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Abstract: Various advanced joining techniques are available now
days to suit the process challenges and to connect the specific
application areas of industrial sector. Several experimental
investigationson mechanical characteristics of different materials
along with process parameters are successfully joined and
evaluated. Friction stir welding (FSW) defines a solid state
bonding operation, which uses a non-consumable tool to join the
workpiece material. Friction stir welding technique can be applied
to weld the similar and dissmilar materials including ferrous,
nonferrous and polymers to develop sustainable byproduct.
Industrial applicationsin the fields of automobiles, aerospace are
expecting thetechniquesto join various combinations of materials
for lightweight and improved performance from engineering
designsthat ensuresthefulfillment of current challenging desires.
As the research intensifies into wider aspects like obtaining
suitable material combinations to attain the objective of reduced
weight and also to satisfy applications aspects, friction stir welding
gave perfect platform to exhibit newer material integration.
Objective of this paper isto research and analyze the influence of
critical parameters through FSW. In this direction, review based
on process based methodology of different materials combinations
like ferrous materials, non-ferrous materials and dissimilar
material has been focused. Welding parameters influencing the
FSW operations and their effect on mechanical propertiesin the
respective categories of material pooling has been indicated.
Tensile test, hardness inspection, macro and microstructural
evaluations of subjected materials have been highlighted in this
section. This suggest with further recommendationsthat FSW can
also be applied effectively in case of polymeric materials in
continuance of research domain.
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. INTRODUCTION

Early days of civilization and the inception of

small-medium scale industries, materials especially
materialsfind their implementation in various sectorsto meet
the growing industrial demands. Engineering materials are
extensively used for all the mechanical embedded process
like manufacturing, fabrication and other joining operations.
Based on their structures and behaviora properties suitable
selection can be made to carry out the experimental oriented
process. Research on various compound materials location
and its origin are going in a rapid phase to extract unique
properties that suits for specific application sectors. Most of
the available commercial materials like steel continue to
cover awide range of structural approach, but currently many
process operations intent towards developing of light weight
components for successful and economical usage. Light
weight structural components of automobiles are beneficia
to fuel economy, driving performance ability and greenhouse
emissions to environment. Rising fuel prices as well as
tightened automotive regulations engulfs the automobile
manufacture ring unit to develop low fuel consumption
engines and lightweight parts. Technical strategy for vehicle
element in weight reduction is to restore conventional
materials such as steels with lighter ones such as light metals
and polymers. Nevertheless industries still have insufficient
knowledge on the developing of reliable and economical
structures. Thisis particularly in the case of hybrid structures
where metals to thermoplastics significant differences in
material properties exist. Hence for this reason, steels have
been replaced by newer combination of materials to enhance
the process parameters and to obtain better mechanical
properties. Utilization of plastic materials in engineering
structures has increased because of benefits occurring from
their low weight, high specific strength and elastic modulus,
design flexibility, and reduced manufacturing costs [1].
Traditional welding processlikejoining metal to metal, metal
to dissimilar and various weldments are the commonly
practiced tasks. Conventional welding offers some credential

aspects like feasible performance and strong bonding.
However they also resulted in some serious drawbacks like
harmful radiations, fumes, gases and distortion of work piece.
These factors contributed the researchers to focus on
developing newer merging technique called Friction Stir
Welding (FSW). This performance inclination can be applied
to diversified materials including ferrous and non ferrous
materials depending upon the experimental and application
field requirements.
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In this connection the objective of this paper deals with
recent findings of joining similar and dissimilar blending of
materials based on friction Stir Welding and identify the gap
for newer investigations.

FRICTION STIR WELDING!: Friction stir welding is a process
in which, metallic parts are joined without attaining the
melting point. It wasinvented by Wayne Thomasat TWI, and
the first patent applications were applied in the UK in
December 1991. Heating action is carriedout by friction
effort between the tool and workpiece. Plastic deformation
of workpieces maintains a union past the tool formation of
workpieces leads to a union past the tool. Localized heating
influence softens material around the pin and assembly of
tool rotation and tranglation guides moving of material from
the forward of the pin to the back of the pin. In consequence,
ajoint will be formed in solid state [2].
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Fig 1: lllustration of friction stir welding process[3].

[I. LITERATURE REVIEW

Based on FSW process, research findings of various
materials and their combinations, process parameters
selected for experimental investigations were highlighted in
the literature survey. The methodology section focuses on
following aspects with respect to friction stir welding of :

A. Ferrous Materials.

B. Non-Ferrous Materials.

C. Dissimilar Material Combinations.
A. Friction stir welding of ferrous materials.

Saman Karami et al. investigated the microstructural and
welding parameters of austenitic stainless steel by Friction
Stir Welding. Macroscopic analysis indicated that samples
detected with some flaky surfacesin the weldments. Increase
in transverse speed resulted in decrease in heat input and
increase in welding speeds caused decrease in associating
time between pin and workpiece. Analysis of base metal with
respect to microstructure view stated that the phase
transformation of austenite to ferrite and pearlite structure
along with austenite phase areain the heat affected zone. [4].
R. Ramesh et a. Study focused upon applying FSW
technique to High strength low alloy steel (HSLA). Some
defects occurred because of reduced heat input and improper
stirring. Quantity of upper bainite is decreased by increase in
welding speed. Microstructure of weld nugget confirmed the
involvement of phase’s ferrite and pearlite. However
improvement on microstructure of base metal was drastically
improved in the zone of weld nugget [5].
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B. Friction stir welding of non-ferrous materials.

Pankaj kumar, Satpal Singh analyzed the parameters of
friction stir welded copper joints. Study employed full
factorial design matrix by taking variables like rotational
speed, tool travel speed and also keeping tool material fixed
throughout the experimentation. Tensile strength of welded
specimens is within the range of 62 to 112 MPa. Higher
rotational speed gives better tensile strength, as the average
tensile strength with 5000 rpm is 95 MPa. With increasing
traverse speed the contact time decreases and less heat
generated at that specific point and lower the tensile strength
[6]. Dr. K. Lenin and Dharmalingam demonstrated the
flexibility of joining the copper plates by friction stir
welding. Tensile strengths of weld joint developed with 19
mm/min of welding speed were found higher comparing to
that of base material. [7]. Sreenivas P, Sregjith P S analyzed
the parameters and microstructural evaluation of AA 2219
alloy. Welds generated by the threaded pin profile exhibited
maximum tensile strength and microhardness. In case of
AA2219 aloys, Al2Cu precipitates were identified as the
second phase particles in the nugget zone. SEM and EDS
analysis suggest that the precipitation of the AI2Cu particles
was more for the welds generated by the threaded pin profile

(8].
C. Friction stir welding of dissimilar material combinations.

Buddi Manohar et a. Analysis carried out to investigate
mechanica factors of dissimilar aluminum aloy AA5083
and AA6061 and examining the effect of microstructures.
Mechanical properties relying on the parameters like
rotational speed, tool speed and also axia force were
considered. Grain arrangement within the nugget is fine and
equiaxed, grain size is predominantly lesser than the initid
materials because of advanced temperature and intense
plastic deformations due to stirring activity by the tool probe
[9]. S. Thirumavalavan et a. studied friction stir welding of
auminum —scilicon aloy (Al-Mg-Si aloy).Taper cylindrical
threaded pin of refined 3 — 4 mm of size near to weld nugget.
Fine refinement of grains around the weld nugget indicating
that taper cylindrical threaded pin yielded preferable welds
on comparison with the rest of the profiles. In case of tensile
test, pins with threaded profile have superior tensile
characteristics with respect to the unthreaded pins. Taper
cylindrical threaded pin profile gave better elongation
characteristics of 14.867%. Micro-Vickers test justifies that
welds made up of taper threaded pin of cylindrical profile has
hardness value of 68.71 VHN [10]. Hassan Abd El-Hafez,
Abla El-Megharbel aluminum alloys of series AA2024-T365
and AA5083-H111 were welded. Optical inspection of the
specimens involving defects such as tunnel and voids at the
region of welded zone. Tensile strength was notable at
welding speed of 80 mm/min. Microstructures noticed that
the stirring behavior as well as the blending of alloys varied
from one specimen to another. In the stirring zone profile
shape of sguare pin generates better strength because of
pulsed nature that produced good metal flow, as a result of
effective stirring [11]. Yudhvir et al. rotation speed, traverse
speed and tool tilt angle were selected for analysis using
cause and effect diagram Results showed that testsfor .

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation


http://www.ijeat.org/

OPEﬂanCCESS

Tensile strength  yielded from 0.141kN/mm2 to
0.091kN/mm2. Rockwell Hardness variation isfrom 62 HRC
to 27 HRC. It was noticed that Tool rotational speed
contributed significantly on comparison to all the parameters
[12].

1. METHODOLOGY

The proposed methodology is given in the form of flowchart
asshown intheFig: 3.1.

Collecting the various research articles or literatures
based on friction stir welding.

Segregating the data collected for the specific
material combinations.

Studying and analyzing the different material
combinations selected for experimental
investigations.

A 4

Identifying the critical process parameters affecting
the material behavior.

Understanding the microstructures assessment and
mechanical characterization caused by process
parameters for respective materials.

A 4

Commenting on the results and discussions for the
respective tests conducted for material combinations.

Conclusion with suggesting the scope for further
research.

Fig 3.1: Flow chart

IV. MICROSTRUCTURESAND MECHANICAL
CHARACTERISATION

4.1 FerrousMaterials

4.1.1 Mild steel

Comparing the Fig 4.2 demonstrated that the fraction area of
HAZ in sample 1 is larger than sample 2 indicating that
increasing the rotation speed can cause an increase in heat
input and these results in increase the fraction of HAZ area.
Increasing the welding speed and decrease of rotation speed
can significantly limit the HAZ area. Microstructure of base
metal consisted of equiaxed ferrite phase with grain size
along with pearlite as shown in Fig 4.1. In heat affected zone
total grain refinement areais close to stir zone, temperature at
this stage reach to single phase austenitic area as shown in
Fig 4.3.0n cooling relatively fine austenite grains transform
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to finer ferrite and pearlite. Some flaky surfaces occurred in
weldments from macroscopic analysis as shown in Fig 4.4.
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Fig 4.2: Micrograph of atransverse section  of afriction stir

weld on 1018 stedl [4]
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Fig 4.4: Image of theweld bead- flaky surfaces[4]

4.1.2 High strength low aloy steel
Tensile strength test suggested that a maximum joint
efficiency with respect to traverse speeds as shownin Fig 4.5.
The average grain size reduced with an increase in traverse
speed as mentioned in the Fig 4.6. Microstructure of the base
metal is significantly refined in the weld nugget.
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The microstructure of all the weld nuggetsis not same which
suggests that the welding conditions greatly influenced the
resultant microstructure subsequent to welding. Weld nugget
confirmed the presence of two major stages namely ferrite
and pearlite as shown in Fig 4.7. It is evident from Fig 4.7
that, weld nugget microstructure is composed of upper
bainite and fine ferrite.
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Traverse speed (mm/min)

Fig 4.5: Effect of traverse speed on tensile strength [5]
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Fig 4.7: Optical macrograph at varioustraver se speeds[5]

4.2 Non Ferrous Materials

4.2.1 Copper

Rotational speed of tool showsitsinfluence on tensile; higher
rom gives better tensile strength as shown in Fig 4.8.
Increasing traverse speed, contact time decreases leading to
reduced heat generation at that specific point and lower the
tensile strength.
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Fig 4.8: Tensile behavior of FSW jointsfor varying rotational
speed with different travel speed [6]

4.2.2 Copper

Microstructure of the weld nugget is very fine, with a grain
size of about 11 microns as shown in Fig 4.9. TMAZ zoneis
signalized by small-grain structure at the same time it is
exposed to plastic deformation and the effect of temperature.
Structure of the weld in the HAZ zone is amost identical to
that of the base material, indicating a productive weld as
shown in Fig 4.9. It should be noted that grain size is the
largest in the HAZ of retreating side (RS) part. Hardness of
weld nugget produced using lower welding speed was found
be more than that produced using higher welding speeds as
shown in Fig 4.10. Defect free welds were obtained as shown
inFig 4.11.

Fig 4.9: Microstructure of a) base metal, b) nugget zone, c)
TMAZ of TMAZ, d) TMAZ of RS, €) HAZ of ASof f) HAZ of

RS[7]
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Fig 4.10: Hardnessvariation in weld nugget [7]

Fig4.11: Defect freeweld at 19 mm/min welding speed [7]

4.2.3 Aluminum aloy 2219 (AA 2219)

In contrast to taper pin profile, interface region of TMAZ and
NZ of the welds, generated by threaded and straight
cylindrical profile showed disoriented grains even when
grains appeared to be finer due to fragmentation as shown in
the Optical micrographs Fig 4.12 and Fig 4.13. The Nugget
Zone of the threaded pin profile was characterized by
boundary misorientation of grains and finer grains compared
to other pin profiles as shown by the optical micrograph in
Fig 4.14. Weld produced using the threaded pin profile
exhibited the maximum hardness. Welds generated by the
threaded pin profile performed maximum tensile strength as
shown in Fig
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Fig 4.14: Optical micrograph of Nugget zone -Threaded pin [8]
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Fig 4.15: Tensile Strength for different pin profiles[8]

4.3 Dissimilar Materials

4.3.1 Aluminium Alloys (AA5083 - AA6061)

Grain size is significantly lesser than that the base material
because of advanced temperature and extensive plastic
deformation by the stirring action of the tool probe. Optimum
tensile strength of 173.84 MPawas obtained in the joint made
by square pin profiled tool. As Rotation speed increases,
hardness in the weldments decreases. Microstructure shows
finer grains at suitable welding conditions as shown in Fig
4.16. Properties of specimens subjected to parameters are
shownin Fig 4.17.

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation


http://www.ijeat.org/

Process Optimization and Influence of Microstructural Characterization by Friction Stir Welding of Various
Materials

Fig 4.16: Micro structure of circular with threaded

Praobetool [9]
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Fig4.17: Evaluation Properties[9]

4.3.2 Aluminum —Silicon Alloy

Taper cylindrical threaded pin has given better weld and
superior tensile properties of 0.182 kN/mm? as shown in Fig
4.18 and 4.19 respectively. Weld made up of plain cylindrical
threaded pin has given greater hardness value. Finer grain
refinement of 3 — 4 min weld nugget due to taper cylindrical
threaded pin.

Fig 4.18: WeldsObtained using variousPin Profiles[10]
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Fig4.19: Stressvs. Strain curvefor Taper Cylindrical Threaded
Pin Weld [10]

4.3.3 Aluminum Alloys (AA2024-T365 and AA5083-H111)

Visible inspection revealed that defects such as tunnel and
voids in the weld region as shown in Fig 4.20. It can be
observed that the stirring behavior as well as the mixing of
dissimilar alloys varies from one specimen to another as
shown in Fig 4.21. At 1120 rpm of rotational speed aswell as
1400 rpm and 80 mm/min achieved best strength as shown in
Fig 4.22. Square pin profile gives leading strength because of
pulsed action that yields good metal flow, consequently,
good stirring.

(11]
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Fig 4.22: Effect of Rotational and Welding Speeds [11]

4.3.4 Aluminum Alloys (AA8011 and AA3003)

Tensle strength and Hardness Values were obtained at an
optimum range of 0.141kN/mm2 to 0.091kN/mm2 and 62
HRC to 27 HRC respectively. Control factors have varying
effects on the response variable. Fig 4.23 represents the S/N
ratio and Means for tensile strength. By optimization of
results it can be concluded that the welding speed of
60mm/min is considering better result value in case of tensile
strength. Fig 4.24 depicts S/N ratio and means for hardness.

M { et Phot lor SN ration
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Main {Tects Pt for Meams
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Fig 4.23: Analysisof S/N ratio and Meansfor Tensile Strength
[12]
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Fig4.24: SN ratio and Meansfor Hardness[12]

V. RESULTSAND DISCUSSIONS
5.1. Mild steel

Tablel: Tensle propertiesobtained for different specimens[4]
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Joint strength was 540 MPaat 57 mm/min and 407 MPaat 97
mm/min. Higher Tensile strength below 78 mm/min traverse

speed was due to hard weld nugget.

5.3 Copper

Tablell: Tensile strength of specimenswelded at different set of

parameters[6]
. Traverse Tensle
Sl Rotational
eed Strength

no Speed(R) S'()T) M Pg)
1 1000 25 82
2 2500 10 104
3 5500 40 89
4 2500 40 77
5 4000 10 110
6 1000 55 62
7 5500 25 104
8 1000 40 65
9 2500 25 89
10 5500 55 75
11 1000 10 92
12 2500 55 67
13 4000 40 82
14 5500 10 112
15 4000 55 74
16 4000 25 103

Experiments are conducted with combination of selected
parameters by full factorial design matrix as shown in Table
I1. Tensile strength of specimens isin the range of 62 to 112
MPa

5.4 Copper

Ultimate tensile strength of 256.9 MPa at 19 mm/min was
obtained. Optimum hardness was achieved in retreating side
of weld nugget for welding speeds.

5.5 Aluminium Alloys (AA5083 and AA6061)
Tablelll: Tensile properties[9]

Ultimate .
. Yield
: tensile % of
Specimen strength Elongation szrl\inpgg)h
(Mpa)
1 173.84 5.3 127.12
2 172.29 7.32 101.86
3 138.94 3.58 89.95

Higher tensile strength of 173.84MPa was obtained to the
joint made up of square pin profiled. A lower tensile strength
of 138.94MPa was attained in the joint made by taper with
threaded pin profile as shown in Table 1.

TablelV: Hardnessand Impact (Charpy), Grain size Properties

(9]

. Hardness Grain
Specimen (HV) Impact (J) Size (um)
1 76.3 30 6
2 76.87 30 5
3 82.13 14 6

Yield Tensile
Sample ID strength strength
(MPa) (MPa)
Base Metal 250 492
Sample-1 300 490
Sample-2 305 492
Sample-3 330 420
Sample-4 335 425

Tensile test for specimens signaled that lager magnitude of
yield strength and dlighter amount of uniformed elongationin
comparison with parent material asshownintheTablel. This
is due to the finer microstructurein SZ or HAZ region.

5.2 High strength low alloy steel
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Value of hardnesswas 82.13HV which was obtained by taper
with threaded tool because of low tool rotation speed (710
rpm) and welding speed 31.5 mm/min.

5.6 Aluminum —Silicon Alloy
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TableV: Tensiletest results[10]

Ultimate % of Reduction Joint
Properties Tensle El ono ation in Area Efficiency
Strength 9 (%) )
(KN/mm?)
Taper
cylinder 0.182 14.867 35.964 58.71
threaded
Plain
cylinder 0.183 35 9.222 59.03
threaded
Taper
threaded 0.167 6.667 32.645 53.87
Pain 0.134 1.033 6.761 43.23
threaded ’ ’ ) )

Threaded pins have better tensile properties than the
unthreaded pins. In case of the two threaded pin profiles, the
taper cylindrical threaded pin profile has higher elongation
properties than the plain cylindrical threaded pin profile as
shownin Table V. Welds made of taper cylindrical threaded
pin profile yielded superiorstensile characteristics among the
four pin profiles.

Table VI: Micro-hardness obtained through Micro-Vickers
hardnesstesting [10]

) Taper plain }
Pin L e Taper plain
. cylindrica cylindrica
Profile thread thread thread | thread
Hardness
No 68.71 75.03 68.43 | 50.87
(VHN)

Value of the weld made of plain cylindrical threaded pin
profile was the highest among the welds made as show in

Table VI.
5.7 Aluminum Alloys (AA2024-T365 and AA5083-H111)

Square pin profile gives higher strength joints compared to
prism and stepped profiles because of pulses per revolution.
5.8 Aluminum Alloys (AA8011 and AA3003)

TableVII: Critical parameters[12]

Factors Most effected
parameter
Tensile strength Rotation speed
. Rotation speed and tilt
0
% Elongation angle
Hardness Rotation speed

Influential parameters are shown in Table VII. Higher the
rotational speed maximum will be the joint strength and for
% Elongation, the combination of rotation speed, welding
speed and tilting angle is 1540 rpm, 20mm/min and O deg.
parameter value of 1200 rpm (rotation speed), 20 mm/min
(welding speed) and 1 deg (tilting angle) are considered as
suitable results better hardness.

VI. WELDING PARAMETERSON FRICTION STIR
WELDING

The process of effective friction stir welding largely depends
upon its parameters which will be used for determining
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mechanical and various properties. Hence the welding
parameters play a vita role in selecting the materials for
experimental investigations. Literature survey indicates
various critical parameters that influence the process.
Following tables suggest the various parameters of friction
stir welding used in ferrous, non —ferrous and dissimilar
joining of several combinations of materials.

TableVIII: Parametersused in ferrous materials

Prrunees Assesed
0] 10 ol | T Tool P rofle
No | Rotaonal Speedh Too! s Tit il
b FRP}JEI?:; (MnMa) Vi N A“gk Stuare | Cylndical | Stepped | Tapened Trnge
Mt il v y Tungsen / /
Alloy
Tungsten /
[/ A 11 A P S
Alloy

Table | X: Parametersused in Non -ferrous materials

Piranetrs Assosed
Tl |00 Tool P Pofle
o (| V|| gy | T
Y| u Speed | Tool - Tik
- (MM | Mot o Augle | Squre | Cylindrical | Steped | Topered | Trimgle | Threaded
‘ 1) !
Non f)
Fewws [ v | Al A /
Materials 41.40
I N L2 S 2 O O O A A
sl
13
A A A A I (A A B
sl

Table X: Parametersused in dissimilar materials

Dot Asesed
q Tool | Welfmg . Todl Toa! Pu Pofle
yo | Rooud | Sped | Tod :'u Tit
*| Sy | (M| Nt L\ Augle | Squae | Cylndricl | Stpped | Toperd | Tromgle | Threaded
(Rom) | 1) 0
Hi3
Due| O | ¥ | ¥ ] / : /
Vateigh 0 -
s Y f
03 Hi3
(Y W || )
Wi, |y |Hbde ]y
8l

VIlI. CONCLUSION AND SCOPE OF FUTURE
WORK

Friction Stir Welding as studied in the conceptual definitions
offered wide range of process benefits that meets specific
application area. This process tendered various flexible
parameters for the materials chosen for welding purpose.
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Friction Stir Welding (FSW) successfully overwhelm the
difficulties occurred in conventional welding techniques and
several literatures justifies this statement. Hence this can be
considered as a widely recognized procedura activity and
suitable for the research aspects to unearth the undefined
materials and their beneficial characteristics. In this regard
the research based on FSW should intensify its finding for
newer combination of materials.

1. Many researchers have been already carried out to
demonstrate the extensive work on joining similar and
dissimilar materials, but very few investigations have been
elaborated on polymeric materials like metal to polymer
combinations.

2. Practicality of joining processes involving metal and
plastic components by welding source can lead to achieve
specifically optimized characteristics.

3. Hybrid meta — polymer coupling extends adopting
properties and productivity in terms of required design and
manufacturing variability alongside with overall weight
reduction in components.

4. Maximize effectively the welding parameters to ensure a
proper balance in mechanical performance.

Finaly, FSW already proven to be an optimum welding
technique by successfully joining al kinds of materials
(ferrous and non ferrous) available yielding satisfactory
results that covers suitable application aspectsalso. Thereare
some areasinterms of material selection whereitsoperational
functions still need to be achieved. In this regard the, FSW
process should be implemented for polymeric material
combinations to unleash newer characteristics.
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