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ABSTRACT

Tungsten Inert Gas Welding (TIG) is the most preferred joining process for aluminum alloys, but it
produces weld joint having inferior mechanical property in comparison with base metal because of
inherent limitations of the process. To improve the mechanical properties, the weld is post processed by
friction stir processing (FSP) upto depth of 2mm. This paper presents the effect of performing FSP on
autogenous T1G welded butt joint of Al-5083, 6mm thick plate. Mechanical and metallurgical properties
of both processed and unprocessed autogenous TIG weld are compared. Characterisation techniques
adopted to evaluate weld joint are tensile test, microhardness measurement, microstructural examinations
and SEM analysis. Tensile strength of autogenous TI1G weld joint is lowered by 6.5% compared to base
metal because of presence of micro porosities in the weld metal. Friction stir processing produces the
fine grain refined structure, marginally improves the tensile strength of the autogenous TIG weld joint
by 2.7%. Microhardness of the autogenous TIG weld metal of the surface is raised from 163.6 HV to
298 HV after performing FSP. However, SEM images of fractured surface of friction stir processed
specimen reveals fine dimpled structure which indicates that ductility of the weld joint remain unaffected
after performing FSP on autogenous TIG weld joint.

doi: 10.5829/ije.2022.35.09¢.09

1. INTRODUCTION

Recent advancements in the field of marine, automobile,
defence and aerospace propel the usage of light metals
such as aluminum, titanium and magnesium against the
conventional materials. 5xxx, 6xxx and 7xxx series of
aluminum alloys possesses excellent mechanical and
physical properties such as high strength to weight ratio,
good corrosion resistance in extreme conditions, low
density, good formability and high thermal conductivity.
That is why they have been the prime choice for
manufacturing various components used in interceptor
boat structure, car frame and bodies, axles, shafts, air
craft, missile, rocket and rocket launcher [1].

Tungsten Inert Gas Welding (TIG) has been the
preferred fusion welding technique over Shielded Metal
Arc Welding (SMAW), and Metal Inert Gas Welding
(MIG) for manufacturing of aluminium alloy structures
and components because of its ability to produce deeper
penetration and cleaner weld joint [2]. As the aluminum
alloys are having high heat conductivity, high thermal
expansion coefficient, and inclination for refractory
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aluminium oxide (Al>O3) generation, fusion welding of
aluminium alloys is challenging [3]. Furthermore,
welding flaws associated with fusion welding of
aluminum alloy such as porosity, low wetting, hot
cracking, lack of fusion, residual stresses, and distortion
are responsible for decrease in strength, and poor joint
efficiency [4, 5]. However, the rising use of aluminium
alloys in practically every industry is forcing researchers
to create practicable and effective technologies to weld
aluminium alloys without compromising their
mechanical, chemical, or metallurgical properties, which
are required for longer service life.

Being a green technology by nature, friction based
welding and surface processing techniques have been
very popular since last two decades and best suited for
welding and processing of aluminum alloys as it does not
melt the base metal [6]. The Welding Institute (TWI) in
the UK first invented and patented the novel Friction Stir
Welding (FSW) process in the year 1991. The process
involves generation of frictional heat using non-
consumable spinning tool with a probe/pin and a collar
plunged in to the metals to be joined and traverse along
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the intended welding path [7]. The material around the
tool probe softens due to frictional heating generated due
to rubbing action of tool and base metal. Extreme plastic
deformation and plastic material flow all around the tool
probe are caused by the combined impact of tool
rotational and transverse movement. The churning of two
base metals in a plastic state around the tool produces a
permanent weld joint upon cooling to room temperature
[8]. FSW-produced joint possesses superior mechanical
property compared to fusion welded joints of aluminum
alloys because in FSW process, weld metal experiences
an excessive plastic deformation at elevated temperature,
breaks dendritic coarse grain structure, and produces fine
and equiaxed recrystallized structure [6]. However, the
mechanical characteristics of the weld joint is greately
affected by the FSW operating parameters and tool
geometry [9]. As the heat produced by friction is directly
proportional to the tool rotation speed, the tensile
strength increases as tool rotation speed increases and
decreases as tool traverse feed increases [10].

A newer welding approach of surface modification by
Friction Stir Processing (FSP) has been successfully
demonstrated by many researchers. FSP is a novel varient
of FSW, introduced by Mishra et al. [11], having the
same working principle as that of FSW, in that a rotating
tool is inserted into the material surface up to a specific
targeted depth and travelled along the required path to
cover the material's intended surface area with the
purpose of modifying the microstructure and
consequently changing the material's surface mechanical
characteristics [12]. Later on fabrication of composite of
SiC reinforcement in the AI-5083 metal matrix was
successfully demonstrated by Mishra et al. [11]. The
experimental results show substantial increase in the
hardness of the FSPed segment in comparison with the
base metal. The SiC particles were well dispersed
throughout the aluminium matrix, demonstrating good
bonding with the aluminium alloy substrate. Factors like
tool geometry, number of FSP passes, FSP operating
parameters (tool rpm and travel speed), and the type and
volume fraction of metal matrix composite fabrication
are responsible for the desired change in surface
properties [13]. Wang et al. had successfully fabricated
SiCp reinforced Al metal matrix composites (MMCs) up
to the depth of 100 um using FSP technique. Increase in
top surface micro hardness value of about 10% compared
to base metal was reported by addition of SiCp (1.5%) to
aluminum matrix [14]. Kaushik and Singhal [15] studied
effect of FSP on microstructural and mechanical
behavior of friction stir welded aluminum alloy 6063
matrix reinforced with 7 wt% SiC particles. Uniform
distribution of SiC particles in Al-6063 matrix was
observed after FSP. Significant improvement in wear
resistance property of Al-TiC composite using FSP was
reported by Akinlabi et al. [16]. Wear resistance property
was found to be influenced by tool rotation speed and
processing feed rate. Multipass FSP was used by Bauri et

al. [17] to homogenise the TiC particle dispersed in an
aluminium matrix. After each FSP pass, the grain size
was refined which significantly improved mechanical
property without compromising ductility. Sharma et al.
[18] had employed variety of FSP methods including
varying process parameters, dual-tool processing and
tool offset overlapping to produce SiC reinforced
AA5083 alloy surface. Success of the FSP as a surface
modification technique has been a driving force for many
researchers to execute the same on welded surface. To
enhance fatigue charecteristics of the weld joint, Costa et
al. [19] and Borrego et al. [20] had performed FSP on the
toe of the T-joint and butt joint of Al-5083 welded by
Metal Intert Gas (MIG) welding process respectively. Xu
and Bao [21] claimed that mechanical properties of weld
joint of AZ31 magnesium alloy performed by TIG
welding process was improved after performing rapid
cooled FSP on it. Friction Stir Processed (FSPed) TIG
and Friction Stir Welded joints were tested by Mabuwa
and Msomi [22]. In the work, full depth FSP showed
significant improvement in tensile strength while
hardness was marninally affected [22]. Al-5052 alloy
weldment produced by TIG welding process, which was
post processed by a newer method called friction stir
vibration processing (FSVP) showed greater grain
refinement in the stir zone which leads to increase in
tensile strength by 17% and improvement in ductility by
33% compared to unprocessed TIG weld joint [23].
Mehdi and Mishra [24] studied effect of FSP on
mechanical property and heat transfer of TIG weld joint
of dissimilar aluminum alloy AA-6061 and AA-7075.
The calculated maximum temperature using ANSYS
software was around 515°C tool rotation speed of 1600
RPM whereas maximum rate of heat flux was calculated
about 5.33 x 10® W/m? observed at tool rotation speed of
1600 RPM.

In the present investigation, Al-5083 plate of 6mm
thickness was butt welded by TIG welding technique
without addition of filler wire (autogenous welding). The
weld was then friction stir processed (FSPed) with a solid
tool having a pin. The processing was achieved upto
depth of 2mm on both sides. Characterisation of the weld
joint produced was performed by macro observation,
micro examination, tensile testing, and microhardness
mapping. The nature of weld failure was investigated via
fractographic examinations using scanning electron
microscope (SEM). As per the reviewd literature, FSP
upto depth of 2mm on both sides of autogenous T1G weld
of AlI-5083 is not observed. The present work is a step
towards it.

2. MATERIALS AND METHODS

2.1.Base Metal The base metal in this experiment
was Al-5083, a 6mm thick plate. Aluminum alloy 5083
is an Al-Mg alloy which has the highest strength amongst
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TABLE 1. Chemical composition of Al-5083
Mg Mn Fe Si Cr Cu Zn Al

5 0.57 0.35 0.15 0.05 0.05 0.02 Rest

TABLE 2. Mechanical Properties of Al-5083

Property Value
Tensile Yield Strength 228 MPa
Ultimate Tensile Strength 317 MPa
Elongation at Break 16%
Hardness 85 BHN

N
IERO ROOT GAP SQUARE-BUTT JOINT SETUP—>

Figure 1. Weld setup for autogenous TIG welding

non-heat treatable alloys as well as it possesses excellent
corrosion resistance in salt water which make it an ideal
choice for chemical industry and marine applications [2].
According to ASTM B209/B928M, the chemical
composition and typical mechanical properties of Al-
5083 are presented in Table 1. Mechanical properties of
Al-5083 collected from ASM data sheet is summarized
in Table 2. Using a cutting wheel, the plate was cut into
pieces of 150mm x 75mm. The plate's edges were flat
ground to create a zero rootgap, Square-butt joint
configuration for the autogenous TIG welding process is
shown in Figure 1.

2. 2. Autogenous TIG Welding Aluminium-Mg
alloy with Mg in the range of 1 to 2.5 percent may be
prone to hot cracking if welded without filler wire or with
a filler wire having matching chemical composition with
base metal. To avoid hot cracking while welding of Al-
Mg alloy, filler metal having Mg content greater than
3.5% is used [25]. Autogenous TIG welding
arrangements are illustrated in Figure 1. The Lincoln
Electric made Aspect-300 TIG welding equipment was
used to execute TIG welding on square-butt joint. To
accomplish a full penetration joint, single pass on each
sides was deposited by TIG welding. Argon (99.998%
purity) was used as the shielding gas, and a 3mm
diameter Thoriated Tungsten rod was used as electrode.

The electrode tip had a blunt conical form. The pointed
tungsten electrode tip deteriorates quickly, causing the
arc to wander during AC welding, resulting in a welding
defect. The arc becomes steady when using a blunt
electrode tip. Welding parameters to achieve full
penetration joint by autogenous TIG welding process are
150 amp current, 15-16 V volatage, 120-130 mm/min
travelspeed and 13-14 Ipm shielding gas flow rate.

2. 3. Friction Stir Processing Autogenous TIG
welded plate was friction stir processed (FSPed) on both
side upto a depth of 2mm from the top surface by using a
tool having a pin. Tool used in FSP is shown in Figure 2.
Pin geometry was cylindrical and having a height of 2
mm. FSP was performed on Batiboi made milling
machine. Figure 3 shows setup of FSP on milling
machine. For FSP of TIG welded plate, different
combination of tool rotation speed (500, 710, 1000 and
1400 rpm) and tool travel speed (40, 56 and 80 mm/min)
are used. FSP parameters used for processing of TIG
weld is shown in Table 3.

2. 4. Metallurgical and Mechanical Examination
Macro examination of the TIG weld and FSPed sample
was performed to ensure absence of macro flaws such as
tunnel, pin hole, undercut, and porosity. Microstructural
examination was performed using Carl Zeiss, Jena,
Model-EPY Type-2 optical microscope. Specimen for
micro examination was taken across the weld in order to
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Figure 3. FSP setup on milling machine
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TABLE 3. FSP Parameters and Tensile strength of autogenous TIG + FSP plate

Sample ID Tool Rotation (RPM) Feed Rate (mm/min)  Tensile Strength (MPa) % Elongation Remark

B1 298.3 22 Unaffected Base Metal
T2 278.5 20 Autogenous TIG Weld
TF13 500 40 286.1 22

TF14 500 56 279.7 22

TF15 500 80 - - Tunnel defect
TF3 710 40 2731 20

TF2 710 56 1733 8 Tunnel defect
TF8 710 80 268.7 16 Tunnel defect
TF6 1000 40 207.6 12

TF9 1000 56 195.1 10

TF7 1000 80 154.6 6 Tunnel defect
TF10 1400 40 196 10

TF11 1400 56 177.7 10 Tunnel defect
TF12 1400 80 - - Tunnel defect

observe base metal, heat affected zone (HAZ), thermo
mechanically affected zone (TMAZ), stir zone (SZ), and
weld metal microstructure. Etchant used for macro and
micro examinations was Keller's reagent composed of
192ml distilled water, 5ml nitric acid, 3ml hydrochloric
acid, 2ml hydrofluoric acid. Grain size (diameter) was
digitally measured using ImageJ software.

Tensile test samples were collected from welded plate
as well as unaffected base metal. Dimensions of the
samples were kept as per ASTM B557. Dimensions of a
sub-size flat tensile specimen is illustrated in Figure 4.
Tensile test samples were sectioned across the weld axis.
Tensile test was performed on a computerised
tensometer, having 2T loading capacity. Test was
performed at the speed of 10 mm/min. Change in
hardness due to autogenous TIG welding and FSP was
evaluated.

Microhardness was measured across the weld in
FSPed and autogenous TIG weld region using a dimond
indentor. Load applied during the test was 200gm for 20
second dwell time. The indentations were evaluated
microscopically at the 100X  magnification.
Microhardness values were plotted against distance from
weld center for all test specimens. Fracture surface of
tensile test specimens were examined using Hitachi
Made, Model - S-3400N scanning electron microscope at
1000X magnification. Fractured surface topography of
tesile test specimens of autogenous TIG and FSPed
specimens were throughly examined to understand the
nature of failure.

3. RESULT AND DISCUSSION

3.1.Macro and Micro Examination Photographs

shown in Figure 5 illustrates the as-welded appearance of
autogenous TIG weld and FSPed TIG weld samples.
Autogenous TIG welded plate using welding current of
150 amp and travel speed of 120 mm/min, displayed
excellent bead finish in as welded condition, which does
not demand for any post processing treatment.
Furthermore, the surface macro flaws such as pin holes
and undercut were also not observed on the weld surface
(Figure 5(a)). Surface finish of FSPed plate was also
good and no sign of tunnel defect was seen in the stir zone
(S2) (Figure 5(b)). Specimen shown in Figure 5(b) was
FSPed at tool rotation and feed rate of 500 rpm and 40
mm/min, respectively. Autogenous TIG welded plate
which was FSPed at higher feed rate (56 mm/min and 80
mm/min) showed tunnel defect as depicted in Figure 6.
At faster feed rate material flow is insufficient to fill the
void created by movement of FSP tool leads to tunnel
defect in the SZ [28]. Autogenous TIG weld cross-

Nomenclature Dimension in mm

Gauge length, G 25.00+0.10

Width, W 6.01 £0.05

Thickness, T Thickness of material (6mm)
Radius of fillet, R 6

Overall Length, L 100

Length ofreduced section, A 32

Length of grip section, B 30

Width of Grip Section, C 10

Figure 4. Tensile Test Specimen Details as per ASTM B557
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@ (b)
Figure 5. As welded appearance of (a) Autogenous TIG
welded plate, (b) TIG + FSP plate

.
Figure 6. Tunnel Defect in FSP at Higher Travel Speed

According to the microstructural observation of
autogenous TIG welded specimen, the weld and near
vicinity regions are free from welding defects like void,
crack and lack of fusion. However, small amount of
micropores were observed in the weld region (Figure
7(b)). Elongated and distorted grains in the aluminum
solid solution are observed in the microstructure of
unaffected base metal mainly due to cold plate rolling
(Figure 7 (d)). Weld metal microstructure reveals fine
grain columnar structure (average grain size 22 pum) in
aluminum solid solution. This is attributed to instant
heating and cooling experienced by weld metal in
welding process (Figure 7b). The HAZ, on the other
hand, does not exhibit columnar grain structure but
shows coarse grain and recrystallized structure (average
grain size 35 um) in aluminum solid solution as shown
in Figure 7(c). The main reason behind grain coarsening
in HAZ region is the welding heat input. Microstructural
examination of FSPed specimen shows significant
improvement in weld microstructure and will leads to
enhanced mechanical property. Figure 8 shows
microstructures of various zones of TIG + friction stir
processed weld. Microstructure of stir zone depicts that
coarse grained structure produced by autogenous TIG
weld is well refined due to vigourous stirring effect
produced by friction stir processing tool. Although
temperature in the SZ is lower than the base metal’s
melting point but it is high enough to promote
recrystallisation and produce fine grain equiaxed

structure (average grain size 4.6 um) in the SZ of FSPed
region. Micro-pores present in autogenous TIG weld
structure disappears from the stir zone of FSPed
weldment due to stirring effect produced by FSP tool,
which results in better mechanical property (Figure 8(b)).
Microstructure of TMAZ reveals coarse grain dendritic
structure (average grain size 30 um) as shown in Figure
8(c). Microstructure of unprocessed TIG weld + FSP
specimen shows coarser grain structure compared to
autogenous TI1G weld specimen without FSP as shown in
Figure 8(d) (average grain size 57 pm). Heat input from
the friction stir processing method is the reason behind
grain coarsening.

RA'=

(a) Macropraph of

Autogenous| TIG Weld

e : 10 pm

(c) HAZ (d) Unaffected Base Metal
Figure 7. Macrograph and Microstructure of Autogenous
TIG Weld at Different Locations: (a) Macrograph of
Autogenous TIG Weld; (b) Weld (c) HAZ; (d) Base Metal,
Magnification 500x

i

a) Macrograph of TIG + FSP h.
(@) Macragraph o (b) Stir

P

(c) TMAZ (d) Unprocessed TIG Weld
Figure 8. Macrograph and Microstructure of Autogenous
TIG + FSP Weld at Different Locations: (a) Macrograph of
TIG + FSP Weld; (b) Stir Zone; (c) TMAZ; (d) Unprocessed
TIG Weld, Magnification 500x
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3. 2. Tensile Test Tensile strength and %
elongation values of FSPed weld specimens are compiled
in Table 3. Ultimate tesile strength values of unaffected
parent metal and unprocessed autogenous TIG weld were
also derived for comparison by performing tensile test.
Figure 9 shows comparison of stress vs strain curve of
parent metal, autogenous TIG welded plate (Sample T2,
corresponding to maximum tensile strength among all
autogenous TIG welded plates) and autogenous TIG +
FSP plate (Sample TF13). Ultimate tensile strength of
base metal (Sample B1), autogenous TIG (Sample T2)
weld and TIG + FSP weld (Sample ID TF13) were found
to be 298.3 MPa, 286.1 MPa and 278.5 MPa,
respectively. It was observed that UTS of all the
processed and unprocessed welded specimens were
lower than UTS of unaffected base metal. This is because
of the adverse effect of welding heat input on
microstructure of Al-5083 alloy [26]. In addition to that,
Al-5083 is a work hardened alloy possessing an
unequiaxed grain structure in which grains are elongated
in line with the direction of rolling as shown in Figure
7(d). During performing autogenous TIG welding
process, due to welding heat input, effect of work
hardening is destroyed, that leads to weakening of
mechanical properties. During subsequent application of
FSP on TIG weld recrystallisation reformed the
microstructure resulting in improved mechanical
properties [27]. Specimens processed at 80 mm/min feed
rate (TF15, TF12) show full length tunnel defect hence
tensile test can not be performed. Specimen processed at
500 rpm tool rotation speed and 40 mm/min feed rate
(TF13) showed maximum ultimate tensile strength of
286.1 MPa and % elongation of 22% among all
specimens processed at different tool rotation speed and
feed rate. FSP displays marginal increase in tensile
strength of around 2.7% compared to tensile strength of
autogenous T1G welded specimen (278.5 MPa). This rise
in the tensile strength is because of grain refinement and
elimination of defects like micro porosity from the FSP
region. However, all the welded specimens (autogenous
TIG weld and autogenous TIG + FSP) display lower

¢ \1‘(k Ro’h(nu-(
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(b) Autogenous TIG + FSP — Stir Zone

(a) Autogenous TIG Weld

tensile strength as compared to parent metal. This is
primarily due to reduction in strain hardening effect due
to heat input given to the base metal during fusion
welding and FSP [29].

3. 3. Microhardness Measurement Trend of
microhardness variation across the weld for autogenous
TIG and autogenous TIG followed by FSP samples are
depicted in Figure 10. The weld zone of an autogenous
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Figure 9. Tensile test curves for base metal, autogenous TIG
(T2), and autogenous TIG+FSP (TF13)
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Figure 10. Microhardness profile across the weld
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Figure 11. SEM fractrograph of: (a) Autogenous TIG Weld; (b) Autogenous TIG + FSP - SZ, (¢) Autogenous TIG + FSP — TIG

Weld Center; Magnification 1000x
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TIG welded specimen has a lower microhardness value
than the base metal and HAZ/TMAZ. This could be due
to re-precipitation of the B-phase Mg.Als during welding
[30]. Because AI-5083 is a non-heat treatable alloy,
lowering of hardness value as a result of welding heat
input is not expected as plastic deformation is the primary
hardening mechanism in this alloy [20]. Notable rise in
hardness is reported in the SZ of FSP compared to
autogenous TIG weld hardness. FSP causes excessive
plastic deformation and promots well refined grain
structure in the SZ. Also, Compressive stresses produced
in the SZ during FSP minimizes the presence of micro-
pores in the SZ leading to the increase in hardness in the
SZ of FSP [15]. Microhardness of unprocessed TIG weld
of FSPed specimen is almost unchanged in weld zone
whereas HAZ microhardness is reduced due to added
heat input during FSP [31]. Decrease in TMAZ hardness
value away from the weld center towards advancing side
is observed for TIG+FSP specimen. In FSP, the
advancing side is the point at which a solid material
begins to transform into a semi-solid phase and swirls
about a tool pin which is inserted into the material. In the
retreating side, the semi-solid phase retreated and cooled.
As a result, during the FSW process, the advancing side,
which has a more solid state nature at any point in
time/location than the retreating side, should generate
more frictional stresses, which generates more heat and
elevates the peak temperature. This is attributed to the
lower hardness value in the advancing side of FSP [11,
32].

3. 4 SEM Fractoscopy Scanning Electron
Microscopy (SEM) was performed on the broken surface
of tensile test samples of autogenous T1G and autogenous
TIG + FSP weldment to analyse the nature of failure. The
fractographs shown in Figure 11 reveals network of
dimples in both specimens which indicates ductile
failure. However, dimples observed in autogenous TIG +
FSP weldment are much finer than that observed in
autogenous TIG weld specimen. This is again due to the
fact that FSP produces better refined structure compared
to as welded autogenous TIG weld. Traces of micro
porosities are also observed in SEM fractograph of
autogenous TIG weld as shown in Figure 11(a). SEM
fractograph of unprocessed TIG weld region of FSPed
specimen shown in Figure 11(c) confirms the presence of
micro-porosities and voids in the matrix of finer dimples
compared to autogenous TIG weld specimen without
FSP.

4. CONCLUSION

Friction Stir Processing (FSP) was performed on
autogenous TIG weld surface to achieve structural
modification and thus improving mechanical property of

the weld joint. Conclusions derived from the present
experimental work are as follows:

Full fusion butt weld joint of 6mm thickness is
achieved through autogenous T1G welding process. Weld
joint produced by autogenous TIG welding process
exhibit lower tensile strength compared to base metal by
6.5%. The existence of micro-porosities in the TIG weld
metal contributes to the decrease in weld joint’s tensile
strength.

Marginally increase (2.7%) in the tensile strength of
autogenous TIG weld joint is observed after performing
FSP on it. The grain refinement achieved by the FSP
process is the reason behind improved tensile strength.
Microhardness of autogenous TIG weld metal and HAZ
region is substantially increased due to friction stir
processing method. Percentage elongation value indicate
that weld joint possesses good ductility in both
autogenous TIG weld (20% elongation) and friction stir
processed TIG weld (22% elongation). The SEM images
of fractured surface of all tensile test specimens show
series of dimple structure having different degree of
fineness. Out of which, the FSPed specimen shows the
most fine dimple structure.

Weldment which are friction stir processed at higher
feed rates (56 mm/min and 80 mm/min) produces tunnel
defect in the SZ due to insufficient heat input resulting
in limited metal flow in the SZ.

Macroscopic and microstructural  examination
confirms that FSP can be used as weld joint surface
modification technique. Churning and reheating of weld
metal in the SZ during FSP causes grain refinement and
recrystallisation leads to notable improvement in the
weldment’s surface characteristics.
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