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The effects of introducing TiC nanofibers (TiCnf) to the weld pool of Grade AA7010 were investigated in this study. The joints
were made on a vertical machining centre with a lap joint arrangement. ASTM standards were followed while testing the strength
of tensile and yield and percent of elongation, and hardness strength. According to the data, welds formed with TiCnf at around
1.0 wt % had a maximum tensile strength of 452 MPa. It was discovered that utilizing many nanofibers also enhance micro-
hardness. Because of the nanofiber, the HAZ and TMT grains were polished and distortion-free, resulting in improved mechanical

properties.

1. Introduction

Friction stir welding (FSW) is an essential joining process
that uses frictional heat and high pressure to solidify ma-
terials. Due to their lightweight and high strength,
aluminium-based alloys are often welded with brass, copper
[1], and other aluminium alloys to make high-performance
materials with combined properties for specific uses [2]. So
far, much more research has been done to improve the
quality of welds and the life of tools, both of which directly
affect the overall process economy [3]. It is still hard to make
significant welds at least 85% as strong as the metal they are
attached to. So, experts are still working on improving weld
settings to improve the quality of the welds. Many studies
have been done to improve process parameters, such as the
speed of the tool’s rotation, traverse speed, the time it stays in
one place, and plunge depth. Several new ways to finish
joining processes have also been thought of [4]. Others work
on changing the shape and weaving rate of the tool

underwater, while others work on changing the shape and
weaving rate of the tool. But there are still problems with the
welds’ quality and material getting into the weld zone. The
strength of the weld bead is less than the minimum re-
quirement of at least 85% of the strength of the source metal
[5]. So, scientists started to look into what would happen if
nanophases were added to the weld pool during the welding
process. When these nanophases come together, they make
nanocomposites that strengthen the weld nugget and stop
cracks from spreading [6]. Because of this, people often get
good results when they weld. Unique fillers like graphene
nanoplatelets, graphene oxides, carbon nanotubes (CNTs),
and other MoS4 are often used to improve the quality of
welds. However, adding these fillers raises the cost and
lowers the overall economy of the process [7]. But the cost of
these fillers made the process less economical again, which
led to the search for new fillers that were less expensive.
Titanium carbide is a low-cost filler that works well and is
often used to reinforce metal and polymer matrix
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composites [8]. Also, TiC works well with aluminium-based
alloys, which could be used to process aluminium-based
metals [9, 10].

Anil Kumar et al. [11] looked at the mechanical properties
and shapes of friction-stir-welded joints made of GRADE
AA7010 that had TiC nanoparticles added. Using the state of
the butt process before FSW, the edges of each plate were
given a rectangular groove along the edge. Four fractional
volumes of 0, 5, 8, and 13% TiCNP were put into grooves that
were 0 to 0.5 mm wide, and FSW was used to shape metal with
metal matrix nanocomposite (MMNC) in the stirred zone or
weld nugget zone (WNZ). Compared to FSW samples made
without TiCNP, the WNZ achieved grain refinement with TiC
by adding different volumes (5, 8, or 13%) of TiCNP after the
second pass of FSW. This improved the mechanical prop-
erties. In the WNZ, samples with 13vol % part TiCNP had
a higher hardness of 150 HV [12].

Sun and his colleagues [13] looked at what happened
when pure copper metal was mixed with TiC particles.
During the friction stir welding process, 5m-sized TiC
particles were injected into joints made of pure Cu. The
author says that the Vickers hardness of Cu joints with TiC
particles dispersed in them is 110 HV, much higher than the
hardness of the stir zone without TiC particles, which is only
70HV. Al-Mg and A316L alloys were welded better by
Fallahi et al. [14] using TiC nanopowder. With the in-
termetallic joints, this work looked at getting two ideal cross
speeds of 16 and 20 mm/min while keeping the rotational
speed at 250 rpm. With six passes at a cross-sectional speed
of 16 mm/min, the FSW achieved a high level of joint
strength. The ultimate tensile strength (UTS) of the AA5083
base metal (BM) was increased to 94% and elongation de-
creased by 3%. There was a 250% increase in Vickers
hardness in the stir zone. Mehdi et al. [15] looked into the
mechanical performance and characterization of multipass
FSWed AA6082-T6 with TiC-strengthened nanoparticles.
With multipass FSPed-TiC and AA6082-T6, the mechanical
properties were made by keeping the spinning speed at
1350 rpm, the welding speed at 65 mm/min, and the tilt
angle at 2°. All TiC nanoparticles were broken up and spread
out evenly in the fifth pass. This made AA6082, with a tensile
strength of 215.54 MPa in the base metal and 24.91% strain.
Along the stirred zone, the Vickers hardness values go from
89 to 133 HV from the first to the fifth pass. Tabasi et al. [16]
looked at the role of TiC nanoparticles in FSWed Al-Mg
alloys that differed from each other. The strengthened
nanoparticle of titanium carbide was put into the stir zone to
make a metal matrix composite. Researchers say that using
titanium carbide nanoparticles to help support FSW takes
into account the fact that a stirred microstructure is possible
with the spinning mechanism.

Studies have shown that adding TiC to the weld bead will
likely make a weld with a refined microstructure better at
carrying loads. Also, research on TiC-based reinforcement in
the weld pool has not been as extensive as on fillers such as
nanosilica, TiO,, and B,C. But there are not many studies
that use GRADE AA7010 weld joints. Also, TiC nano-
particles have been used in research instead of whiskers,
nanorods, nanoribbons, and nanofibers. Because these one-
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of-a-kind structures can make microstructures stronger and
more precise, this study looks into the mechanical behaviour
of AA7010. Joining these different alloys could help make
structural, automotive, and aerospace parts because they are
lightweight, strong, and easy to make.

2. Materials and Method

The core metals used in this experiment were an AA7010
alloy with dimensions of 100 mm x 50 mm x 3 mm, re-
spectively. Ms Bandari’s metal treading company supplied
the base metals. Sigma Aldrich in the United States also
carried TiC nanofiber with a diameter of 2.5ym and
a length-to-diameter ratio of more than 20. The nanofiber
utilized in this investigation has 3.22 grams per cubic cen-
timetre density. Both metals are used in their native state
before welding, with no pretreatment. Figure 1 shows the
welded AA7010 alloy base metal. The mechanical properties
and the chemical compositions of the base materials are
displayed in Tables 1 and 2. The process variables are listed in
Table 3.

2.1. Welding Process. Following the process parameters
specified in Table 3, friction stir welding of parent metal was
carried out on a high-precision vertical machining centre
(HMT India) with a bed size of 810x400mm, 45 to
1500 rpm of spinning speed, and 0.25 to 500 mm/min of
weld speed. The spinning tool was targeted from one end,
and the welding metal was organized in a butt joint pattern.
The base metals were bonded using a tool with a taper and
a 34 angle. The shoulder is 16 mm in diameter, with
a 2.5 mm gap between it and the tooltip. The TiC nanofiber
was inserted in the grooves at the edges before welding. 0.5,
1, and 1.5 wt. percent TiC nanofibre was used to determine
the significance of particle addition [16, 17]. Figure 2 depicts
the welding setup, tool image and the welded AA7010.

2.2. Test Specimen Making. Welded components were sliced
by wire cut electrical discharge machining to create ASTM
test specimens. Distilled water served as the dielectric me-
dium, and the wire diameter was 0.25 mm. The pulse width
was 113 volts on time and 25volts off time, the current
density was 230 volts, the gap voltage was 24 volts, and the
pulse width was 113 volts on time and 25 volts off time.

3. Characterization of Welds

Tensile properties of friction-stir-welded plates were ex-
amined using universal testing equipment with a 20 ton
loading capacity and 1.5mm/min cross-head speed using
ASTM E8M-04. Similarly, the impact hardness of weld beads
was measured using an ASTM E23-compliant Charpy im-
pact tester with a 70] capacity. Vickers hardness setups
calculated the hardness of weld nuggets, HAZ, and TMAZ
following the ASTM 384 standard. The test variables were
5 Hz working frequency, 0.1 stress ratio, and 23°C working
temperature. Finally, an OM and SEM examined the
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FIGURE 1: AA7010 alloy base metal to be welded.

TaBLE 1: Mechanical properties of base metal.

. Tensile strength N Charpy impact Micro hardness
S.no Material (MPa) Elongation (%) (Joules) (HV)
1 AA7010 452 1367.5 153

TaBLE 2: Chemical compositions of AA7010.

TaBLE 3: Description of FSW parameters.

S.nos Elements % Process variables Description
1 Al 95.45 Axial load 5kN

2 Zn 2.4 Traverse speed 30 mm/min
3 Mg 1.7 Rotating speed 900 rpm
4 Cu 0.11 Length of weld 150 mm

5 Zr 0.15 Dwell time (s) 5

6 Fe 0.1 Plunge depth (mm) 0.2

7 Si 0.08 TiC nanofiber (wt.%) 0.5, 1 and 2

microstructure of GRADE AA7010 weld joints. TESCAN
VEGA 3, UNITED KINGDOM.

4. Results and Discussion

4.1. Mechanical Properties. 'The mechanical responses of the
different welds tested in this study are shown in Table 4. The
manufacturer says that the GRADE AA7010 weld has
a tensile strength of 262 MPa, yield strength of 202 MPa,
a condition of 21.6% elongation at break, and a Charpy
impact toughness of 68.2 J. Aluminium becomes less flexible
when the amount of aluminum alloy increases and TiC is
added. Because of this, the alloy gets more brittle and may be
harder to stretch because it loses some of its tensile strength.
But when many nanofibers were added to the weld pool, it
strengthened the weld. Figure 3(a) shows welds that were

. Begd 4

FIGURE 2: FSW of welding setup plate in bed.

made with 0.5 wt., 1.0 wt., and 2.0 wt. The tensile strengths of
TiCnf were 284, 326, and 308 MPa, in that order. This is
better than a simple weld by 8.39%, 24.4%, and 17.5%. Yield
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TABLE 4: Mechanical responses on the weldment region.

Weld composition Tensile strength (MPa)

Yield strength (MPa)

Elongation (%) Charpy impact (Joules)

AA7010 262+2.6 202+1.7 21.6+1.9 68.2+2.1
AA7010 + 0.5TiCnf 284+1.9 218+2.1 182+1.8 70.4+1.9
AA7010 + 1.0TiCnf 326422 238+1.9 16.4+1.8 71.8+2.2
AA7010 + 1.5TiCnf 308+2.1 221+2.3 17.6+2.1 70.2+2.0
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FIGURE 3: Weld composition of (a) tensile and yield strength (MPa) and (b) elongation (%) and charpy impact (J).

and length qualities both got better. These important
changes are due to the effective stir zone and better rein-
forcing effect of TiC nanofiber [18]. The higher tool speed of
the circular taper tool head made it possible for the primary
metals and TiCnf reinforcement to mix more evenly [19].
Also, when the weld bead is put under tensile stress, the TiC
long fibre structure increases the load-bearing capacity by
making it easier for the Al-Mg molecules at the weld bead to
lock together [20]. Also, the production of hard intermetallic
compounds during the joining process tends to reduce
elasticity. However, the presence of TiC nanofibers reduced
the excessive formation of these intermetallic compounds
and formed a nanocomposite layer on the top of the weld
bead [21]. As a result, there was more behaviour that could
carry weight. Still, a large amount of nano reinforcement
added to the weld pool has almost no effect on the ability to
stretch and absorb energy. Figure 3(b) shows a small drop
for a GRADE AA7010 weld with 2.0 wt% TiCnf. This drop
makes it easier for IMCs to form on the surface of nuggets
[22]. When a thick IMC layer forms, it has a terrible effect on
the mechanical properties of the weld [9]. When the tool’s
spinning speed is set, and the welding speed is slowed down,
the IMC layer gets thicker, which means the strength of the
joint is going down [23]. As a result, there is a big drop in the
strength of the weld.

Figure 4 shows the optical microscope images of alu-
minium and its composites. The grains are coarser with the
residues of nanofibers. The grain boundaries are strength-
ened, and the grains are stiffer. Thus, the crack wouldn’t
propagate faster through the boundaries; higher strength is
noted. Table 3 shows that the Charpy impact toughness
levels are significant [24]. The ordinary dissimilar weld has
an impact energy of 68.2]. When the TiC nanofiber was
added to the weld pool at the time of joining, the energy
absorption increased. This improvement is responsible for
lowering ultra-hard brittle intermetallic phases at the weld
contact [25]. As a result, weld nugget brittleness increased,
resulting in little energy absorption.

In contrast, inserting nano-TiC fibres into the weld pool
reduces IMC thickness while retaining flexibility in the
nugget zone [26]. As a result, there may be an increase in
energy absorption. For 1.0 wt. % TiCnf addition, the highest
energy absorption of 21.8] was found, which is a 19.7%
increase over the plain weld [27].

4.2. Hardness Characteristics. Figure 5 shows how the
hardness of many different welds varies. The Vickers
hardness of a plain weld is 89 HV at the weld nugget, 84 HV
at the TMAZ, and 82HV at the HAZ. When joined, this
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FIGURE 4: Optical microscope image of composites.

Vickers Hardness (HV) Vs Distance from Weld (cm)

Vickers Hardness (0-100 HV)
o
W

BM HAZ WM HAZ BM
-5 -2.5 0 2.5 5
Distance from Weld (Cm)

FiGure 5: Vicker’s hardness of dissimilar welds with TiC.

slightly higher hardness makes for better compounds be-
tween metals [28]. This is because the top layer of the joint is
covered with too many intermetallic compounds, which
makes it more challenging. But adding a lot of TiCnf made it
a little bit stronger. The higher speed of the tool’s rotation
ensures that the TiC nanofibers are spread out evenly in the
weld pool area, which has a pleasing reinforcing effect [29].
With 1.5 wt% TiCnf, the friction stir weld has a hardness of
99 HV. It is important to note that the microhardness of the
nugget zone is the highest of any weld [30]. Both sides
reported slightly less hardness in weld stages like TMAZ and
HAZ, which are close to each other. This difference in
hardness leads to the intermetallic density at the weld [31].

The higher precipitates IMCs at the weld nugget explain why
they are higher than on the other sides. Because of this, the
nugget is more complex than the phases around it [32].

5. Conclusions

This work used titanium carbide nanofibers to investigate
the mechanical performances of friction stir welded AA7010
alloy. The precise outcomes made as a result of this in-
vestigation are as follows:

(i) TiC nanofiber was used to construct sound weld
joints in GRADE AA7010 alloys. To achieve very
homogeneous welds, predetermined process vari-
ables were applied.

(ii) The addition of TiCnf to the weld pool of the
GRADE AA7010 alloy improved its tensile char-
acteristics. The maximum tensile strength of
326 MPa was observed for 1wt % TiCnf reinforced
weld beads.

(iii) The addition of TiCnf significantly enhanced the
hardness of the nuggets. The hardness has signifi-
cantly increased. There was no unusual increase in
hardness. This demonstrated that incorporating
TiCnf into the weld bead reduced the highly
saturated IMCs.

(iv) As a result, adding TiCnf to the GRADE AA7010
weld beads significantly improved the joint strength
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properties. As a result, the inclusion of TiCnf is
notable for producing sound weld connections with
about 70% joint efficiency.

Data Availability

The data used to support the findings of this study are in-
cluded within the article and are available from the corre-
sponding author upon request.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

References

(1]

(10]

R. Vibin, S. Julyes Jaisingh, G. Ramesh, D. Jayabalakrishnan,
and V. R. Arunprakash, “Effect of nanosilica and weave ge-
ometry on weld properties of friction stir welded nylon 6-6
thick plates,” Silicon, vol. 14, pp. 1-9, 2020.

S. Vijayakumar, S. Anitha, R. Arivazhagan, A. D. Hailu,
T. V.]. Rao, and H. P. Pydi, “Wear investigation of aluminum
alloy surface layers fabricated through friction stir welding
method,” Advances in Materials Science and Engineering,
vol. 20228 pages, 2022.

S. Vijayakumar, S. Manickam, S. Seetharaman, T. V. J. Rao,
D. Pounraj, and H. P. Pydi, “Examination of friction stir-
welded AA 6262/5456 joints through the optimization
technique,” Advances in Materials Science and Engineering,
vol. 2022, Article ID 4527595, 11 pages, 2022.

F. O. Edoziuno, C. Nwaeju, A. Adediran, B. Odoni, and
V. Arun Prakash, “Mechanical and microstructural charac-
teristics of aluminium 6063 alloy/palm kernel shell com-
posites for lightweight applications,” Scientific African, vol. 12,
Article ID e00781, 2021.

D. Pal, S. Vijayakumar, T. J. Rao, and R. S. R. Babu, “An
examination of the tensile strength, hardness and SEM
analysis of Al 5456 alloy by addition of different percentage of
SiC/flyash,” Materials Today: Proceedings, vol. 62, pp. 1995—
1999, 2022.

R. Ramamoorthi, K. P. Yuvaraj, C. Gokul, S. J. Eashwar,
N. Arunkumar, and S. Abith Tamil Dheen, “An investigation
of the impact of axial force on friction stir-welded AA5086/
AA6063 on microstructure and mechanical properties butt
joints,” Materials Today: Proceedings, vol. 37, no. 2021,
pp. 3159-3163, 2021.

H. P. Pydi, A. P. Pasupulla, S. Vijayakumar, and H. A. Agisho,
“Study on microstructure, behavior and Al-O3 content flux
A-TIG weldment of SS-316L steel,” Materials Today: Pro-
ceedings, vol. 51, pp. 728-734, 2022.

A. Y. Adesina, F. A. Al-Badour, and Z. M. Gasem, “Wear
resistance performance of AICrN and TiAIN coated H13 tools
during friction stir welding of A2124/SiC composite,” Journal
of Manufacturing Processes, vol. 33, pp. 111-125, 2018.

B. Rahmatian, K. Dehghani, and S. E. Mirsalehi, “Effect of
adding SiC nanoparticles to nugget zone of thick AA5083
aluminium alloy joined by using double-sided friction stir
welding,” Journal of Manufacturing Processes, vol. 52,
pp. 152-164, 2020.

M. A. Murugan, D. J. Jayaseelan, T. Maridurai, S. S. Kumar,
G. Ramesh, and V. R. A. Prakash, “Low velocity impact and
mechanical behaviour of shot blasted TiC wire-mesh and
silane-treated aloevera/hemp/flax-reinforced TiC whisker

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

Advances in Materials Science and Engineering

modified epoxy resin composites,” Silicon, vol. 12, pp. 1-10,
2019.

K. S. Anil Kumar, S. M. Murigendrappa, and H. Kumar,
“Experimental investigation on effects of varying volume
fractions of SiC nanoparticle reinforcement on microstruc-
ture and mechanical properties in friction-stir-welded dis-
similar joints of AA2024-T351 and AA7075-T651,” Journal of
Materials Research, vol. 34, no. 7, pp. 1229-1247, 2019.

M. M. Matheswaran, T. V. Arjunan, S. Muthusamy et al., “A
case study on thermo-hydraulic performance of jet plate solar
air heater using response surface methodology,” Case Studies
in Thermal Engineering, vol. 34, Article ID 101983, 2022.

Y. F. Sun and H. Fujii, “The effect of TiC particles on the
microstructure and mechanical properties of friction stir
welded pure copper joints,” Materials Science and Engineering
A, vol. 528, pp. 16-17, 2011.

A. A. Fallahi, A. Shokuhfar, A. Ostovari Moghaddam, and
A. Abdolahzadeh, “Analysis of SiC nano-powder effects on
friction stir welding of dissimilar Al-Mg alloy to A316L
stainless steel,” Journal of Manufacturing Processes, vol. 30,
pp. 418-430, 2017.

H. Mehdi and R. S. Mishra, “Effect of multi-pass friction stir
processing and SiC nanoparticles on microstructure and
mechanical properties of AA6082-T6,” Advances in Industrial
and Manufacturing Engineering, vol. 3, Article ID 100062,
2021.

M. Tabasi, M. Farahani, M. K. B. Givi, M. Farzami, and
A. Moharami, “Dissimilar friction stir welding of 7075 alumi-
num alloy to AZ31 magnesium alloy using SiC nanoparticles,”
The International Journal of Advanced Manufacturing Technol-
0gy, vol. 86, no. 1-4, pp. 705-715, 2016.

A. Abdollahzadeh, A. Shokuhfar, H. Omidvar et al., “Struc-
tural evaluation and mechanical properties of AZ31/SiC
nano-composite produced by friction stir welding process at
various welding speeds,” Proceedings of the Institution of
Mechanical Engineers, Part L: Journal of Materials: Design and
Applications, vol. 233, no. 5, pp. 831-841, 2019.

K. Suresh, K. Karuppasamy, and S. Palani, “Effect of silane
treated wheat husk biosilica (WHB) deionized water dielectric
on EDM drilling of Ti-6Al-4 V alloy,” Silicon, vol. 14, 2022.
H. Wang, X. Gao, J. Liu, M. Ren, and A. Lu, “Multi-functional
properties of carbon nanofiber reinforced reactive powder
concrete,” Construction and Building Materials, vol. 187,
pp. 699-707, 2018.

A. S. Kaliappan, S. Mohanamurugan, and P. K. Nagarajan,
“Numerical investigation of sinusoidal and trapezoidal piston
profiles for an IC engine,” Journal of Applied Fluid Mechanics,
vol. 13, no. 1, pp- 287-298, 2020.

K. Nagarajan, A. Rajagopalan, S. Angalaeswari, and
L. Natrayan, “Wubishet degife mammo, “combined economic
emission dispatch of microgrid with the incorporation of
renewable energy sources using improved mayfly optimiza-
tion algorithm”,” Computational Intelligence and Neurosci-
ence, vol. 2022, Article ID 6461690, 22 pages, 2022.

S. Li, Y. Su, X. Zhu, H. Jin, Q. Ouyang, and D. Zhang,
“Enhanced mechanical behavior and fabrication of silicon
carbide particles covered by in-situ carbon nanotube rein-
forced 6061 aluminum matrix composites,” Materials &
Design, vol. 107, pp. 130-138, 2016.

F. Khodabakhshi, A. Simchi, A. H. Kokabi, A. P. Gerlich,
M. Nosko, and P. Svec, “Influence of hard inclusions on
microstructural characteristics and textural components
during dissimilar friction-stir welding of an PM
Al-AI203-TiC hybrid nanocomposite with AA1050 alloy,”



Advances in Materials Science and Engineering

[24

[25

[26

[27

[28

[29

(30

[31

[32

]

]

]

]

]

]

J

J

Science and Technology of Welding & Joining, vol. 22, no. 5,
pp. 412-427, 2017.

P. Karthikeyan and K. Mahadevan, “Investigation on the
effects of TiC particle addition in the weld zone during friction
stir welding of Al 6351 alloy,” International Journal of Ad-
vanced Manufacturing Technology, vol. 80, no. 9, pp. 1919-
1926, 2015.

M. Srivastava and S. Rathee, “A study on the effect of in-
corporation of TiC particles during friction stir welding of Al
5059 alloy,” Silicon, pp. 1-11, 2020.

V. Subramani, B. Jayavel, and S. Ramesh, “Assessment of
microstructure and mechanical properties of stir zone seam of
friction stir welded magnesium AZ31B through nano-TiC,”
Materials, vol. 12, no. 7, p. 1044, 2019.

A. Dolatkhah, P. Golbabaei, M. K. B. Givi, and F. Molaiekiya,
“Investigating effects of process parameters on microstruc-
tural and mechanical properties of Al5052/TiC metal matrix
composite fabricated via friction stir processing,” Materials &
Design, vol. 37, pp. 458-464, 2012.

M. Bahrami, N. Helmi, and K. Dehghani, “Exploring the
effects of TiC reinforcement incorporation on mechanical
properties of friction stir welded 7075 aluminum alloy: fatigue
life, impact energy, tensile strength,” Materials Science and
Engineering A, vol. 595, pp. 173178, 2014.

S. Kaliappan, S. M. D. P. Nagarajan, and M. R. Kamal,
“Analysis of an innovative connecting rod by using finite
element method,” Taga Journal Of Graphic Technology, vol. 14,
pp. 1147-1152, 2018.

V. Paranthaman, K. Shanmuga Sundaram, and L. Natrayan,
“Influence of SiC particles on mechanical and microstructural
properties of modified interlock friction stir weld lap joint for
automotive grade aluminium alloy,” Silicon, vol. 14,
pp. 1617-1627, 2022.

D. A. Dragatogiannis, E. P. Koumoulos, I. A. Kartsonakis,
D. I Pantelis, P. N. Karakizis, and C. A. Charitidis, “Dissimilar
friction stir welding between 5083 and 6082 Al alloys rein-
forced with TiC nanoparticles,” Materials and Manufacturing
Processes, vol. 31, pp. 2101-2114, 2016.

S. Kaliappan, J. Lokesh, P. Mahaneesh, and M. Siva, “Me-
chanical design and analysis of AGV for cost reduction of
material handling in automobile industries,” Int. Res.
J. Automot. Technol, vol. 1, no. 1, pp. 1-7, 2018.





