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Abstract

Friction Stir Welding is a solid state welding technique that is
largely used in aerospace, marine, automotive and other
industries for joining similar and dissimilar metals. As
compared to other welding methods friction stir welding
provides better results. It is a reliable technique because it
permits aluminium alloy welding. Products of FSW that is
welded aluminium alloys have a great importance in various
industries because of good quality welding joint. This paper
depict about the friction stir welding carried on aluminium
6063. we observe various welding parameters like transverse
speed ,rotational speed ,dwell time etc. our main objective is
to find mechanical properties of the friction stir welded
aluminium joints on different or optimized input parameters.
The Mechanical properties of welded aluminium joints that
we investigate by mechanical methods are Tensile strength
(UTS, YS, and Elongation), hardness, and microstructure.
Their structure, physical and mechanical properties of the
composite are related to connection with the size effects and
other particulars in detail to make high end materials.

NASA is also using friction stir welding technique in vogue to
make space crafts due to need of light weight and high
strength to withstand for longer times in difficult conditions.
Here in this research various mechanical investigations are
done on aluminium alloy 6063-T6. They include tension test
by using universal testing machine UNITEK- 94100 , micro
Vickers micro hardness test by using micro Vickers apparatus
and microstructural test to estimate working limits of the
welded specimen of aluminium 6063 by varying the machine
parameters.

Keywords: Friction stir welding, heat affected zone, weld
nugget, AA 6063.

INTRODUCTION

Aluminium is available in abundance in the earth crust and if
it is utilised firmly it can be the solid contender to steel and
other precious metal to be used in the automobile industry to
provide better results both to manufacturers and the
customers. When it comes to the strength, aluminium alloys of
6xxx and 7xxx serious are very hard and not easy to weld with
conventional welding processes so here the need of friction
stir welding was felt in which combination of shear and
normal forces is there. FSW is a controlled welding technique
because the various process parameters can be varied
according to the demand of strength needed and the material
used for welding.

These variables are:

e Tool rotation speed
e Travel speed
e  Pressure on tool

Friction between tool and sheet create heat which is
responsible to intermixing of the sheets of different or same
materials. Heat is primarily induced by the friction between
shoulder of welding tool and the metallic sheet against which
the tool shoulder rubs. Plates must be clamped firmly to
eliminate any vibrations during the welding in progress
because it can lead to the weld defects.

Aluminium alloys are those in which Aluminium is present in
abundance. Example of alloying elements are like copper, tin,
manganese, silicon, magnesium. The most essential cast
aluminium alloy arrangement is Al-Si, in which the major
ingredients of silicon subsidize to give good casting features.
In 19" century Steel was the most utilized metal; however
Aluminium turned out to be a solid contender to steel in
building solicitations. Aluminium contains numerous alluring
possessions contrasted with steel. Al is practical as well as
adaptable to utilize. This is one of many fundamental reasons
for which it is utilized a great deal in the aviation, vehicle and
in different businesses. The foremost alluring properties of
aluminium and their compounds that make them reasonable
for a wide assortment of utilisations are minimal weight,
exterior, texture capacity along with quality and consumption
protection. The utmost critical property of aluminium is its
ability to convert its properties in an exceptionally flexible
way; it is stunning how much the properties can transform
from the unadulterated aluminium metal to its most confuse
composites. There are in excess of two or three several
aluminium composites and numerous are being modified from
them. Aluminium amalgams have low thickness contrasted
with steel; it contains one third thickness of steel.
Appropriately preserved, compounds of aluminium could
oppose the corrosion procedure which steel couldn’t avoid,;
Al can likewise oppose consumption by H»O, salt & different
elements.

Aluminium alloys are classified as following:
e 1tdigit - major alloying element(s).
e 2" digit - Variation of primary alloy
e 3and 4" digits - Individual alloy deviations
o L xxx — Unalloyed Al (99.00%)
o ZXXX — Al-Cu Amalgams
o 3xxx — Al-MN Amalgams
o Axxx — Al-Si Amalgams
o 5xxx— Al-Mg Amalgams
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e 6xxX — Al-Mg- Si Amalgams

o 7xxx — Al-Zn-Mg Amalgams

e 8xxx— Al + Other Components
In this examination work, AA6063 have been decided for this
investigation. Aerospace aluminium blends of the 6XXX
arrangement are great strength ingredients which are for the
most part heat treated keeping in mind the end goal to give an
ideal harmony among strength, durability, and stress
deterioration cracking resistance.

LITERATURE

(Benavides et al., 1999) thought about low value
temperature FSW of 2024 al. It was shown to
incorporate dynamic recrystallization making ultrafine
and equiaxed grain structures to energize super plastic
failure. The 2024 Al mix was FS joined at 30 °C, and
most prominent weld temperatures did not outperform
around 140 °C. It differences and a focal weld grain size
around 10 um, where the most outrageous weld zone
temperature were 330°C.

(Caceres et al., 2003) makes a relative investigation of
the properties of Al-Cu-Si-Mg alloys that are completed
to explore the impacts of the Si, Cu, Fe, Mg, and Mn
and the solidification rate. Here the creators noticed that
the expanding the copper and Mg content by and large
brought about an expansion in strength and lessening in
ductility, while expanded Fe part significantly pull down
the ductility and the strength of low Si amalgams.

(Cavaliere et al., 2006) researched the fatigue and tensile
conduct of FS Welded specimen of 2024 and AA 7075
Aluminium alloys & expresses that the distortion in the
tensile test is on the 2024 side (which have the lower
hardness) and the unalike joint showed an abatement in
fatigue lifespan as for 7075 FSW joint.

(Elangovan et al., 2008) worked on AA 6061 aluminium
alloy, he examined effect of axial power and pin profiles
on FSP region. Maximum axial force applies was 7 KN
and higher tensile properties were attained by using
square pin profiliated tool.

(Elangovan et al., 2009) used mathematical model to
predict tensile strength of AA 6061 alloys and axial
force was taken 7 KN, rotational speed was 1200 rpm
with the welding pace of 1.25 mm/s. High tensile
properties were given as compared to other joints.

(Fazel-Najafabadi et al., 2010) proposed that by making
modifications in process parameters, zero defected lap
joints of CP-Ti with 304 stainless steel can be achieved.

(Ghosh et al., 2010) endeavours friction stir welding of
A356 and A6061-T6 aluminium alloys and considered
the change of shape and size of dispersion of Si rich
particles and dislocation density. They watched the

disappearance of unique second phase and redistribution
of dispersions and grain refinement in the 6061 network
of welded specimens.

(Koilraj et al., 2012) advanced FSW process concerning
tensile strength of the dissimilar welds AA2219 and
AA5083 utilizing five distinctive tool profiles. The
process parameters picked were rotational speed,
Transverse speed and D/d proportion where D is bear
distance across and d is tool stick breadth individually.
The optimum esteems acquired were 700 rpm, 15
mm/min and 3 separately for the round and hollow
threaded stick tool profile.

Lee et al. (2003) welds A356 amalgam sheets utilizing
the friction stir welding to watch the impact of
mechanical possessions at the weld zone by shifting the
welding pace. The microstructures of weld region are
made out of the SZ (stir zone), TMZ and the BM.
Microstructure of the SZ is altogether dissimilar from
that of the BM. Be that as it may, the microstructure of
TMAZ, in which the first grains are extraordinarily
twisted, is regarded as dispersed eutectic Si particles
aligned along with the rotational course of the welding
tool. Here the mechanical properties of the weld zone
are significantly enhanced in contrast with that of the
BM.

(Leitao et al., 2009) did examinations on mechanical
conduct on dissimilar joints of AA5182-H111 and
AA60616-T4 states that the tensile strength of the joint
is for the most part subject to the grain size in the
TMAZ for AA5182-H111.He reports the loss of
ductility of the welded joints if there should arise an
occurrence of A319 and A413 FSW framework.

(Lohwasser, 2009) suggested that there are two types of
material movement in FSW i.e. pin driven flow &
shoulder driven flow. Both the flows coalesce to form a
firm joint but leave a key hole at the end of the process.
In FSW, as the tool moves in the direction of the pin,
then the material is transferred from the top edge of the
pin to the trailing edge of the pin through stirring action.
Tool shoulder action breaks up the oxides on the faying
surfaces which help in clean and firm bonding of the
materials. The working temperature of the FS welding
will always be 0.6 to 0.9 times the melting temperature
of the materials to be welded. This procedure can be
applied to create all type of joints. When the side of
welding tool rotation was in the same way as the travel
direction, it is mentioned to as the advancing side (AS)
while the opposite side, where the surface motion
opposes the travel direction is retreating side (RS).

(Moreira et al., 2008) analysed the fatigue split
advancement in the FS joints of 6061-T6 and 6082-T6
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Al compounds. Here, a close report between fatigue split
formations direct of friction stir welds of aluminium
composites was finished. Fatigue split advancement
graphs were settled for breaks developing in various
territories of weldments in addition with base material
(BM), heat affected zone (HAZ) and welded metal. For
the most part, friction stir material displayed cut down
quality and the ductility properties compared to base
material. These base metals displayed on a very basic
level the same as break propagation conduct. Again the
friction stir 6061-T6 aluminium alloy showed cut down
the crack spread rates as compared to 6082-T6
aluminium alloy.

(Rajakumar et al., 2011) established relationships to find
hardness and grain size of AA 6061-T6 welds by
incorporating process parameters and FSW tool.

(Rhodes et al., 1997) pondered the effects of FSW on
the microstructure of 7075 aluminium alloy. They
expressed that methodology, in perspective of frictional
heat on faying areas of plates to be joined, achieved a
joint made by the interface dissemination, heat induced,
and the solid-state dissemination.

COMPARISON TABLE OF VARIOUS RSEARCHERS

S.No.| RESEARCHER | MATERIAL USED METHOD USED PARAMETERS RESULT
1. Cavaliere et al. 2024 & 7075 Tensile test According to Failure in the tensile test is on
(2006) aluminium alloys ASTM- E8 2024 side which has lower

hardness

2. | Leeetal. (2003) | A 356 & wrought AA

Longitudinal tensile test

The strength of the stir zone

6061 demonstrates the highest
esteem when harder material
is settled at retreating side
3. Koilraj et al. AA 2219 &AA 6061 Tensile test Rotational speed |Strength of weld was adequate
(2012) was 700 rpm &
weld speed was
15mm/min
4. | Elangovan et al. AA 6061 Impact of axial power and | Max. axial force Superior tensile properties
(2008) tool pin profiles was 7TKN were attained by using square
pin profiliated tool
5. | Elangovan et al. AA 6061 tensile strength by Max. axial force Superior tensile properties
(2009) mathematical model was 7 KN, tool
rotational speed
was 1200rpm &
weld pace was 1.25
mm/sec
6. | Leeetal. (2003) A 356 alloy Microstructures Microstructures out| Mech. Properties of TMAZ
of SZ,TMAZ & | are significantly enhanced in

BM were made contrast with that of BM

7. Ghoshetal. |A 356 & AA6061-T6

To check change of shape

Disappearance of unique

(2010) and size of dispersion and second phase and grain
dislocation density refinement in the 6061 alloys
8. Caceres et al. Al-Si-Cu-Mg alloys Impact of alloys and Expanding the Copper and Mg
(2003) solidification rate part brought about an
expansion in strength and
lessening in value of the
ductility
MATERIAL  SPECIFICATION AND PROCESS Friction stir welding is the only welding process by which

PARAMETERS
MATERIAL SPECIFICATIONS

Aluminium alloy 6063 consist of Al-Mg-Si, manganese is
present to enhance ductility and strength of the aluminium
alloy to withstand in hazardous conditions of heavy loads.

precise welding of various aluminium alloys can be done. In
6063 aluminium alloy the by weight percentage of these
constituents is different as compared to other series of
aluminium alloys. Due to need of high strength and light
weight in automobiles industry to increase efficiency it
becomes essential to use these aluminium alloys frequently. It
is not possible to join these high strength aluminium alloys
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with conventional welding processes so friction stir welding is

weight percentage of constituents of aluminium alloy 6063 is

becoming the essential welding technique in modern era. By

Table 3.1: Chemical configuration of the 6063 alloy (weight%)

depicted in table below:

Si Fe Cu Mn Mg Cr Zn Ti
0.2-0.6 =0.35 £0.10 0.1 45-09 <=0.10 £0.10 £0.10
Table 3.2: Machine parameters with values and their range
Process Parameters Range Level 1 Level 2 Level 3 Level 4
Tool Rotational Speed (SS) 700 t01300 rpm 700 900 1100 1300
Table Feed or Welding Speed (WS) 0.8 to 3.2 mm/sec 0.8 1.6 2.4 3.2
Shoulder Penetration (PE) 0.0to 0.15 mm 0.00 0.05 0.10 0.15
Tilt angle Oto2 0 1 2 1

MACHINE PARAMETERS

This new emerging technology is a controllable joining
technique where welding of various alloys and composite
materials can be done with precise surface finish in
diminished time w.r.t. other conventional welding processes.
Process parameters are varied in this experimental study too in
order to predict the mechanical behaviour of the weld at
different rotational speed of spindle, at different welding
speed and at different shoulder penetration in four levels
throughout the machining process. Machine parameters with
their values and range are given in the table 3.2.

Primary heat induced is due to the friction between the
aluminium alloy sheet of 6mm thickness which is firmly
mounted on the machine table and these variables can be
changed in 4 different levels to check the best possible
process parameters.

Friction stir welded specimen are shown in figure 3.1

Figure 3.1: Friction stir welded aluminium 6063-T6 plate
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In the figure 3.2, the feeding mechanism is shown to enter
these variables:

18 FEED CHART IN M M. P M

2A | 3A | 1B | 2B
30|45

Figure 3.2: Feeding Mechanism Of FSW Machine

TESTING OF WELDS
TENSILE TEST

Tensile test data might be helpful in examinations of
materials, composite improvement, quality control, and design
in specific situations. The consequences of pressure trial of
examples machined to standard measurements from chose
segments of a section or material may not thoroughly
represent the strength and ductility properties of the whole
final result or its satisfactory conduct in various conditions.
These test techniques are viewed as satisfactory for
acknowledgment testing of commercial shipments. The test
strategies have been utilized widely in the exchange for this
reason. The tensile test has been set up according to standard
values and the base metal and also the welded joints has been
tried on the UNITEK 94100 Testing Machine.

During the tensile test a limit will come when the test
specimen undergoes failure. Breaking of the specimen takes
place at the yield point and the reading along with the graph
between Load and Displacement is plotted with the help of
printer attached to the UNITEK 94100 machine.

MICROVICKERS HARDNESS TEST

The Vickers micro hardness technique depends on optical
framework. This strategy, enables us with a scope of moderate
loads by using a diamond indenter by producing a indentation
that is estimated but changed over to a hardness range. It is
exceptionally valuable to test a large range of metals for the
time the test tests are deliberately arranged. Ordinarily the
used loads kept small, in range of few grams reaching to few
kilograms, but Vickers "macro” loads can touch 30 kilograms.
Micro Vickers hardness analysis machine is presented in
figure 4.1:-

Figure 4.1: Micro Vickers Hardness Tester

MICROSTRUCTURE

To study of the joint characteristics of the stir zone,
fractography of the tensile test specimens and for comparison
of corrosion pits of as weld and post weld heat treated
specimens, the scanning electron microscope (SEM) is used.
Here, the specimens are ready after FS welding in order that
the electron released from the gun get stucked to the
specimens. The procedure for preparation of the specimen for
the metallographic study and the specifications of the SEM
analyser is discussed. Scanning Electron Microscope is shown
in figure 4.2.
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Table 5.1: Tensile Test Results of various process parameters

SAMPLE | TENSILE % %
- NO. STRENGTH | ELONGATION |REDUCTION
(KN/MM?) IN AREA

XA 0.091 17.500 51.389
XB 0.079 15.000 58.333
XC 0.125 20.000 46.667
XD 0.090 12.500 66.278
XE 0.078 17.000 50.889
XF 0.088 10.000 72.222
XG 0.086 16.250 53.454
XH 0.057 15.000 58.075
X1 0.100 10.000 60.555
XJ 0.072 11.250 55.775
XK 0.106 13.000 52.545
XL 0.064 15.000 58.784

Descriptive statics came out from different test performed and
these values of variables are noted precisely at all 4 different
levels of rotational speed, welding speed and tool penetration.
These are the descriptive statics of these tests:

Figure 4.2: Scanning electron microscope Minitab software is used to find out various values comes
from tensile test and by using this tool we have reached the
properties of the welded specimen which must be taken into

RESEARCH OUTCOMES AND DISCUSSION consideration to provide better characteristics to the weld to
work under heavy loaded conditions with any distortion.
TENSILE TEST

Tensile test were conducted on UNITEK-94100 testing
machine and the values of the tensile test are interpreted in
table below:

Descriptive Statistics: welding speed(mm/sec), tool penetration(mm)

Rotational

Variable speed (rpm) N N* Mean SE Mean Step Minimum 01

welding speed(mm/sec) 1100 3 0 2.4000 0.000000 0.000000 2.4000 2.4000
1300 3 0 3.2000 0.000000 0.000000 3.2000 3.2000
700 3 0 0.80000 0.000000 0.000000 0.80000 0.80000
900 3 0 1.6000 0.000000 0.000000 1.6000 1.6000

tool penetration (mm) 1100 3 0 0.10000 0.000000 0.000000 0.10000 0.10000
1300 3 0 0.15000 0.000000 0.000000 0.15000 0.15000
700 3 0 0.000000 0.000000 0.000000 0.000000 0.000000
900 3 0 0.050000 0.000000 0.000000 0.050000 0.050000
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Rotational

Variable speed (rpm) Median 03 Maximum

welding speed(mm/sec) 1100 2.4000 2.4000 2.4000
1300 3.2000 3.2000 3.2000
700 0.80000 0.80000 0.80000
900 1.6000 1.6000 1.6000

tool penetration (mm) 1100 0.10000 0.10000 0.10000
1300 0.15000 0.15000 0.15000
700 0.000000 0.000000 0.000000
900 0.050000 0.050000 0.050000

Test for Equal Variances: tensile strength vs. Rotational speed(rpm), welding speed(mm/sec)

t for Equal Variances: tensile strength vs Rotational speed(rpm), welding speed(mm/:
Multiple comparison intervals for the standard deviation, a = 0.05

Rotational speed(rpm) welding speed(mm/sec)

Multiple Comparisons

1100 24 } | P-Value 0.611
Levene's Test
P-Value 0.767
1300 3.2 } |
700 0.8 p———
900 16 ————

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

If intervals do not overlap, the corresponding stdevs are significantly different.

Graph 1: Test For Equal Variance
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Main effect plot of elongation is plotted in graph no. 2 for
rotational speed, welding speed and tool penetration against

the mean.

Main Effects Plot for elongation
Data Means

Rotational speed(rpm)

1100 1300 700 200

welding speed(mm/sec)

0.8 16

24 3.2

tool penetration(mm)

0.00 0.05 0.10 0.15

Graph 2: Main effect plot for elongation

HARDNESS TEST

Hardness values of 9 tested samples are given in table in
three different zones such that BM, TMAZ and HAZ.
Maximum value of hardness that came by testing 9 samples
by using micro Vickers hardness tester was 72.8 in BM zone
and 50.7 was in TMAZ zone but in heat affected zone the
maximum value of hardness was 64.8. Mean of hardness
values of three different zones is shown in table. By narrowly
investigating the hardness values the application areas of the

material can be cited accordingly.

Table 5.2: Hardness Values For Tested Samples

SAMPLE NO. | HARDNESS | HARDNESS | HARDNESS

BM (HB) | TMAZ (HB) | HAZ (HB)
1 71.0 48.7 63.5
2 71.7 49.1 64.0
3 72.8 50.7 64.0
4 72.1 475 63.3
5 715 485 64.5
6 71.4 49.1 64.8
7 71.1 475 63.0
8 72.2 47.7 63.5
9 725 48.1 63.4
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Main effect plot for hardness HAZ (HB) is plotted in the welding speed and tool penetration:
graph no.3 below between mean and the rotational speed,

Main Effects Plot for HARDNESS HAZ (HB)
Data Means

Rotational speed(rpm) welding speed(mm/sec) tool penetration(mm)

64.50-

64.25-

Mean

63.75-

63.50-

Graph 5.3: Main effect plot for HARDNESS HAZ(HB)

MICROSTRUCTURE TEST The metallurgical investigations of the joints have been
performed in accredited lab to find out desired outcomes. Also
the domino effect of microstructure is obtained for each of the
weld specimens as revealed in the figure no. 5.3 are tabulated
in the table.5.3.

When the FSW welds are tested in the microscope we get
outcomes in different views like weld tool penetration, cracks
and blow holes if there in the weld specimen, heat affected
zone, result of welding on grain structure of the material used.

Specimen.1 Specimen.2
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Specimen.7 Specimen.8
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Specimen.9

Figure: Microstructre of Samples

Table 5.3: Results of microstructure

S.NO CRACK BLOW HOLES HAZ EFFECT ON GRAIN STRUCTURE
1 Found Not Found Found Elongated grains observed
2 Not Found Not Found Found Elongated grains observed
3 Not Found Not Found Found Elongated grains observed
4 Found Found Found Elongated grains observed
5 Not Found Not Found Found Elongated grains observed
6 Found Not Found Found Elongated grains observed
7 Found Not Found Found Elongated grains observed
8 Not Found Not Found Found Elongated grains observed
9 Found Not Found Found Elongated grains observed
CONCLUSION e Hardness is inversely proportional to the grain structure

Friction stir welding can be considered as the new emerging
technology to join the all type of metals without any need of
filler substance and other time consuming factors. Friction stir
welding have its applications starting from alloy wheel of
automobiles and ranging up to the space in joining the parts of
spacecraft to withstand throughout the tenure that is supposed
for them. NASA is using high strength alloys to build
spacecraft because the essential need is supposed to be the
light weight and high strength, as different materials can be
fabricated by using FSW without depending on the different
melting points of the composition. In this particular research it
is found that the weld quality largely depends on the rotational
speed of the tool spindle, welding speed and the tool
penetration provided. Following are the main responses from
this research work :

e Higher tool plunge territory is needed for bigger tool and
this will need enhanced power to hold.

e Results of hardness test reveals that hardness of base
metal ( BM) is larger than HAZ and weld nugget.

e The tool penetration requirements are high.

i.e. lower hardness for better grain size and vice-versa.

FUTURE SCOPES

By providing friction stir welding of higher power range and
with automation in their handling system the quality of weld
can be enhanced further. It would also be possible to weld
plates of higher thickness by using adequate machine setup
like Al-Mg alloys plates of thickness above 160 mm and Cu
alloy plates ranging above 80 mm. Following are the testing
techniques which should be provided to fabricate an alloy
which can work without failure :

e Ultrasonic testing technology
e  X-ray weld test technology
e Di- penetration testing technology
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