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Introduction
Friction stir welding is a newly developed process 
which is environmentally friendly. This process 
enables better stirring action in the weld bead 
which enhances the joint strength. A study to 
understand the influence of tool geometry on 
mechanical, micro structural properties and defect 
formation in FSW of an aluminum alloy was done. 
Defect free, high tensile strength of weld joints 
were reported for a shoulder diameter of 20 mm 
and a pin diameter of 6 mm. Al-Cu plates were 
successfully friction stir welded by keeping the tool 
to the aluminum side i.e., away from the weld line. 
Welded joint exhibited a superior metallurgical 
bonding on the Al–Cu interface which was 
responsible for the formation of a thin, continuous 
and uniform Intermetallic Compound (IMC) layer. 
Welded joints failed in the HAZ of the aluminum 
side during tensile test.The results exposed that the 
process has appreciably enhanced the 
microstructure of the A413 Al alloy by avoiding 
welding defects such as porosity and Si 
segregation(1–3) 

The average grain size reduced in the 
nugget zone was reported after the addition of nano 
particles. The formations of IMCs on fracture 
surface were responsible for the lower weld 
strength. Proper stirring of base metals was 
achieved through tool pin offset. This led to the 
better mechanical properties and surface 
characteristics of the weldments in Al/Cu joints. 
The investigation confirmed that successful Al/Cu 
joints cannot be obtained without tool pin offset. 
The reinforced graphene nano/micro particles were 
compacted initially along the FSW direction in 
elliptical shape groove to prevent spillage of 
particles during FSW(3,4) 
Abrasive jet machining is a unconventional or 
modern machining process, which is eminently 
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suitable for making micro holes in brittle and
composite materials involved in the machining of 
many industrial components. Fiber 
reinforced polymer composite materials find 
extensive use in aircraft, automobile industries, 
and house hold applications due to its 
lightweight, excellent strength, corrosion 
resistance and attractive fracture toughness. These 
composites, when machined, suffer heavy 
delamination when conventional machining 
process like drilling is used. The machining 
time using the conventional nozzle in machining 
of the above composites is also found to be high.(5–8). 
To understand the machining characteristics 
of above composites, in this research work, 
holes were made on two different fiber 
reinforced polymer composites, namely, 
carbon fibre reinforced polymer composite 
(CFRP) and glass fiber reinforced polymer 
composite (GFRP) using abrasive jet machining. 
The existing conventional nozzle was modified 
by incorporating internal threads inside the 
nozzle.These internal threads induce swirling 
motion to the flow of abrasive particles, 
thereby increasing the material removal rate 
which, in turn, reduces machining time. This 
was evident from the computational fluid 
dynamics analysis performed for understanding 
the flow of the abrasive particle inside the nozzle. 
Even though few methods have been 
suggested by the researchers for imparting 
swirling motion to the abrasive particles these 
methods require considerable modifications in the 
existing equipment which is highly expensive. 
This novel method of incorporating internal 
threads is unique and proves to be very 
simple and efficient compared to the other 
methods available. Also, available literature 
shows the scanty nature of any detailed study on 
abrasive jet machining of carbon fibre and glass 
fibre composites(9–15) 
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Equal Channel Angular Pressing produces ultrafine 
grained structured materials which is most 
advantageous in comparison with most Severe 
Plastic Deformation processes.. The channel angle 
is the most dominant process parameter, depending 
on which the property of the processed material 
varies significantly. Hence to exploit the advantage 
of this process and to fabricate materials with tailor 
made properties, it is desirable to have access to a 
wide range of channel angles(16,17) 
2. Friction stir Welding
The investigation is limited to create an extensive
and comprehensive mechanism to obtain defect
free FSW joints. The investigation is limited to
maximum process parameters via, spindle speed
1500 RPM, transverse speed 90 mm/min and axial
load of 20 kN.This study brings out the influence of
tool pin offset, weaving tool motion and graphene
nano particle reinforcement on Al-Cu joints.(18–
20). This study also provides a comparison of the
above joint properties with and without the addition
of grapheme nano particle reinforcement. The
material flowability and tool Tribology are also
discussed for the above conditions.
The objective of this study is described as follows:

 To Study the effect of pin-offset on
improvement in Mechanical properties and
micro structural properties of dissimilar Al
and Cu joints made using FSW.

 Understand the novel geometric tool path
movement in the weld zone and to study its
effects on mechanical properties and micro
structural characterization through efficient
stirring action over the dispersion of metallic
phases.

Experimental work was carried out in 3-axis 
Vertical milling center with the FSW tool attached 
to the collet of the spindle. The next is the eccentric 
motion of the tool with and without pin offset. The 
welds were processed using the process parameters 
such as welding speed, tool pin plunge depth, and 
rotational speed of the tool. 
2.1 Effect of Pin offset 
Linear weld with Pin offset produces enhanced 
mechanical properties viz; Tensile strength 190 
MPa, yield strength 160 MPa, notch tensile 
strength of 140 MPa, elongation of 8% and impact 
strength of 9.4 Joules. Tensile Strength value is 3% 
higher when compared to the weld made without 
tool pin offset. Eccentric weave FSW with pin 
offset have possessed enhanced mechanical 
properties viz; Tensile strength 217 MPa, yield 
strength 182 MPa, notch tensile strength of 152 
MPa, elongation of 10% and impact strength of 
12.4 Joules. This value is around 20% higher than 

the Weave FSW made without pin offset. Hardness 
value at weld zone is 97 HV for the weld made, 
whereas hardness value of 105 HV was observed in 
the weld zone for weld made using the tool without 
pin offset.(21) 
2.2 Effect of Weave Bead Weld 
 Friction stir weave weld gives effective mixing of 
phase material. The dwell period of the tool travel 
of the weave tool pattern is twice the period of the 
linear weld. The tensile strength of the weave 
welds with dissimilar joints possesses the higher 
weld strength, when compared to their base metal's 
strength.  This is because of the proper stirring of 
the copper particles, which is harder to be mixed.  
The formation of the intermetallic components 
increases the influence of the joint strength. The 
welds with the eccentric profile and pin offset 
configuration possess a tensile strength value of 
217 MPa. This is because of the proper stirring of 
the base metals with the displacement of grain 
particles having different melting points and 
thermal conductivities. The yield strength value is 
found to be 187 MPa. The percentage of elongation 
is found to be 10%.  
Under the weave-welding pattern without tool 
offset the flow of material could increase the 
stirring time of materials thus increasing the 
plasticine area of the welding zones. This increases 
the visco plastic state of the metal at the weld zone, 
which again leads to the formation of surface 
serrations due to the turbulence effect of the tool. 
Under weave welding with tool offset conditions, 
the stir zone along the tool path movement achieves 
an intensive plastic deformation and frictional heat, 
resulting in the formation of crystallized fine-
grained microstructure. This could avoid the 
fragmental cracks and increase the tensile strength 
with the offset of tool pin. 
2.3 Abrasive Jet Machining 
On the basis of literature survey, predominant 
abrasive jet process parameters were selected and 
used for the investigation. Machining time, material 
removal rate, kerf characteristics (top kerf & 
bottom kerf), kerf angle and surface roughness (Ra) 
were investigated. Artificial neural network was 
applied to optimize the process parameters for a 
higher material removal rate, low kerf angle, low 
surface roughness and high quality machined 
surface(22–25) 
  This research work is divided into two phases. In 
the first phase, abrasive jet machining was carried 
out in carbon fibre reinforced polymer composites 
using threaded and unthreaded nozzles. The 
outcome of this work was further evaluated by 
measuring the machining time, material removal 
rate, kerf angle and surface roughness. In the 
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second phase, the experimental work was extended 
further to machine glass fiber reinforced polymer 
composites using threaded and unthreaded nozzles.  
Macro graph was captured using an optical 
microscope to understand the delamination and the 
quality of the machined surfaces.  Top kerf and 
bottom kerf were also measured using the optical 
microscope. Further Mitutoyo SJ210 equipment 
was used for measuring the surface roughness of 
the machined holes.Artificial neural network 
models were developed for predicting the 
optimized process parameters in the machining of 
both carbon fibre and glass fibre reinforced 
polymer composites using threaded and unthreaded 
nozzle. The experimental and ANN predicted 
results have a very close correlation with 0.9 
coefficients of determination. 
The abrasive jet machining process with a novel 
internal threaded nozzle increased the material 
removal rate, thereby reducing drastically the 
machining time in both carbon fibre and glass fibre 
reinforced polymer composites. Considering the 
fact that very limited studies have been done on 
carbon fibre reinforced polymer composites and 
glass fibre reinforced polymer composites, a newly 
designed nozzle has made further improvement to 
the quality of machining by decreasing the surface 
roughness of the machined surface.(26–33) 
3. Welding of Non-Ferrous materials
Titanium is one of the most important non-ferrous
metals, which finds extensive application in the
aerospace industry, because of its lightweight,
excellent corrosion resistance, high strength level,
attractive fracture behaviour and high melting point
(1678oC). Welding of titanium alloys is difficult
because titanium is extremely reactive at high
temperatures. During welding, titanium alloys pick
up oxygen and nitrogen from the atmosphere
easily. It has become necessary to develop unique
welding procedures and techniques to control the
alpha/beta phase transformations and precipitation
reactions responsible for the deleterious weld
properties in these materials. Current pulsing has
been used by several investigators to obtain grain
refinement in weld fusion zones and improvement
in weld mechanical properties. The main objective
of the present investigation is to evaluate the
tensile, impact, hardness, fusion zone grain size and
corrosion behaviour of Pulsed Current Gas
Tungsten Arc Welded (PCGTAW) Ti-6Al-4V
titanium alloy weldments.(18,34–38)

The rolled sheets of Ti-6Al-4V 
titanium alloy were cut into the required sizes (100 
x 150 x 1.6mm). Square butt joint configuration 
was prepared to fabricate autogenous pulsed 
current GTAW joints. Due to wide range of factors, 

it has been decided to use four factors, five levels, 
central composite design matrix to optimise the 
experimental conditions. The fabricated joints have 
been machined to the required size and dimensions 
using wire cut EDM process to prepare tensile, 
impact, hardness, corrosion and microstructural 
analysis. All the specimens have been prepared as 
per the ASTM specifications. Tensile properties 
such as yield strength, tensile strength, notch 
tensile strength, percentage of elongation and notch 
strength ratio have been evaluated by conducting 
the test in Universal Testing Machine. Sub size 
specimens have been prepared to evaluate impact 
toughness and pendulum type impact testing 
machine has been used to evaluate the impact 
toughness. Potentiostat (Gill AC) has been used to 
determine the corrosion rate. Metallographic 
procedures have been followed to prepare the 
specimens for corrosion, micro-hardness and 
microstructural analysis. (19,39–47) 

Mathematical models representing all 
the responses have been developed and the 
adequacy of the model was checked by ANOVA. 
The models have been validated by determining the 
coefficient of determination (r2). In this 
investigation an attempt has been made to optimise 
pulsed current GTA welding parameters to attain 
maximum grain refinement in the 
Ti-6Al-4V Titanium alloy. The traditional Hooke 
and Jeeve’s method is used as an optimisation tool 
to search the optimum values of the process 
variables. Contour plots and response plots were 
drawn to study the behaviour of the models. By 
generating contour plots using software for 
response surface analysis, the optimum is located 
with reasonable accuracy by characterising the 
shape of the surfaces. 
Diffusion bonding is a solid-state joining process 
capable of joining a wide range of metal and 
ceramic combinations to produce both small and 
large components. The process is dependent on a 
number of parameters, in particular, time, applied 
pressure, bonding temperature and method of heat 
application. Other examples of solid-state joining 
include cold pressure welding, friction welding, 
magnetically impelled arc butt (MIAB) welding 
and explosive welding. 

4. Conclusions
The characteristics of weldment 

through the novel eccentric weave tool path 
movement, severe plastic deformation and 
machining of composites by abrasive jet machining 
were investigated and, the following conclusions 
can be drawn. 
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1. From the observations of flowability 
characteristics, the surface serrations and 
accumulated layer structures in various 
locations of the weldments correlated with 
the eccentric motion of the tool. This 
confirms the novel method of tool pin 
offset with eccentric stir pattern enhancing 
the properties of the weldments. 

2. The eccentric motion with tool pin offset
makes a smooth material flow and higher
pulsating effect in the interface led to the
highest tensile and impact strength, but the
normal tool profile produces the lowest
tensile and impact strength.

3. Severe plastic deformation can be used to
cold work welded specimen thereby
increasing the joint strength and
eliminating the possibility of post weld
heat treatment

4. Machining of composites by using a
recently developed nozzle increases the
efficiency of the process and creates less
defect free surfaces.
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