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In FSW, tool pin profile has a significant contribution on mechanical and microstructural properties of
metallic joints. In the present work, various pin profiles such as conical, pedal, cylindrical with thread,
triangular, square and pentagonal pins are used to join the AA2024 plates. Mechanical and microstructural
characterization is done for welded plates using different pin profile tools. The mechanical properties such
as percentage elongation, ultimate tensile strength (UTS), microhardness and impact strength are signifi-
cantly improved, when plates are joined using square pin profile. The obtained joint efficiency is 78% using
square pin profile tool. The percentage elongation, UTS and impact energy of joint made by square pin tool
are measured as 15%, 362 MPa and 5.7 Joule, respectively, which are higher than the values obtained using
other pin profiles. EBSD analysis was performed to know the microstructural changes, which are a cause of
mechanical properties alteration. Analysis reveals that stirred zone exhibits the recrystallized fine grains
with equiaxed structure, which is a result of dynamic recrystallization and heating during plastic defor-
mation of the zone. Large fraction of HAGB is also observed in stirred zone, which is a cause of improved

mechanical properties of the joint.

Keywords dynamic recrystallization, EBSD, friction stir welding,
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1. Introduction

Aluminum is one of the most inexpensive and preferred
metallic materials for a widespread range of engineering
applications. It has combination of beneficial properties such
as strong ductility and high strength-to-weight ratio. In order to
enhance armed forces deployability and mobility, the produc-
tion of lighter materials of troop carriers and fighting vehicles is
increasing rapidly (Ref 1). In the manufacture of these vehicles,
high-performance aluminum alloys are usually used to have
absorption ability and structural strength against impacts and
blast loadings. AA2024-T351 is an aerospace alloy hardened
by precipitation with a nominal composition of 4.4Cu-0.6Mn-
1.5Mg-balance aluminum (wt. percent) (Ref 2). It exhibits
better fracture toughness, high structural strength and better
ballistics properties (Ref 3). High thermal conductivity, coef-
ficient of thermal expansion (approx. two times of steel) and
reactivity make aluminum alloys difficult to weld. The heat
input associated with fusion welding process leads to high
residual stresses which results in distortion of the part (Ref 4,
5). These associated difficulties could be avoided or minimized
up to significant extent by the use of friction stir welding (FSW)
technique which was invented in 1991 (Ref 6). The joint made
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by FSW process is 34% stronger than joint produced by fusion
welding process (Ref 7). In FSW process, tool design or the
geometry of tool plays a vital role in deciding the heat
generation, material flow and quality of the weld joint (Ref 8-
10). Many developments in the design of FSW tools are well
reported in the literature (Ref 11-13). Design of FSW tool
includes profile of tool pin, shoulder, static volume and material
used to make it (Ref 14). The goals of developments in the
design of tool are to reduce process forces and to have better
properties of joint and ease in the weld control and robustness
of the process (Ref 15, 16). Dong et al. studied (Ref 17) the
effect of stationary shoulder during friction stir welding and
observed defect-free joints with better surface roughness
approx. 53% reduction in surface roughness. Khodaverdizadeh
et al. (Ref 18) investigated the pin profile effects on
microstructure of FSWed joint of pure copper. It was observed
that the pin with square profile had better recrystallized
structure which ultimately results in better mechanical proper-
ties of copper welded joint in comparison with cylindrical with
threaded pin. It is also reported that the ratio of swept to static
volume plays major roles in deciding the plasticized flow of
material associated with leading to trailing edge of the tool (Ref
19). The magnitude of plasticized material and its range decide
the microstructure and hence the properties of the stirred zone
(Ref 20). It has also been reported that profile of tool pin also
affected the precipitation distribution in the welded zone.
Elongated grains of the AA2024 after friction stir processing
altered into fine-equiaxed grains, whereas micron- and tens of
micron-sized precipitates observed in the as-received parent
metal changed into 0.1-1micron-sized precipitates after friction
stir processing/welding (FSP/W) (Ref 21). In experimental
analysis, it was also analyzed that obtained grain refinement
after FSP showed a detrimental effect on activation grain-
boundary corrosion phenomenon as reported by Mehrian et al.
(Ref 22). Satyanarayana and Kumar (Ref 23) investigated the
effect of air, water and cryogenic cooling media on the grain
refinement of FSWed AA2014 joints. It is observed from the
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EBSD analysis that underwater FSW showed fine grain
structure and large fraction of high-angle grain boundaries
(HAGB) in comparison with other media. Tamandon et al. (Ref
24) had examined the effect of conical, square and threaded tool
pin profiles on the AA1100 alloys and found that the joint
produced by threaded tool pin profile exhibits improved tensile
strength and elongation. It was attributed that the uniform
material flow in stirred zone by the threaded tool results in the
improved tensile strength and ductility. Sabari et al. (Ref 25)
studied the effect of pin profiles on FSWed joint of AA2519-
T87 in underwater. Underwater FSWed joint made by taper
with threaded pin profile exhibited better tensile properties with
76% joint efficiency (Ref 25). Enhancement in efficiency was
attributed to uniform generation of heat during welding. Vijay
and Murugan (Ref 26) had investigated the mechanical
properties of metal matrix composite joined using friction stir
welding. It was observed that the tensile strength of welded
joint obtained using square pin was high in comparison with
joints obtained by other tools. Alishavandi et al. (Ref 27)
reported that cylindrical with threaded tool pin profile showed
yielded tensile strength of AA1050 with 66% improvement,
which was attributed to better severe plastic deformation and
grain size reduction after FSP (Ref 27). Sharma et al. (Ref 28)
have critically investigated the influence of FSW tool pin
profile. Flat faces on lateral profile have more pulsating action
which makes the ease in material flow and transport (Ref 28).
Moreover, pulsating action results in grain size reduction and
homogeneous redistribution, which leads to higher tensile
strength and microhardness (Ref 7, 29).

Thus, a variety of pin profile tools are used to join the plates
of different materials. But, very less or no work has been
reported in the open literature to join the AA2024 material
plates using different pin profile tools to know the best pin
profile in order to provide better results. Therefore, in the
present study, AA2024 plates are joined using different tool pin
profiles to know the influence and best tool pin profiles on the
joint in terms of mechanical properties and microstructural
characterization.

2. Materials and Methods

The plate of AA2024 is procured from Bharat Aerospace
Metals, Mumbai, Maharashtra, India. The plates are in the
dimensions of 120 x 60 x 5 mm. The chemical composition of
the as-received material AA2024 is given Table 1.

The mechanical properties of the as-received aluminum
alloys AA2024 provided by Bharat Aerospace Metals, Mum-
bai, are as follows: density—2.78 g/cm®, young modu-
lus—73GPa, UTS—462MPa, percentage eclongation at
break—18.5 and microhardness—132HV. The friction stir
welding (FSW) is done of AA2024 plates in butt joint
configuration using modified vertical milling machines setup.

A 3D model is shown in Fig. 1 to visualize the cross section
of the various tool pin profiles along with their isometric views.
The tool pin profiles are conical, pedal, cylindrical with thread,
triangular, square and pentagonal in shape. The dynamic swept
volume of all the pins is kept uniform. Moreover, other tool
dimensions such as shoulder diameter, pin length and shoulder
concavity are kept uniform in all the tool design. For the ease of
understanding, each pin profile is designated with a unique
code denoted as A, B, C, D, E and F simultaneously for conical,
pedal, cylindrical with thread, triangular, square and pentagonal
pin, respectively.

The friction stir welding of all samples using tool having
different profiles is done considering the same welding input
parameters. Joints are made by taking other input process
parameters such as backing plate, plunge force, rotational
speed, transverse speed and tilt angle uniform throughout the
study, and they are given in Table 2.

The tools are fabricated from die steel AISI-H13. After
machining of tools, heat treatment is done to increase and retain
the hardness of the tool material. Therefore, all the machined
tools from H13 die steel were heated slowly to austenitizing
temperature, i.e., 1060 °C, as per the ASME standards (Ref 30)
and soaked for half an hour at austenitizing temperature. Rapid
oil marquenching is used to cool the tools. As a result, hardness
of tools is found to be increased by 12 HRC. Before welding,
faying surfaces of the samples are cleaned using acetone. The
plate to be weld is firmly held together using a mechanically
operated fixture to withstand the thrust and plunge force. Only
defect-free welded samples are considered for further study. For
mechanical testing and microstructural examination, welded
joints are sectioned transversely (perpendicular to welding
direction). Specimens for various testing, such as tensile,
impact, microhadness and microstructure evaluation, are pre-
pared as per the respective standard and extracted from the
welded joint. A schematic diagram revealing the location and
direction of specimen extraction from welded samples is shown
in Fig. 2. ASTM E8 (2010) standard is followed for the tensile
test specimen preparation. The tensile test samples are of 12.5
mm width with 60 mm gauge length cut transversely via wire
cut EDM machine and tested on room temperature. To ensure
the accuracy, five specimens were tested and three consistent
results were taken for further analysis.

Microhardness testing on the prepared sample was con-
ducted using the test load 0.2kg for 20 seconds. The five
indentations were made around the joint at the mid-section of
the plate thickness, and the best of three were taken for
consideration. Impact strength of the prepared samples is
measured using Charpy impact test. Test coupons are prepared
as per American society for testing of materials standard ASTM
E23.

For microstructural characterization, optical microscopy
(OM), field-emission scanning electron microscope (FE-
SEM), energy-dispersive spectroscopy (EDS) and electron
backscatter diffraction (EBSD) measurements were used.
Standard metallographic practice for sample preparation is

Table 1 Chemical composition of the as-received material AA2024 (wt.%)

Alloy Cu Fe Si Mn

Mg Cr Zn Ti Al

AA 2024 4.31-4.33 0.2 0.07 0.52

1.45-1.46 0.01 0.03 0.05 Balance
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Fig. 1 A 3D model of various tool pin profiles showing the cross section and their isometric view, wherein A—conical pin, B—pedal pin,
C—cylindrical with thread pin, D—triangular pin, E—square pin and F—pentagonal pin

Table 2 FSW input process parameters used for the
joining

Parameters Description Unit
Tool material Die steel (H13) .
Shoulder concavity 2° Degree
Shoulder diameter 24 mm
Tool pin length 4.2 mm
Backing plate material Mild steel
Rotational speed 1025 rpm
Transverse speed 100 mm/min
Tilt angle 2° Degree
Plunge force 3.5 kN

used. Etching of prepared and polished samples is done using
Keller’s reagents. Selected samples were used for FE-SEM,
EDS and EBSD on the basis of optical images and mechanical
properties. TSL OIM software is used to analyze the data
obtained after the EBSD scan. For determining the various
microstructural findings such as average grain size, grain
boundaries distribution and angle of misorientation, at least
2000 grains were selected (Ref 31). The low-angle grain
boundaries (LAGB) were identified with a misorientation angle
between 5° and 15°, whereas misorientation angle > 15° was
considered for high-angle grain boundaries.

3. Results and Discussion

Welded samples of AA2024 using different pin profiles tool
are used for mechanical and microstructural characterization.
The detail findings of mechanical properties and microstruc-
tural characterization are presented and discussed in the
following section.

3.1 Influence of Pin Profile on Mechanical
and Microstructural Properties

In FSW, tool pin profile directly affects material movement,
heat generation and shearing action of plasticized materials
during the process (Ref 7, 32). In the present study, different
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tool pin profiles are used to understand the influence on
mechanical properties and microstructural features. The
detailed effects of pin design on the above-said properties are
discussed in the following section.

3.1.1 Effect of Tool Pin Profile on Tensile Proper-
ties. After successful experiments, transverse tensile proper-
ties of samples are measured. Measured properties, which are
UTS, joint efficiency and elongation (%), obtained through
welding of samples using different tool pin profiles.

Figure 3 shows the true stress—true strain curves of tensile
test of welded samples using different tool pin profiles. From
Fig. 3, it is clear that the elongation and ultimate tensile
strength (UTS) of as-received sample are highest among all
tensile curves. The elongation and ultimate tensile strength
(UTS) of as-received sample are 462 £ 5 MPa and 18.5%,
respectively. All values of UTS and elongation are the average
value of best three measurements. The UTS and elongation of
all welded samples are found less compared to the as-received
material, wherein least values of UTS and elongation are shown
by samples welded using triangular pin, i.e., 285 MPa (UTS)
and 7.9% (elongation) (see Fig. 3). Among all welded samples
made by different tool pin profiles, joint made by square pin
profile exhibits the higher UTS and percentage elongation
values as shown in Fig. 4. Figure 4(a) shows the curve obtained
through UTS values of samples welded using different tool pin
profiles, whereas Fig. 4(b) reveals the elongation of all welded
samples using varied tool pin profiles. The samples welded
using square pin exhibited UTS as 362 MPa, and elongation is
15.1%. The UTS and elongation values of pedal pin-welded
sample are more or less similar to square—pin-welded sample.
The only difference is yield stress, which seems less as
compared to square-pin-welded sample (see Fig. 3). The
moderate values of UTS and elongations are represented by the
samples welded using conical pin, pentagonal pin and cylin-
drical with thread pin. The UTS and elongation of conical-pin-
welded sample are 324 MPa and 9.1%, respectively, whereas
304 MPa (UTS) and 11.29 (elongation) are observed from the
welded sample using cylindrical with thread pin. Some
considerable values of UTS and elongation are also exhibited
by pentagonal-pin-welded sample, i.e., 334 MPa and 13.5%.

From Fig. 4, it is clear that the weld specimens showed low
value of UTS and percentage elongation in comparison with as-
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Fig. 3 True stress—strain curves obtained from tensile test of
samples welded using different tool pin profiles

received material. It could be due to generation of heat and thus
coarsening of precipitates (Al,Cu) in developed HAZ region.
Additionally, microstructure due to over-aging and localized
deformation in the heat-affected zone reduced the tensile
properties (transverse) of FSWed joints in terms of strength and
ductility. In the case of FSWed joints, tensile fracture is
exhibited on retreating side of the processing.

The fracture location is common in all welded samples
regardless of tool pin profile. Most of the tensile samples fail by
well-known shear mode, i.e., at 45° angle. The path of shear
fracture was at 45° to axis of tensile load which corresponds to
the lowest distribution of hardness profile (Ref 33). It could be
attributed that the width of the soft zone of low value of
hardness on advancing side (AS) is very low and the width of
the low hardness value on retreating side (RS) is high. In
general, it is also found that the failure occurs in a wide soft
region (Ref 29).

The variation in the tensile results of different samples
welded using different tool profiles could be due to a pulsating
effect. A tool pin with flats exhibits significant material flow
and pulsating action during FSW. Pulsating action of tools is
accompanied by severe plastic deformation of material. It is
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evident that in FSW process, the generation of heat is result of
severe and rapid plastic deformation and frictional heating (Ref
7). In order to attain the desired peak temperature, sufficient
heat generation at the interfaces is needed. It is attributed that
welding with tool triangular pin takes longer time to achieve the
peak temperature. Thus, more heat is conducted through plate
and widens the region of TMAZ and HAZ (Ref 29). Therefore,
the loss of heat in the stirred zone results in insufficient
dynamic recrystallization and hence joint formed showed lower
strength and poor joint efficiency. In particular, in square pin
profile, higher-temperature and plasticized material is obtained
by pulsating action of sharp flats and associated frictional
heating. As a result, uniform microstructure across the welded
region is revealed, which is due to thoroughly worked region.
Among all six samples, samples welded using square pin
showed superior tensile properties (Fig. 4) with 78% joints
efficiency (see Fig. 5a). Though the UTS results are showing
lower values than those of the as-received material, the joint
performance is much higher than that obtained by other
traditional processes of fusion welding (Ref 12, 34).

The other traditional processes of fusion welding are arc
welding processes (TIG) associated with high heat input. The heat
input associated with fusion welding process leads to high softening
of aluminum with high residual stresses, resulting in distortion of
the part (Ref4, 5). High thermal conductivity, coefficient of thermal
expansion and reactivity make aluminum alloys difficult to weld
aluminum alloys using traditional welding process, and it show
poor strength in comparison with FSW process.

3.1.2 Microhardness Variation with Tool Pin Pro-
files. The other mechanical property, which is greatly affected
by welding of two parts, is hardness. Therefore, the influence of
different tool pin profiles on welded material’s microhardness is
recorded by Vickers microhardness tester. The microhardness
values of welded samples are shown in Fig. 5(b). The symbolic
representation of the indentation during hardness measurement
is given in the inset of Fig. 5(b). Figure 5(b) clearly reveals that
the microhardness results are greatly influenced by the design
and geometry of the FSW tool pin profile. The microhardness
patterns across weld region can be attributed with heat
distribution trends. Result of microhardness can be interpreted
that a softened region shows low-hardness distribution region
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(LHDR) found across the weld. Observed softened region of
weld zone occurs due to dynamic recrystallization which
diminishes the effect of strain hardening. In general, all welded
samples for microhardness using different pin profile showing
W shaped hardness graphs across the welds. Among the
different regions, thermo-mechanically affected zone (TMAZ)
reported lower hardness on both the advancing and retreating
side of the joints. From Fig. 5(b), it is clear that the
microhardness of the as-received material is measured as
132 £ 5 HVO0.2. It is observed from measured values of
microhardness that stir zone shows higher value of microhard-
ness among the all regions of welded joint except the as-
received material. Among all tool samples, there is significant
loss in the hardness of welded region using C tool pin profile
(triangular pin) in comparison with as-received material.

The best hardness characteristics among all samples are shown
by sample welded using tool pin E (square pin profile). Stir zone
(SZ) using tool pin E possesses 113 HV0.2 microhardness, which
is 14% lower than the parent metal. It is also examined that among
the different regions, TMAZ reported lower hardness on the
advancing and retreating side of the joints. The HAZ showed low
values of hardness in comparison with as-received material, but it
is higher than the TMAZ. Low-hardness regions are the conse-
quences of dissolution of the Al,Cu precipitates during friction stir
welding (Ref35). The impact of grain size is also evident in the SZ,
provided the various hardening mechanisms can work on such
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kind of alloy. In the contact zone of the tool, high values of peak
temperature in the SZ result in heterogeneous distribution of grain
size. It can be attributed that the grain size decreases from top to
bottom of the welded joint. Similar observations are found by Dixit
etal. (Ref2). In the same context, the distribution of precipitates is
different in the various regions of welding such as HAZ, TMAZ
and SZ. The distribution of precipitates can be attributed as the
dissolution of the precipitates depends upon the peak temperature
reached and extent of deformation in the zone. Therefore, the
coalesce of the precipitates results in coarsening of precipitates
which reduced hardness and strength of the welded region. Thus,
the lower hardness and strength findings are result of the
dissolution and re-dispersion of the precipitates, wherein the
growth of the precipitates is responsible for bond strength relative
to those of the as-received material.

3.1.3 Impact Strength of FSWed Joint Developed by Var-
ious Tool Pin Profiles. Impact strength of a material shows
its toughness or resistance offered by material till its failure.
The impact strength is greatly influenced by welding of the two
components using different input process parameters. Further-
more, the influences of different tool pin profiles on impact
energy of welded joints are investigated. In the present work,
the impact strength of samples welded using different tool pin
profiles are obtained using Charpy impact test. The Charpy
impact test results in terms of impact strength are shown in
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Fig. 6. It is clear from Fig. 6 that the trends of the impact energy
results are more or less similar to tensile properties results of
the studied material. It can be seen from the results that all
welded samples exhibit as usual lower impact energy in
comparison with the as-received material. The impact energy of
the as-received material is measured as 9.5 joule. Among all pin
profiles, the lowest impact energy is found of joint with tool D
(triangular pin), i.e., 2.72 joule which is 70% lower than the
parent metal as shown in Fig. 6, whereas the impact energy of
sample welded with tool E is measured to be 5.7 joule. The
impact energy values obtained of joint using square pin profile
are higher than the impact energy recorded of all welded
samples using different tools, i.e., A, B, C, D and F. The change
in impact strength could be due to maximum dynamic
recrystallization, and dispersion of precipitates of joint made
by square pin results in higher toughness or impact energy.

Based on the tensile properties, microhardness and impact
energy results, it can be concluded that the tool having square
pin profile provides and contributes to better material flow
during the FSW process. Additionally, joint made by square pin
profile showed higher mechanical properties in comparison
with other tool pin profile joints. It is also observed that defect-
free joint is obtained with higher joint efficiency using square
pin profile. To know the more significant contribution of square
pin profile, in-depth microstructural analysis of samples welded
using square pin profile is required. The in-depth microstruc-
tural analysis of samples welded using square pin profile is
shown and discussed in the following section.

3.2 Microstructural Analysis

In any processing, the end microstructure plays a significant
role in various properties such as mechanical properties etc. In
the similar context, microstructure of material welded through
FSW technique also has an influence of various processing
parameters. The effect of selected parameters on microstructure
of FSWed samples is discussed in the following section. Figure 7
shows the cross-sectional plane of welded joint showing
various regions observed after FSW. It can be observed that
the joints are free from any discontinuities and show adequate
plasticized material flow. The processed region using FSW is
further divided as stir zone or nugget zone, TMAZ, HAZ and
unaffected parent metal. Usually, it is found that the microstruc-
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Fig. 7 Cross-sectional plane of welded joint showing various zones
of square pin friction stir-welded AA2024

ture of thermo-mechanically affected zone (TMAZ) exhibits
twisted and elongated grains, just after the nugget zone where
no shearing of material occurred. It is found that the grains are
stretched upward in TMAZ which is parallel to the direction of
material flow. In TMAZ, recrystallization process is not
significantly affected to achieve the plastic deformation (Ref
36). Depending on the geometry of the tool and the welding
conditions, various zones of the friction stir weld are subject to
different thermal loadings. Compared to HAZ and TMAZ,
smaller, nearly equiaxed grains were observed in the weld
stirred zone (Ref 37).

The micrograph of processes and the as-received material is
shown in Fig. 8, wherein Fig. 8(a) shows the microstructure of
the as-received base metal, whereas Fig. 8(b) shows the
microstructure of stirred zone of FSWed sample and inter-
metallic compound in the stirred zone is shown in Fig. 8(c).
From Fig. 8(b), onion rings (i.c., a kind of layered structure) are
formed at the bottom of the weld during the FSW process. The
formation of onion rings is due to the rotation of the tool. Such
features of onion rings are formed by the shearing of thin layer
during the FSW. Another supporting reason for the onion rings
development is heat generation in the welded region due to
rotation of tool and its forward movement with the extruded
material around FSW tool.

Similar onion rings formation is also reported by other study
during the FSW process (Ref 38). Figure 8(c) shows the
microstructure of welded region specially nugget zone or stir
zone. In Fig. 8(c), some appearance of precipitates formation is
shown. Precipitation and their uniform distribution play a key
role in deciding the mechanical properties (Ref 39). The formed
precipitate could be of Al,Cu, wherein the distribution of such
precipitates is less uniform in some locations (see Fig. 8c).

But, it is difficult to identify the precipitates through optical
micrograph for the studied alloy; therefore, FESEM image has
been shown to reveal the precipitation in the stir zone.
Figure 9(a) shows the FESEM image of stir zone, wherein
bright patches seem to be precipitates. In order to confirm that
the bright patches are the precipitates, EDS analysis is carried
out. EDS analysis image (Fig. 9b) reveals that the bright
patches are precipitates having elemental composition of
approximately AI-—90.13%, Cu—8.3%, and very less amount
of Mg—0.93%.

3.3 EBSD Analysis of the Joint Developed by Square Pin
Profile Tool

To know the in-depth information from the microstructure
such as grain size and low/high angle grain boundaries, EBSD
measurement was taken for the selected weld joint. The
selected weld joint is the weld joint welded using square pin
profile. Various pieces of information such as grain size,
misorientation angle and high/low angle grain boundaries are
obtained from EBSD measurements. Figure 10 shows the
inverse pole figure (IPF) map of different locations for weld
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Fig. 8 Optical micrograph of FSWed joint using square tool pin profile showing (a) base metal, (b) stirred zone and (c) intermetallic compound

in the stirred zone

Fig. 9 SEM image of stir zone with EDS elemental distribution analysis: (a) FESEM image showing the distribution of precipitates in SZ and

(b) EDS elemental analysis

joint done using the square pin profile. The different zones of
weld joints such as stir zone or nugget zone, TMAZ, HAZ and
unaffected parent metal are shown in Fig. 10(a). The IPF map
of nugget zone is shown in Fig. 10(c), wherein recrystallization
of new grains is clearly visible after the process. Additionally,
significant volume of equiaxed grains is also evident in the IPF
map of nugget zone. Very less percentage of deformed grains
are observed in nugget zone (Fig. 10c). The orientation of
recrystallized grain and deformed grains is totally different with
each other. The IPF map of HAZ region of retreating and
advancing side is shown in Fig. 10(b) and (d),respectively.
From both the figures (i.e., Fig. 10b and d), it is clear that the
grains are more elongated in the HAZ region of retreating side

8612—Volume 30(11) November 2021

(Fig. 10b), whereas in advancing side HAZ region elongation is
not observed in the grain of IPF map (Fig. 10d). Additionally,
some small equiaxed grains are also visible at the junction of
deformed grains specially in advancing side HAZ region,
whereas no such grains are visible in retreating side. It is
observed that stirred zone microstructure mainly exhibits high-
angle grain boundaries with very less sub grains. Local
variation of the grain size appears in the considerably in the
structure as shown in Fig. 10. Obtained microstructure of the
stirred zone is dynamically recrystallized. Similar trends of
grain size reduction are also reported in stirring zone (40, 41).

To understand the influence of square pin profile tool on
weld joint, especially the material flow, grain boundary analysis
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Fig. 11 EBSD measurements data of sample welded using square tool pin profile; (a) misorientation angle in RS region, (b) misorientation
angle in SZ region, (c) misorientation angle in AS region, (d) grain boundary map of RS region with high- and low-angle boundaries (LAGBs/
HAGBS) (key and fraction is shown in Fig. (g)), (¢) grain boundary map of SZ region with high- and low-angle boundaries (key and fraction is

shown in Fig. (h)) and (f) grain boundary map of AS region with high- and low-angle boundaries (key is shown in Fig. i).

is done on all three domains such as stir region and HAZ of AS
and RS. The grain boundary maps are shown in Fig. 10. In
grain boundaries maps, low-angle grain boundaries (LAGB)
and high-angle grain boundaries (HAGB) are shown by red and
black lines, respectively.

In the present study, grains are defined as the small entity
exhibiting a misorientation 5° or more with its neighbor entity.
Based on the above-mentioned criteria, the distribution of
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misorientation angles between the grain boundaries were iden-
tified and calculated. The misorientation angle of grain bound-
aries between 5° and 15° is termed as low-angle grain boundaries
(LAGB), whereas grain boundaries with misorientation angle
greater than 15° are considered as high-angle grain bound-
aries(Ref42). However, random distribution of sub-grains can be
seen in the microstructure, which can be specified with angle less
than the 5°. In grain boundary map (Fig. 11e), large fraction of
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Fig. 12 Grain size—area fraction graph of FSWed joint in different
weld zones as RS-HAZ, AS-HAZ and SZ

high-angle grain boundaries in stir zone is observed. From
Fig. 11(h), it is clear that the fraction of HAGB is 61% in the stir
zone, which is a significant indication of new recrystallized and
refined grains. The refinement of grain size can also be observed
from Fig. 11(e). The number fraction of misorientation angle
corresponding region, i.e., stirring zone is shown in Fig. 11(b).
From Fig. 11(b), it can be attributed that whatever appearance of
grains in stirring region is a kind of recrystallized grains, whereas
Fig. 11(a) and (b) represents the number fractions of misorien-
tation angle of RS and AS regions, respectively. From Fig. 11(a)
and (g), it is clear that the fraction of recrystallized grain in RS
region is very nominal and mostly deformed grains could be
there. The indication of deformed grains from Fig. 11(a) and (g)
is quite confirmed with the grain boundary map shown in
Fig. 11(d).Figure 11(d) clearly reveals the elongated grains in RS
region. Such elongated grain could be attributed due to the
generation of less heat during the process. Similar kinds of
features are also obtained in AS side as shown in Fig. 11(c), (f)
and (i) for fraction of misorientation angle, grain boundary map
and fraction of high- and low-angle grain boundaries. Addition-
ally, it is clear from Fig. 12 that the HAGB fraction is more in
HAZ-AS in comparison with RS. Figure 12 shows the area
fraction of grain size of sample joined using square pin profile. It
is clear from the figure that stir zone (SZ) possesses major area
fraction of grain size between 3.5 pm and 8.5 pm. The average
grain size in the stirred zone was observed as 5.1um. The grain
size obtained in SZ is smaller than the average grains size of AS-
HAZ and RS-HAZ. Smaller grain size in the structure could be
attributed to have better strength of the material as per the well-
known Hall-Petch equation (Ref 43, 44).

It is found that continuous dynamic recrystallization
(CDRX) majorly occurs in high stacking fault energy materials
and encourage the formation of new grains the progressive
increase in low angle boundary misorientations (Ref 45).
Continuous increase in misorientation angle results in forma-
tion of HAGB in the structure. Improved strain hardening is
observed in structure with high fraction of HAGB. It is well
examined that the HAGBs block and hinder the movement of
dislocations significantly. Thus, capacity of strain hardening
increased which results in improved strength and ductility of
the joint (Ref 46).The grain size obtained from microstructural
analysis also validates the Hall-Petch equation with dislocation
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density. The relation of grain size with Hall-Petch equation is
the quite visible in mechanical properties. The Hall-Petch
equation plays vital role in deciding the strength and hardness
of the joint (Ref 47). Even, fine structure of the FSWed joint
exhibits less strength in comparison with parent metal. It is
because of the dislocation density phenomenon, which is more
dominant in determining the strength of materials. Due to
stirring action and dynamic recrystallization, dislocation den-
sity significantly decreased in the structure which results in loss
of strength.

4, Conclusions

The present work compiles the influence of different pin
profile on the weld characteristics of AA2024 in terms of
microstructural change and their effect on mechanical proper-
ties. The best tool pin profile was obtained from the mechanical
properties of joints, welded using different pin profile. Con-
clusions drawn from the above study are as follows:

1. The square tool pin profile provides better mechanical
properties of the FSWed joint in comparison with other
tool pin profiles such as conical, pedal, cylindrical with
thread, triangular and pentagonal tool.

2. The joint made by tool with square pin profile exhibited
78% joint efficiency. The UTS, percentage elongation
and impact energy are obtained as 362 MPa, 15% and
5.7 Joule, respectively.

3. The pulsating action due to flat faces of the square tool
provides better material flow and high heat generation
and thus the development of more recrystallized
microstructure, which improves the overall properties of
the welded joint.

4. The grain size obtained in SZ is smaller than the average
grains size of AS-HAZ and RS-HAZ.

5. Electron backscattering diffraction (EBSD) analysis also
revealed that the stirred zone (SZ) exhibits the recrystal-
lized fine-equiaxed grains, which is a result of dynamic
recrystallization.
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