle in Calophyllum inophyllum based 

biodiesel [14].  Use of 200ppm aluminum oxide nano particles in neem biodiesel showed reduction in NOx, HC, 
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CO and smoke emissions compared to other dosage levels of nano particles [15].   Use of aluminum oxide nano 

particles up to 40ppm in jatropha biodiesel also showed similar trends with respect to emissions including 

smoke emission with 12% higher BTE [16].  BTE was increased with small rise in BSFC was observed when 

50ppm aluminum oxide nano particles mixed with diesel ethanol blends of 15 to 35% compared to neat diesel 

mode of operation. N-butanol was used to prevent the phase separation [17]. Increased performance and 

combustion is observed when physiochemical properties of biodiesel are increased by addition of carbon coated 

aluminum nanoparticles in biodiesel [19]. 1.32% rise in BTE for B20 with 250ppm with reduction in CO and 

HC emissions were recorded compared to 500ppm of TiO2 nano particles in biodiesel [20], Table 1 shows the 

aluminum and titanium nano additives combined with diesel and blended biodiesels on CI engine performance 

and emission characteristics. 

 

Table 1. Effect of aluminum and titanium oxide nano additives in biodiesel on performance, combustion 

and emission characteristics of CI engine. 

Biofuel Blends Biodiesle, type 

of nano 

particles and 

there size 

Dosage of 

NPs 

Type of engine Output Ref 

D, B10 and 

B20 

aluminum nano 

additives 

Madhuca indica 

and 

ANPs of 80nm. 

 

ANPs of 

0.1gm to 0.4 

gm 

4-S , SC, DI, CI 

engine, 

1500 rpm, 

17.5:1 CR. 

 Increase in BTE, PP, 

and HRR. 

 Reduction in HC, 

CO, smoke and NOx for 

B20A0.4. 

 

[27] 

 

D, EM, 
EME20, 

Aluminum 

nano additives 

Eucalyptus green 
fuel blend and 

ANP of 33 to 49 

nm 

ANPs of 50 
and 100 ppm 

4-S, CRDI, IT  

of 23  (before 

TDC) with 250 
-500kgf/cm2 

 Increase in CV of 
nano fuel blends, with 

reduced flash point, reduction 

in BTE and HC and CO to 

around 25.86% and 47% with 

slight increment in NOx 

compared to EM, EME20. 

[28] 

D, B20, 

aluminum and 

cerium oxide 

nano additives 

 

Waste cooking 

oil biodiesel and 

Al2O3 and CeCO2  

of 50 nm 

Al2O3 and 

CeCO2 of 

250, 500 and 

750 ppm 

4-S, 3.7kW, 

17.5:1 CR, 200 

bar IOP 

 Highr BTE and 

reduced BSFC. 

 Reduction in CO HC 

and NOx in B20A500C500, 

compared to all test samples 

[29] 

D, 

HOME(B20), 

aluminum nano 

additives 

Honge oil 

methyl ester amd 
Al2O3 of 15-25 

nm (±0.5 nm) 

 

Al2O3 of 20, 

40 and 60 

Kirloskar 

(TV1), 
2400rpm, 205 

bar IOP, 5.5kW 

and 17.5:1 CR 

 Reduction in CO, 

HC and smoke 47.43%, 
37.72% and 27.84%, 

respectively, compared to 

HOME(B20) fuel. 

 Increment in BTE 

and NOx with enhanced 

combustion phenomenon. 

[30] 

D, JMEB20, 

ethanol 

BDE(10%), 

aluminum nano 

additives 

Jatropha oil 

methyl ester and 

Al2O3 of  28-

30nm. 

Al2O3 of  

25ppm 

Kirloskar make, 

AC, CI engine 

with IT of 23°, 

27°, and 19° 

 Reduction in CO at 

19°bTDC, HC increases by 

advancing while reducecd by 

retarding. 

 But  by ORD IT PM 

reduces with reduction in 
BSFC for for both ADV and 

[31] 
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ORG IT. 

 No change in BTE 

was noticed. 

D, BD100, 

B30, titanium 

oxide nano 

additives 

Jatropha and 

TiO2  of  

224.53nm 

TiO2, 25 

ppm, 50 ppm, 

75 ppm, 100 

ppm 

Micro bosch in 

line pump, 12V 

engine, studied 

on only 

emissions 

 Addition of 

nanoparticles showed a 

encouraging output on the 

variation of emission over all 

the test fuels. 

[32] 

D, D100+GO, 

titanium oxide 

nano additives 

GO  and TiO2  of 

21 nm 

 

GO, TiO2 and 

GO-TiO2- 50 

mg/l . 

HATZ-1B30-2, 

21:5 CR, 5.4 

kW, 1000rpm. 

 Increase in peak 

pressure, HRR. 

 Higher power output 

for same BSFC. 

 More soot formation 

in GO-TiO2 fuel than neat 

diesel. 

[33] 

CB30, titanium 

oxide nano 

additives 

Castor 

Methyl-Ester and 

TiN2 of  >25 nm 

TiO2 of 40, 

80  and 120 

mg/l 

HATZ-1B30-2, 

21:5 CR, 5.4 

kW, 2000rpm. 

 Mixing of nano 

additives increases PP, 

combustion, reduction in 

NOx, significant 

improvement in BTE is 

observed in 80 mg/l of nano 

additives compared to other 

test fuel. 

[34] 

D100, B10, 

titanium oxide 
nano additives 

Waste cooking 

oil and, TiO2- 
20-30nm, 

Al2O320-30nm, 

B10SiO2-15-

35nm. 

All the nano 

particles of 
100ppm, 

Naturally 

aspirated engine 
of  7.5kW, 207 

IOP, 2400 rpm. 

 Addition of 

nanoparticles reduces CO. 

 But  Al2O3 recorded 

very less CO emission than 

other fuel. 

 Highest NOx in 

D100. BSFC is also lower for 

aluminum oxide. 

[35] 

D, B20, 

titanium oxide 

nano additives 

Mimusops elengi 

oil and TiO2 of 

10 and 20 nm 

TiO2 of 25, 

50, 75, and 

100ppm 

Kirloskar TAF1, 

4.4kW, 

1500rpm, 200 

bar IOP 

 Better results at 

100% load, higher HRR at 

25ppm, HC and NOx reduced 

marginally with increment in 

BP. 

[36] 

 

A detailed review of the previous research work indicates that several researchers have worked on adding 
various nanoparticles to improve the performance characteristics of biodiesel. However, very few attempts have 

been made on addition of aluminum or titanium nanoparticles to improve the performance characteristics 

especially simarouba biodiesel.  This gap has been bridged through the present study. Hence, the present work is 

taken to study the effect of aluminum and titanium nanoparticles along with SuOME on the performance, 

combustion and emission products of B20 SuOME with dosage of 20mg/ltr of both aluminum and titanium 

nanoparticle. 

 

II. MATERIALS AND METHODS 

The tests were performed on 4 stroke, single cylinder CI engine. In the first phase of the work, engine was run 

using diesel and blended fuel. In the next stage, nano additives were added to the blended fuel and test were 

carried to evaluate the combustion, performance and emission characteristics. All the materials used and 

methods adopted during the tests were discussed in the following section in detail. 
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2.1 Preparation of Test Fuel 

Substitute test fuel for conventional neat diesel fuel is prepared by mixing SuOME and nanoparticles of 

aluminum and titanium oxide to diesel. In the first phase, raw simarouba seed oil is purchased from University 

of agricultural science campus, Bangalore and is processed by means of 2 stage transesterification to reduce its 

viscosity. Test fuel of B20SuOME is obtained by mixing 20% of SuOME and 80% of neat diesel on volume 

basis, and magnetic stirrer is used for around 25 minutes to ensure proper mixing. In the second phase of test 

fuel preparation, B20SuOMEAL and B20SuOMETI were prepared by dispersing 20mg/ltr of both alumina and 

titanium oxide nanoparticles respectively to B20SuOME. Average size of TiO2 was 21-50nm and 20-50nm foe 

AL2O3. Tables 2 and 3 show the properties of nanoparticles and properties of tested fuels respectively as per 

ASTME standards. Ultrasonicator with a frequency of 24kHz was employed to disperse both the nanoparticles 
to B20SuOME. Hence, in this study diesel is considered as standard fuel and B20SuOME, B20SuOMEAL and 

B20SuOMETI are considered as test fuels. 

 

Table 2 Specifications of nanoparticles 

 

 

 

 

 

 

 

 

 

Table 3 Properties of tested fuels 

Test Fuel used Density at 

15 0C 

(g/cm3) 

Calorific 

Value 

(kJ/kg) 

Kinematic 

Viscosity 

at 40 °C (cSt) 

Flash 

Point (°C) 

Fire 

Point (°C) 

Cetane 

Index 

Diesel 830 42,856 3 54 64 51.24 

B20SuOME 835 41,889 2.8 65 70 58.28 

B20SuOMEAL 843 42,380 2.9 58 62 59.41 

B20SuOMETI 844 41,998 3 59 64 59.23 

2.2 Experimental Setup 

The experiments were conducted on single cylinder, four stroke, water cooled, Direct Injection (DI) diesel 

engine. Eddy current type dynamometer is used to apply the load on the engine.  Operating speed of the engine 

is 1500 rpm and 5.2 kW loading capacity. The technical specification of engine used for experimentation is 

tabulated in Table 4. Piezo electric transducer was used to measure in-cylinder pressure. HARTRIDGE smoke 

meter was used to measure smoke from tail pipe. The emission characteristics of exhaust gases were measured 

by using DELTA 1600 S, a non-dispersive infrared technology analyzer to find the quantitative emission levels. 

Mechanical Fuel Injection System (MFIS) was adopted for fuel spray having a capacity to inject fuel with a 

pressure range of 205 to 260bar. The line diagram of engine used for present study is shown in Figure 1.  
Results are tabulated for different load conditions operated at injection pressure of 200bar. The percentage of 

coefficient of variance and uncertainty of various measured values was calculated by sequential perturbation 

technique and is shown in Table 5 and Table 6 respectively. 

 

 

 

Parameters 

Titanium Oxide 

(TiO2) 

Nanoparticles 

Aluminum Oxide 

(Al2O3) 

Nanoparticles 

Average particle size 21-50 nm 20-50 nm 

Appearance White White 

Melting point 1843°C 2072°C 

Boiling point 2972°C 2977°C 

Density 4.23g/cm3 3.95g/cm3 
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Table 4 Technical Specification of Engine Test Rig 

Sl No Parameters Specification 

1 Make and type of engine Kirloskar make, Single cylinder 4-stroke, DI water   

cooled diesel engine. 

2 Nozzle operating pressure upto 260 bar 

3 Rated power 5.2kW @1500rpm 

4 Cylinder (Bore and stroke) 87.5mm x 110mm 

5 Compression ratio 17.5:1 

6 Dynamometer Eddy current type 

 

 

Figure 1 Schematic diagram of experimental setup 

 

Table 5 Maximum values of CoV (Co-efficient of Variance) of study parameters 

Parameters BTE BSFC 

Peak 

Cylinder 

Pressure 

Ignition 

Delay 

CO 

Emission 

HC 

Emission 

NOx 

Emission 

Maximum 

COV 
3% 4% 5% 4% 2% 2% 6% 

 

Table 6 Uncertainty analysis 

Parameters 

Air 

Flow 

Rate 

Cylinder 

Pressure 

Gas Flow 

Rate 

Engine 

Load 

Engine 

Speed 
Temperature 

Average 

uncertainties 
1.2% 0.8% 2.1% 0.2% 1.3% 1.0% 

III. RESULTS AND DISCUSSION 

Experimental investigation was carried out on performance, combustion and emission characteristics of 4 stroke 

DI diesel engine done using neat diesel, B20SuOME, B20SuOMEAl and B20SuOMETi fuel samples and 

following results were obtained.  All the experiments were carried out at constant engine speed of 1500rpm, 

operating at 200bar injection pressure for test fuels except diesel. Average of three trials of experiments has 

been reported. 
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3.1 Performance Analysis 

3.1.1 Brake Thermal Efficiency 

Variations in the brake thermal efficiency with various loads on the engine for diesel, B20SuOME, 

B20SuOMEAL and B20SuOMETI fuel samples operating at 200 bar injection pressure is presented in Figure 2. 

BTE of all tested fuels increased with an increase in the load on the engine. It is observed that BTE of 

B20SuOME fuel is lesser by 7.82% compared to diesel fuel. This may be endorsed to lower calorific value and 

higher viscosity of SuOME [14]. The fuel with lower heating value and higher viscosity decreases the 

possibility of air-fuel mixing which leads to incomplete combustion [13]. With the addition of 20 mg/ltr alumina 

& titanium oxide nanoparticles to B20SuOME, the BTE increased compared to B20SuOME and diesel fuel.  

Nanoparticles act as oxygen boosters and initiate the combustion quickly. This reduces the delay period. BTE at 
full load operation for diesel, B20SuOME, B20SuOMEAL and B20SuOMETI fuel samples was found to be 

28.75%, 26.5%, 34% and 32.5% respectively. Addition of nanoparticles increased the thermal diffusivity of 

B20SuOME and improved the rate of heat transfer during the combustion and also provided high surface area to 

volume ratio which collectively contributes in enhanced BTE. 

 

Figure 2 Variations of brake thermal efficiency with engine load 

 

3.1.2 Brake Specific Fuel Consumption 

Figure 3 shows variations of brake specific fuel consumption (BSFC) of diesel and other test fuel samples with 

respect to brake power. BSFC of all tested fuel samples reduced with an increase in brake power of the engine at 

all loads. BSFC for B20SuOME is 1.85% higher than diesel at full load operation. Lower calorific value of 

SuOME leads to higher fuel consumption rate under all operating conditions. Fuel air mixing ability is reduced 

due to higher viscosity of SuOME and undergoes fractional and incomplete combustion which tend to consume 
more fuel [15, 16]. Addition of 20mg/ltr alumina & titanium oxide nanoparticles to B20SuOME shows 

significant reduction of 5.01% and 3.69% respectively in BSFC compared to diesel. This could be due to 

improved catalytic reaction and higher oxygen content of nanoparticles. Addition of alumina oxide 

nanoparticles showed enhanced combustion process than titanium oxide due to higher area to volume ratio 

hence, resulting in reduced BSFC [15]. BSFC at full load conduction are 0.379, 0.386, 0.36 and 0.365kg/kW-hr 

respectively for diesel, B20SuOME, B20SuOMEAL and B20SuOMETI respectively. 
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Figure 3 Variations of brake thermal efficiency with engine load 

3.2 Combustion analysis 

3.2.1 Heat Release Rate 

The rate of variation of heat release with the crank angle for diesel and test fuel samples is shown in Figure 4. 

The rate of heat release for B20SuOME fuel is considerably lower than neat diesel fuel. Adding Al and TiO2 
nanoparticles to B20SuOME fuel blends increases the HRR by 13.5% and 8.1% respectively. It enhances the 

combustibility and hence, higher in-cylinder pressure. Among the nanoparticles added, higher HRR was 

observed with Al oxide nanoparticle. This may be due to the lower volume to surface area ratio and higher 

thermal conductivity of Al nanoparticles, which results in reduced delay period and improved combustibility. 

[17-19]. Similar trend were observed by many researchers working with different biodiesel blends and 

nanoparticles addition [20, 21]. 

 

Figure 4 Variations of heat release rate with crank angle 

 

3.2.2 In- Cylinder Pressure 

Figure 5 shows the variation of in-cylinder pressure of tested fuels with crank angle. A similar trend was 

observed for all the test fuels and neat diesel. The in-cylinder pressure for B20SuOME was lower than neat 

diesel fuel. This may be due to the lower volatility and increased viscosity of blended test fuel. The peak 

pressures inside the engine for diesel and B20SuOME fuels were observed to be 78 bar and 75 bar respectively. 

Addition of 20mg/ltr of nanoparticles to B20SuOME showed a significant rise in peak in-cylinder pressure 
compared to B20SuOME. A similar trend was noticed by other researchers. The higher thermal conductivity of 

nanoparticles results in reduced delay period. Due to this the combustion starts ahead of the intended period, 

thus causing higher peak pressure [21]. The peak pressure for B20SuOMEAL and B20SuOMETI fuels samples 

was 77 bar and 75.5 bar, which is lesser than that of diesel. Due to the higher volatility of diesel compared to 

other test fuel samples, the ignition delay period was shorter and resulted in uniform combustion and higher 

peak pressure [17,18].  Higher calorific value of diesel resulted in less quantity of fuel during combustion [22]. 

From the Figure 5. it is seen that maximum peak pressure for all the test fuel samples occurred at a crank angle 

of  7° to 10° after TDC. 
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Figure 5 Variations of in-cylinder pressure with crank angle 

3.3 Emission analysis 

3.3.1 Unburnt Hydrocarbon (UBHC) 

Figure 6 presents the results of unburned hydrocarbon emissions for all test fuel at different loading conditions 

and constant engine speed. As the load increases UBHC emission increases for all the test fuels [23]. This trend 

is due to increased fuel input, which leads to rich mixture and hence partial and incomplete combustion at higher 

loads [24]. HC emission from test fuels is lesser than conventional diesel at all loads and this may be attributed 

to rich oxygen content and higher cetane number of the biodiesel. Addition of nanoparticles to the blend 

decreases the carbon activation temperature and enhances the combustibility. Further, HC emission for 

B20SuOMEAL fuel is lesser than B20SuOMETI, B20SuOME and diesel. The higher thermal conductivity of 

the alumina nanoparticles enhances the combustion process and leads to complete combustion and hence 

decreases HC emissions [9].  The HC emission at maximum loading conditions for diesel, B20SuOME, 
B20SuOMEAL, and B20SuOMETI are 69, 57.5, 36 and 45ppm respectively. 

 

Figure 6. Variations of hydrocarbon emission with engine load 

3.3.2 Carbon Monoxide (CO) 

The variation of CO emissions with the different loads for diesel, and other fuel test samples are shown in 

Figure 7. Decreasing trend of CO emissions was observed with increasing load. However, at full load CO 

emission was at its peak. This trend was seen for all test fuel samples. This may be attributed to the increase in 

load on the engine. The fuel consumption also increased. A CO emission from B20SuOME fuel is lesser than 

that of diesel fuel by 26% at maximum load and this is due to the rich oxygen content in SuOME. Addition of 

nanoparticles to blends further reduces CO emissions by 28.23% using alumina and 17.94% using titanium 

nanoparticles compared to B20SuOME. This may be due to the reduced ignition delay period and higher 

combustibility of nanoparticles than B20SuOME. Alumina nanoparticles are rich in oxygen content than 
titanium oxide. This results in higher CO formation in B20SuOMETI than B20SuOMEAl. 
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Figure 7 Variations of carbon monoxide emission with engine load 

3.3.3 Oxides of Nitrogen (NOx) 

Figure 8 exhibits the NOx emissions for all test fuel samples. NOx emission increases with an increase in the 

load of engine. NOx emission of test fuel samples is higher than conventional diesel fuel due to the presence of 

oxygen in SuOME. Presence of oxygen mitigates the oxidation of nitrogen into its corresponding oxide during 
combustion process [25]. This is due to the higher cylinder temperature during combustion [20]. By the addition 

of nanoparticles to B20SuOME NOx emission is reduced and it is closer to NOx emission obtained from diesel. 

This may be owing to the improved catalytic action and rapid combustion process by using nanoparticles. 

Emission of NOx for diesel, other test fuel samples at maximum load is 1110, 1305, 1150 and 1203ppm 

respectively. 

 

Figure 8 Variations of oxides of nitrogen with engine load 

3.3.4 Smoke Opacity 

The deviation of smoke opacity for all test fuel samples operated under different loading conditions is shown in 

Figure 9. For all the test fuels, smoke opacity increased as load due to higher fuel being consumed.  A higher 

cetane number and rich oxygen content of SuOME helps in enhanced combustion compared to diesel resulting 

in decreased smoke opacity [26]. Addition of nanoparticles to SuOME biodiesel blend decreases the 

concentration of smoke opacity further due to enhanced rate of evaporation and higher chance of air fuel 

mixture resulting in shorter delay period, higher surface to volume ratio and improved oxidation rate. Percentage 

of smoke opacity for diesel, B20SuOME, B20SuOMEAL and B20SuOMETI are 64, 59, 52 and 54 respectively. 
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Figure 9 Variations of smoke capacity with engine load 

 

IV. CONCLUSIONS 

In the first phase of the work, two stage methanol and acid esterification method was adopted to convert raw 

simarouba oil into its ester (biodiesel) by transforming free fatty acids. Transesterification process reduces the 

viscosity of raw simarouba oil which makes the oil suitable for use in engine. In the second phase, a test fuel 

samples were prepared using alumina and titanium oxide nanoparticles in the proportion of 20mg/ltr followed 

by experimentally evaluating the performance, emission and combustion behavior of the engine using test fuel 

samples. Following conclusions may be drawn from the results, similar kind of trends were observed by other 

researchers [8-25] 

 Brake thermal efficiency was found to be highest in B20SuOMEAL followed by B20SuOMETI, diesel 
and B20SuOME respectively. 

 BSFC at full load conduction was found to be least for B20SuOMEAL followed by B20SuOMETI, 

diesel and B20SuOME respectively. However, the Heat release rate was found to be higher for B20SuOMEAL 

followed by diesel, B20SuOMETI and B20SuOME respectively. 

 The peak pressure was found to be maximum for diesel followed by B20SuOMEAL, B20SuOMETI 

and B20SuOME respectively. 

 The HC, CO, and smoke emissions are generally low with simarouba oil biodiesel compared to neat 

diesel except NOx emission. An inclusion of 20mg/ltr of alumina and titanium nanoparticles in B20SuOME 

further reduced all emissions due to their inherent properties. 

 The inclusion of alumina and titanium nanoparticles to simarouba oil biodiesel might be a feasible and 

renewable substitute for diesel fuel to run in engine without any major modifications. 
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ABSTRACT 

Natural concern and quick exhausting of oil powers have caused interest for substitute fuel for mankind. Plastics are 

non-biodegradable polymer for the most part containing carbon, hydrogen and other different components in small 

proportions. The use of substitute fuels are intended to decrease ozone depleting substances, which includes water 

vapors, carbon dioxide, methane, nitrous oxide and ozone. In this regard the plastic oil obtained from waste plastic 

could be possible alternate fuels for internal combustion engines. This will not only provide solution to the fuel supply 

demand problem, but also we know that the plastic disposal is a greater challenge and is huge environmental concern. 

The processing of waste plastic in to plastic oil will lead to solution for plastic disposal. The plastic oil is derived from 

the waste plastics through the chemical pyrolysis process. The plastic oil obtained from the waste plastic have 

characteristics similar to conventional fuel and has calorific valve near to diesel. The blended of the plastic along with 

biodiesel B20 has been tested on engine and found to have better emission characteristics.  

KEYWORDS: Plastic Oil, Biodiesel & Chemical Pyrolysis 
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1. INTRODUCTION 

Diesel engines are most preferred prime movers in view of their higher thermal efficiency and extraordinary drive 

limit. The neat WPO can be used as fuel for an engine without any modification. It is also made sense of that oxides 

of nitrogen, carbon dioxide were more for plastic oil diverged from diesel fuel [1].  

It is seen that when diverged from standard injection timing of 230 BTDC the decreased timing of 140 

reduces emission and has higher efficiency[2]. It was demonstrated that use of emission reduction techniques along 

with plastic oil diminishes Nox emission. The emission characteristics will be compared with waste plastic oil and 

its blends. The exhaust characteristics will be study with respect Nox, hydrocarbons, carbon monoxide and level of 

smoke. The present work of using waste plastic oil with biodiesel may improve the emission characteristics of the 

engine. [3] 

A conversion process in presence of catalyst of High Density Polyethylene (HDPE) polymer was done in a 

fixed-bed reactor at 4000C utilizing two sulphate adjusted Zirconium impetuses with point of getting important and 

recyclable fluid items The quality of waste plastic oil acquired from plastic is having properties like that of 

diesel[5]. It is the measure of output delivered to energy consumed. The brake thermal efficiency of diesel and 
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biodiesel are near one another [6].  

The foundations for Nox arrangement are increase temperature of exhaust and fuel mechanism. It has been seen 

that there is increment in Nox because of longer start delay, however LDPE900 delivers low Nox. It has been noticed that 

carbon monoxide diminishes for input energy as load is increased and it is sign of stable ignition [7]. 

The brake thermal efficiency reduces for all loads up with increase in load. More plastic oil is consumed than 

diesel for a comparable output. The performance of the compressed ignition engine with the waste plastic oil and diesel 

blends of B10, B20, B30 will be compared with the present work of experimental investigation of the engine with plastic 

oil with the blending of proper biodiesel, which will improve the properties of the plastic oil and its influence on the 

performance parameters of the engine will be studied [8]. 

Ioannis Kalargaris, etal [9] It very well may be seen that the NOX releases of the PPO900 are a lot higher than 

those of diesel and PPO700. PPO900 makes twofold the UHC emanations appeared differently in relation to diesel, while 

PPO700 has half higher UHC releases. The expansion of diesel basically diminishes the UHC discharges, which could be 

explained by the expanded ignition execution related with the lower aromatic substance of diesel. The high UHC outflows 

of the oils can be credited to their extended aromatic substance and longer start delay, which realizes shorter burning 

span.Ioannis Kalargaris, etal [10,11]. The foundations for Nox development are increase heat release, mechanism of fuel 

combustion. It has been seen that there is increment in Nox because of longer start delay, however LDPE900 delivers low 

Nox . Fuel properties of waste polyethylene mixes are practically identical with those of diesel fuel aside from the Cetane 

number and pour point estimations of WPE100 and CPE100.Power output with blends increased most extreme by 1.63% 

with WPE5 mix contrasted and diesel fuel. Torque yield of mixes diminished by 2.73% with WPE5 contrasted with diesel 

fuel particularly at higher speed. While CO discharge is diminished by 20.63% with WPE5 mix and CO2 emanation is 

expanded by 3.34% with WPE5 mix. NOx emanation is expanded by 9.17% with WPE5 contrasted with diesel fuel [11, 

12]. The diesel-WPO fuel mixes at different loads are found to have consequences on CO, NOx, HC, and smoke. The NOx 

emanation is seen as lower by mixing diesel with WPO. The diminished NOx emanation is because of the lessening of the 

in-chamber temperature as the impact of non-homogeneity of WPO. The convergence of HC of WPO-diesel mixes is 

higher than that of diesel. The higher HC discharge in WPO-diesel mixes contrasted with diesel might be credited with the 

explanation that the fuel shower doesn't engender further into the copying chamber. The expanded CO emanation is 

because of deficient burning as the impact of diminished in-chamber temperature, poor blend planning, and neighbourhood 

rich area. At long last, the smoke is practically comparative at lower loads. In any case, the smoke for WPO-diesel mixes is 

higher at a higher load. A higher smoke delivered in WPO-diesel mixes might be because of the poor atomization of WPO. 

The bigger size of fuel particles contained in WPO is considered to bring about poor atomization [13, 14]. 
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2. RESULTS AND DISCUSSIONS 

 

Figure 2.1: Waste Plastic Bottles Used 

 

Figure 2.2: Crushed Plastic Bottles 

 

Figure 2.3: Plastic Oil Extraction Unit 
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Figure 2.4: Engine setup 

Table 2.1: Specification of the Engine 

Engine Parameter  Specification  

Model Kriloskar Tv1 

Engine Single cylinder four stroke water cooled diesel 

engine 

Bore in mm 87.5 

Stroke in mm 110 

Rated power in Kw 5.2 

Speed in rpm 1500 

Compression ratio  17.5:1 

 

The waste plastic oil is extracted from plastic glucose bottles, which is waste disposal from hospitals. First the 

bottles are crushed on to small pieces. The crushed plastic is mixed thoroughly with fly ash which acts as catalyst and the 

mixture is put in to the reactor and start heating the mixture. After some time sufficient temperature has been reached, the 

distillation of oil takes place which is collected in the measuring flask.  

The amount of plastic put in to the reactor is 5kg to which 250 g of fly ash is mixed and heated. When the 

temperature reached to 2000C there is no distillation of oil, only gaseous product comes out. When the reaches around 

2700C the distillation of plastic oil stats and continues up to the temperature of 3500C. After 3500C oil distillation decreases 

and finally stops distillation of oil above 4000C. 

The amount of plastic oil collected is around 2.5 litres for 5 kg of plastic for a time period of 5 hours. The 

distillation unit consists of reactor completely sealed to which condenser is collected for the condensing vapours to liquid 

and provision for heating and for measuring temperature.  

The engine is run at rated speed for different loads as 20%, 40%, 60%, 80% and 100%. The different fuel used for 

testing are base diesel fuel, 100% waste plastic oil (WPO), 25%WPO, 50%WOP and 50%WOP mixed with Biodiesel 

20%.  

For the above said blends performance, combustion and emission characteristics are determined. 

Table 2.2: Properties of Fuel and its Blends 

Properties/Fuel Diesel 100WPO 25WPO 50WPO 50WPO+B20 

Specific gravity 0.840 0.8 0.8 0.80 0.80 

Flash point 0C 50 Below 25 Below 25 65 45 

Fire point 0C 56 Below 25 Below 25 72 55 

Kinematic viscosity 
cst 

2.0 1.62 1.3 1.94 1.69 
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Gross Calorific oil 

MJ/kg 
46.5 45.54 44.680 43.923 40.435 

Cetane number 55 51 - - - 

Cloud point 0C  - -2 15 -4 10 

Pour point 0C - -10 5 -8 0 

Sulphur Content 

%w/w 
- - - 0.72 0.14 

Carbon residue% w/w 0.045 - - 0.02 - 
 

2.1 Combustion Characteristics 
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Figure 2.1.1: Pressure Crank Angle Diagram 

The engine that was used to test the WPO and its mixes with diesel and biodiesel is a water-cooled diesel motor. 

The particulars of the motor are appeared in Table 6.1; the sensors are introduced so as to screen the motor's presentation. 

The test were performed at an evaluated speed of 1500 rpm and five different conditions as 20%, 40%, 60%, 80% and 

100% of load. As per the test technique, at first the engine was running on diesel for 30 min to heat up and achieve 

consistent coolant — oil temperatures before it was changed to the chose oil mix. The assessment of the information was 

beginning 5 min after the engine was changed to the fuel blends. The connection between engine pressure crank angles is 

as appeared in figure for the different blends contrasted with base diesel fuel. The greatest pressure is recorded for diesel is 

60.152 bar and for various of plastic oil the pressure is around 58 bar. At full load WPO100 delineates comparable profile 

to diesel with possibly lower profile, while WPO25 and WPO50 present somewhat longer ignition delay period and lower 

top chamber pressure. The B20 has comparative pattern with different mixes of WPO.  
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Figure 2.1.2: Heat Release Diagram 

The heat release rate (HRR) for diesel, WPO, WPO25, WPO50, B20 is shown in Fig. 6.6. It can be observed that 

the there is an increase release rate for WOP25 compared with diesel at 100% loading. The heat release rate for the 

50WPO is found similar to the diesel fuel. For B20 at lower loads its has better heat release rate with increasing loading the 

heat release rate decreases.  

2.2 Performance Characteristics 
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Figure 2.2.1: Variation of Brake Thermal Efficiency Versus Load 

The variation of brake thermal efficiency (BTE) for diesel and fuel blends with brake power is presented in Fig 

6.7. At lower loads brake thermal efficiency has better compared to diesel. But with increasing loading diesel has better 

efficiency than oil blends. The blended B20 has better thermal efficiency compared to other blends.  
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Figure 2.2.2: Variation of Brake Specific Fuel Consumption Versus Load 

The variation of brake specific fuel consumption (Bsfc) for diesel and fuel blends with brake power is presented 

in Fig 6.8. At lower loads diesel has higher fuel consumption compared to other blends at higher loads 100WPO and 25 

WPO have less fuel consumption compared to diesel.  

2.3 Emission Characteristics 
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Figure 2.3.1: Variation of Exhaust Gas Temperature Consumption versus load 

All the blends at lower loads have low exhaust gas temperature compared to diesel. Other blends of WOP expect 

B20 have low exhaust temperature compared to diesel fuel.  
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Figure 2.3.2: Variation of Hydrocarbon versus load 

It is seen that there is in increase in unconsumed hydrocarbons for with increase in level of blends ratio. 

Regardless, for same blending extent, unconsumed hydrocarbon diminishes with increment in load. The clarification 

behind addition in unconsumed hydrocarbon is because of plastic oil properties which need to be addressed.  
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Figure 2.3.3: Variation of Carbon dioxide versus load 

For all the blends carbon dioxide has been increased for the all the blends of WPO. In order to reduce the 

Carbondioxide fuel properties are modified with proper biodiesel and enhance the quality of blend fuel.  
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Figure 2.3.4: Variation of Oxides of Nitrogen versus Load 

At lower loads Nox are less for WPO blends compared to diesel but for increase loading Nox also increase. At 

100% loading blends have reduce Nox emissions.  

3. CONCLUSIONS 

 Plastic oil and its blends have properties like diesel and have better burning qualities.  

 2.100% WPO and its blends have increment in exhaust gas temperature and increment in Nox at higher loads.  

 WPO mixed with biodiesel has upgraded the properties of fuel and emission for found to be less for B20 running at 100% 

load. 
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Abstract.In the present investigation Epoxy composites reinforced with nickel coated and uncoated short carbon fibers 
were manufactured using open mould techniques. The short fibers were mixed in different percentages using stir casting 
technique.  All the experiments were conducted as per the ASTM test standards.  The fracture toughness of nickel coated 
short carbon fiber reinforced composites have showed better mechanical properties and fracture toughness when 
compared to uncoated short carbon fiber reinforced epoxy composites. The fractured surfaces have shown the cleavage 
fracture in microstructural analysis.  

Key words: Carbon fibers; Nickel coated carbon fiber; Epoxy; Fracture toughness. 

INTRODUCTION 

Conventional materials have been replaced by polymer composites in light weight structures, complex structures of 
automotive, aircrafts, household appliances, sports goods etc. [1].  This can be attributed to high specific strength 
and stiffness, ease of processing and productivity presented by polymer composites over other conventional 
materials. The properties of polymer composites are modified by means of different fibers to provide high strength 
and modulus based on applications [2-3]. Most of the polymer composites with epoxy matrices are reinforced by 
short fibers to enhance the mechanical and thermal properties, since short fiber reinforcement has easier 
processability and low manufacturing cost compared to composites with continuous fibers [4 - 7]. 

Load applied on composites transferred through matrix-fiber interference, adhesion strength between fiber and 
matrix plays a significant role on the mechanical properties of polymer composites reinforced with fibers [8]– [10]. 
The chemical inertness and smoothness of carbon fibers shows poor bonding behaviour with polymer matrix. Both 
oxidative and cryogenic surface treatments significantly increase the surface roughness of fibers and it shows 
improvement in interfacial adhesion bonding strength due to mechanical interlocking between fiber and matrix and 
it results in improvement of mechanical properties [11].  

Generally, fibers are provided with the coatings of nickel, copper, magnesium, borax etc. Both electroless and 
electroplating processes are used to coat single or dual metal layers on the surface of carbon fibers. Coating of nickel 
on fibers using electroplating technique provides better strength and oxidation resistance at higher temperature 
[12],[13]. The epoxy matrix composites with the addition of short fibers reveals remarkably enhanced fracture 
toughness compared to neat epoxy resin. Composites reinforced with short carbon fibers have improved fracture 
toughness compared to composites reinforced with glass short fibers [14–17]. 

In the present work electroplating technique is used to coat the nickel on carbon fiber. Epoxy composites are 
fabricated with 1wt% and 2wt% uncoated and coated short carbon fibers using open moulding technique. The 
mechanical and fracture properties of both coated and uncoated carbon fibers reinforced epoxy composites are 
evaluated. Configurations and morphology of coated carbon fibers and the fractography of composites are studied 
by using scanning electron microscopy (SEM). 
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MATERIALS 
Epoxy resin formed by Diglycidyl ether of bisphenol-A reaction (Lapox L-12 (ARL-12)) was used as matrix with 
10:1 ratio of Hardener K6 TriethyleneTetro amine (TETA) of grade K6. Short carbon fiber with coating of nickel 
using electroplating technique supplied by Blu Dot Asia Pte Ltd, Singapore were used.  

Fabrication of Composites 
The short carbon fibers of 1wt% and 2 wt% were mixed with epoxy resin by mixing with hardener. The mixture was 
stirred at low speed for 30 min and carried out sonication about 10 min using ultra-sonicator. After sonication the 
mixture with bubble free was poured to mold that had been coated with mold releasing agent and cured for 24 hours 
at room temperature. After removed from mould post curing of composite was carried out at 1100 C for 1hour and 
1400 C for 2 hours in a conventional oven.    

Table 1.Composition of theComposites in wt% 
Matrix Reinforcement Designation 

Epoxy – 100 wt% Nil E 

Epoxy – 99 wt% Uncoated Carbon Fibers – 1 wt% E/1UCF 

Epoxy – 98 wt% Uncoated Carbon Fibers – 2 wt% E/2UCF 

Epoxy – 99 wt% Nickel Coated Carbon Fibers – 1 wt% E/1NCF 

Epoxy – 98 wt% Nickel Coated Carbon Fibers – 2 wt% E/2NCF 

EXPERIMENT METHODS 
The tensile characterization of composites was carried out using ASTM D-638 standard testing procedures using the 
specimen of size 165 mm x 19 mm x 4 mm.  Izord impact strength test was carried out using ASTM D-256 
standards with specimen of size 63.5mm x 12.7 mm x 3.2 mm and fracture toughness tests were conducted using 
single edge notched beam method as per the ASTM D5045-99.  The water jet cutting method was used to cut out the 
specimens from composite plates. The morphology of composites has been carried out using SEM to study the 
distribution and orientation of fibers and bonding of fibers with matrix 

RESULTS AND DISCUSSION 

FIGURE 1. Uncoated carbon fiber  FIGURE 2. Coated carbon fiber 

EDS scanning results show the composition of a material of fiber and it contains the nickel, carbon copper and gold. 
The large peaks in figure.3 shows carbon fiber surface predominantly contains the nickel. The EDS analysis 
confirmed the presence of nickel on surface of carbon fibers and it indicates the effective activation and 
metallization process during electroplating. Dispersion of fiber in melt mixing technique depends on various factors, 
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like, temperature, time, shearing action, pressure, rotor speed, amount of filler incorporation and nature of filler and 
polymer.  

FIGURE 3. The elemental composition present at a particular point on the fiber. 

Experimental data are evaluated as tensile strength, impact strength and fracture toughness values are tabulated in 
Table 2. The mechanical properties of the epoxy and epoxy/short carbon fiber composites was evaluated based on 
the tensile strength (σy), impact strength and fracture toughness measurements.  

TABLE 2. Mechanical and Fracture properties of composites 

Specimen 
designation 

Tensile Strength 
(MPa) 

Impact 
Strength 
(kJ/m2) 

Fracture Toughness 
(KIC) MPa √m 

E 15.87 3 1.41 
E/1UCF 17.16 4 1.82 
E/2UCF 18.11 5 2.01 
E/1NCF 22.31 7 2.31 
E/2NCF 23.50 9 2.58 

Figure 4 and 5 shows the increased tensile strength (σy) and impact strength values of the composites with increasing 
short carbon fiber content and it further increased with addition of nickel coated short carbon fiber. The tensile 
strength (σy) values of the composites with increasing short carbon fiber content and it further increased with 
addition of nickel coated short carbon fiber shown in Fig.4. The σy values of the composites improved from an 
initial value of 15.87 MPa for neat epoxy to 17.16 MPa when the addition of 1 wt% of short carbon fiber in the 
composite and it further increased to 18.11 MPa when it was 2 wt% short carbon fiber. The tensile strength of 
composites further enhanced with addition of nickel coated fiber to 22.31 MPa for 1 wt% and 23.50 MPa for 2 wt% 
nickel coated short carbon fiber. This increased tensile strength of the nickel coated short carbon fiber composites is 
due to surface treatment of fibers and it attributed to strong interfacial adhesion between matrix- fiber interface [4]. 

FIGURE 4. Tensile strength of epoxy/epoxy composites 
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The impact strength values of the composites improved from an initial value of 3kJ/m2 for neat epoxy to 4 kJ/m2 and 
5 kJ/m2 when the addition of 1 wt% and 2 wt% of short carbon fiber in the composite and it further enhanced with 
addition of nickel coated fiber to 7 kJ/m2 for 1 wt% and 9 kJ/m2 for 2 wt% nickel coated short carbon fiber shown in 
Fig.5.  

FIGURE 5. Impact strength of epoxy/epoxy composites 

The fracture toughness of neat epoxy and epoxy composites was studied using critical stress intensity factor (KIC) 
and shown in Fig.6. the fracture toughness of short fiber reinforced composites have been increased when compared 
with neat epoxy.   

FIGURE 6. Fracture toughness of epoxy/epoxy composites 

Fracture toughness was improved by 29% and 42% with the addition of 1 wt% and 2 wt% of uncoated short fibers 
respectively than neat epoxy. And it further improved with addition of 1 wt% and 2 wt% nickel coated short carbon 
fiber as 64% and 83% respectively compared to neat epoxy and it shows 17% improvement with 1 wt% nickel 
coated short carbon fiber compared to 1 wt% of uncoated short carbon fiber, and 28% improvement with 2 wt% 
nickel coated short carbon fiber than 2 wt% uncoated fiber.  

FIGURE 7. SEM of epoxy composites after KIC tests with: (a) 2 wt% short carbon fiber; (b) 2 wt% nickel 
coated short carbon fiber. 
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This is due to addition of short carbon fiber improves the fracture toughness of composites and also surface 
treatment of carbon fiber attributed to strong interfacial adhesion between matrix- fiber interface and it shows 
improved fracture toughness of the nickel coated short carbon fiber composites [12], [16]. 

The analysis of fractured surfaces of the epoxy composites with short carbon fiber and nickel coated short carbon 
fiber were carried out using SEM, as shown in Fig.7. The epoxy composites with short carbon fiber shows pull out 
of fiber from matrix shown in Fig. (a).  

The composites with nickel coated short carbon fiber were characterized it shown comparatively rough surface 
which effectively increases the adhesion with matrix and also it resists the crack propagation and deformation of the 
composites, as shown in Fig. 7(b) [18]. 

CONCLUSION 

The tensile strength, impact strength and fracture toughness of the epoxy and epoxy composites were examined 
using ASTM standards. The tensile strength, impact strength and fracture toughness epoxy composites were 
significantly enhanced with addition of short carbon fiber as reinforcement to relative to neat epoxy and it further 
improved with addition of nickel coated short carbon fibers. Nickel coating on carbon fiber using electro 
electroplating technique enhanced the bonding strength and it results in improvement in mechanical properties and 
fracture toughness. This surface treatment of fibers increases the surface roughness of fibers and it leads to 
improvement in interfacial adhesion bonding strength due to mechanical interlocking between fiber and matrix and 
it resists the crack propagation and deformation of the composites.  
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