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Abstract

In this analysis, friction stir processing (FSP) was applied to the Si rich TIG welded joint to study the influence of multi-pass
FSP (MPFSP) on microstructure, hardness and tensile properties. The TIG welding defects (coarse grain structure, porosity,
microvoids, and solidification cracking) were eliminated, and the grain size of the TIG welded joint was decreased. As the
FSP passes increases, the coarse eutectic Mg,Si and Al;;Fe, phases are converted into small phases. The coarse and elongated
dendrite structure of the TIG welded joint was decreased after one FSP pass. The homogenization or modification of the
primary o-Al exists in the TIG weldment was continuously improved as the TIG + FSP pass increased. The SZ of TIG + 3
pass FSP showed ultrafine grains of 3.42 um compared to other welded specimens. The average ultimate tensile strength
(UTS) of the TIG welded joint with filler ER4043 was observed to be 79.82 MPa, whereas the UTS of TIG+ 1 pass FSP,
TIG + 2 pass FSP, and TIG + 3 pass FSP was 97.87 MPa, 120.36 MPa, and 126.92 MPa respectively.

Keywords Friction stir processing - Tensile strength - Microstructure - Microhardness

1 Introduction

Aluminum alloys are versatile materials used in structural
components, automotive parts, maritime components, and
aerospace parts [1-3] because they have better formability,
high toughness, good corrosion resistance and high specific
strength. Furthermore, the mechanical properties of alu-
minum alloys can be improved by natural or artificial aging
and solution treatment. There are various aluminum alloys
available on the market depending upon alloying elements.
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These aluminum alloys possess different mechanical, electri-
cal, and chemical properties with diverse industrial applica-
tions. Recently, AA5083, containing Al-Mg, and AA8011
containing Al-Fe, has emerged as the basic structural alu-
minum alloy in modern engineering applications. AA5083
is used in pressure vessels, drilling rigs, shipbuilding, rail-
road cars, etc., whereas AA8011 is used in transportation
and construction work [4, 5]. Various nanoparticles were
employed during friction stir processing to enhance the
mechanical properties, microstructure, and wear behavior
of the base metal [6-8]. The AlI-Mg and Al-Fe-based alloys
AAS5083-H321 and AA8011-H14 have excellent corrosion
resistance, moderate strength, and high ductility [9]. The
fusion welding of aluminum alloys presents a prodigious
challenge for investigators. Tungsten inert gas (TIG) welding
is an appropriate technique for aluminum alloy welding, and
it has wide application in various industries [10]. The defects
observed in TIG welded joints are high residual stress,
solidification shrinkage, coarse grain structure, aluminum
oxide, and micro-cracks [11]. Various conventional/uncon-
ventional welding processes, i.e., laser-TIG hybrid welding
[12, 13], laser beam welding [14], TIG welding [15], fric-
tion stir welding (FSW) [16], TIG + FSP welding [17-20],
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Table 1 Chemical composition BM Si Fe Cu Mn Mg Cr T 7n Al
of AA5083 and AA8011
AA5083 0.139 0.153 0.010 0.649 4.339 0.040 0.011 0.013 Bal
AAS8011 0.421 1.119 0.106 0.549 0.326 0.027 0.015 0.079 Bal
ER4043 52 0.74 0.25 0.04 0.04 0.01 0.15 0.1 Bal

have been applied to join aluminum alloys. Among these
processes, the TIG welding process is commonly employed
for aluminum alloys in terms of economy and utility. In TIG
welding process, penetration occurs in the weldment and it
may increase as the heat input increases. Due to high heat
input, the coarse grains, formation of porosity, and wide
heat affected zone were observed, which depreciate the UTS
of the weldment. Numerous works have been published to
improve the UTS and grains structure of the TIG welded
aluminum alloy joints, i.e., using welding flux to rise the
penetration [21], taking double side TIG welding to remove
porosities, optimizing the welding process parameters [22,
23], post or preheat treatment to enhance the grain structure
of the welded region [24, 25]. Conversely, in many cases,
the joint efficiency of the weldment was found to be lesser
than the parent material due to the unlike grain structure
between the welded joints and the parent metals. The brittle
interdendritic structure was observed due to re-solidification
and eutectic melting of the fusion zone (FZ), which affects
the hardness, ductility, and UTS [26, 27]. To remove these
defects, FSW/FSP was introduced in 1991 at the Welding
Institute in the U.K. by Wayne Thomas [28]. Friction stir
processing (FSP) makes the material undergo severe plastic
deformation, leading to a homogenous refined microstruc-
ture via stirring and frictional heat during processing [29].
During this process, a rotating tool comprising of a tool pin
enters into the base plate and moves in the welding direction
with constant tool rotational speed. The base metal in front
of the tool pin transmits backward because linear motion and
tool pin rotation are subjected to forging and extrusion under
a high strain rate. Hence, the FSPed zone exhibited increased
tensile properties and fatigue life of the processed region
due to the enhancement of microstructure [30, 31]. There
is no melting point of metal during FSP, which effectively
avoids defects such as thermal cracks and porosities that are
generated during the melting and solidification of the metal.
FSP is a microstructure modification technique that elimi-
nates the defects in the existing base plate and enhances the
tensile properties and hardness value of the base metal. Low
welding speeds with high tool rotational speeds (TRS) were
used to fabricate the dissimilar aluminum alloys AA2219
and AAS5083 and observed defect-free joints with 97% joint
efficiency [32]. The non-heat-treatable alloy AA5083 has
the highest strength, but it is not recommended for use in
temperatures above 70° C. This alloy retains exceptional
strength after welding compared to other aluminum alloys
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Table 2 Mechanical properties of the alloys

BM UTS (MPa) Strain (%) Hardness (HV)
AA5083 320.891 27.9 91.373
AA8011 93.07 39.1 31.820
60°
t=6 mm \/—\
o
AA8011 I : AAS083
1.5 mm |
T 1.5 mm

—_— —

Fig. 1 Design and dimension of V groove

[33]. The tensile properties and grain structure of the dis-
similar welded joints of AA8011/AA6082 were enhanced by
submerging friction stir processing and results revealed that
the grain size decreased compared to base metal and FSWed
joints [34]. Most of the research scholars have analyzed
that all these techniques enhance the material strength but
decrease their ductility because large defect volumes develop
after deformation, resulting in premature plastic instability
and little strain hardening [35-38]. Very limited work has
been done on the FSWed joints of AA5083 and AA8011.
During this study, the focus was made on the effect of FSP
on the tensile properties, microhardness and grain structure
of the TIG welded joints.

2 Materials and Method

The aluminum alloy grades used were AA5083-H321 and
AA8011-H14, with a plate thickness of 6 mm. The chemical
composition and mechanical properties of the base materials
were predetermined prior to the study, refer to Tables 1 and
2 respectively. The said materials were cut into dimensions
of 250X 52 mm to accommodate the bed of the FSP fixture/
jig. The dissimilar cuts of the plates were prepared into a
single v-groove as depicted in Fig. 1. The JavWeld pulsed
TIG welding machine was used to fabricate the TIG welds.
The parameters used for the TIG and TIG +FSP welding
process are shown in Table 3. Three TIG- welded plates
were produced, one to be kept as is and the other two to
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Table 3 TIG and TIG +FSP welding parameters

Parameter

Filler wire AA4043
Wire diameter (mm) 2.5
Shielding gas Argon
Welding current (Amps) 120

Gas flowrate (L/min) 25
Welding speed (mm/min) 40
Voltage (V) 35

Tool rotational speed (rpm) 1450
Too traverse speed (mm-min~") 105

be used later for FSP. The fabricated TIG-welded plate is
presented in Fig. 2b.

Figure 2c¢ shows the milling machine, LAGUN FU.1-
LA model, that was used for FSP. The square FSP tool was
used for the processing of the TIG welds. Figure 3 show
the FSP tool profile. The dimensions of the tool included
a tool shoulder diameter of 20 mm, a tool pin length of
5.6 mm, and a 7 mm tool pin diameter. It should be noted
that two different material positioning were taken into con-
sideration during the FSP of the TIG welds. Figure 2e shows
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TIG + FSP welds. The produced TIG and TIG + FSP plates
were cut for different tests, including XRD, microstructure
electron backscatter diffraction (EBSD), microhardness, and
tensile tests. Prior XRD chemical composition of the pro-
duced weld was analyzed using the Belec compact port. The
Motic AE2000 metallurgical light optical microscope was
used for microstructural examination. The grain orientation,
grain size, and grain boundary structure were examined by
the EBSD process. The samples for EBSD analysis were
electro polished at 15 V for 3540 s at 25 °C in a mixed solu-
tion of 30% HNO;+70% CH;OH, and then examined. The
microstructure grain sizes were measured using the Image
J software, adapting the line intercept method as described
in the ASTME112-12 standard. Prior to the examination,
the specimens were metallurgical prepared and etched using
sodium hydroxide and modified Keller agents. The composi-
tion of the NaOH included the 2 g of NaOH and 100 ml of
distilled water, while the modified Kellers consisted of 10 ml
of HNO;, 1.5 ml HCI, 1 ml of HF, and 87.5 ml of H,0O. The
microhardness was measured using the Innova Test Falcon
500 Vickers hardness testing machine, and the ASTME384-
11 standard. A mass of 0.3 kg, a 1 mm spacing between
points, and a single line was used. A total of 20 indenta-
tions were measured from base metal to weld ceneter. The
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Fig.2 Experimental process of TIG and TIG +FSP welded joints, (a) V groove of 60° for TIG welding, (b) TIG weldment with filler ER4043,
(¢) TIG + FSP process, (d) tool used during FSP, (e) TIG + FSP welded joint, (f) tensile sub test specimen
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Fig.3 Design and dimension of FSP tool

Hounsfield 50 K machine was used for tensile testing. The
tensile testing was conducted with reference to the ASTM
E8M-04 standard as shown in 1f.

3 Microstructural observation

3.1 Microstructural characterization of TIG
and TIG + FSP welded joints

The optical images of the cross-section of the TIG weld-
ment of AA5083 and AA8011 is shown in Fig. 4, and it
was noticed that welding parameters, controlling the inter-
metallic distribution, and heat input have a prominent role
in the broadening of grain size and partially melted zone
(PMZ) [39, 40]. As the heat input increases, the size of the
PMZ flares away, and the grain structure coarsens [41]. This
results in poor UTS and a decrease in sample hardness in
the weld fusion zone. Image J software was used to exam-
ine the grain structure of the different welded zones. The
microstructure of the base metal (AA8011 and AA5083)
was obtained by optical and SEM observation. The average
grain size of the AA8011 and AA5083 exhibits 114 pm and
98 um respectively (Table 4).
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The microstructure of different zones of TIG-welded
joints of AA5083 and AA8011 is revealed in Fig. 4, which
exhibits the microstructures of the fusion zone and weld
zone. The fusion zone is a semi-molten region between the
HAZ and WZ that preserves severe inhomogeneity physical
and chemical properties, which reveals the transition tissue
i.e., discontinuous banded structure. The microstructure of
HAZ was illustrated in Fig. 4c, which revealed elongated and
coarse grains formed by rolling. The grains dissemination in
the HAZ is non-uniform and the grains were elongated and
coarsened compared to the fusion zone. Most strengthen-
ing phases in the HAZ might be reduced by re-dissolution
because of the rapid cooling and high temperature during
the TIG welding.

The optical macrostructure of TIG + FSP with differ-
ent zones SZ, and TMAZ is illustrated in Fig. 5. The sharp
interface was observed between the TMAZ and SZ on the
advancing side (AS) and uncertain on the retreating side
(RS), which demonstrates that the advancing side has some
larger gradients of temperature and strain [42, 43]. The slop
of the interface between the TMAZ and SZ was larger on
the RS, which may be attributed to the different material
flows on both sides [44]. The TMAZ region experienced
weaker deformation, and heating effects than the SZ, and
partial recrystallization and dynamic recovery took place at
TMAZ. Hence, elongated deformation and equiaxed DRX
grains were observed in the TMAZ region. The grain size of
the TIG + 1FSP, TIG + 2FSP, and TIG + 3FSP joints at the
SZ exhibits 10.85 pm, 6.95 pm, and 3.42 pm respectively,
which reveals that the microstructure in the SZ may have
refined for increased strain by applying the FSP. During FSP,
the coarse eutectic Mg,Si precipitates dissolved completely
into the AMC, forming a stronger diverse structure than the
TIG weldment of AA5083 and AA8011. Friction stir pro-
cessing is comprising heat generation and intense material
flow obtaining from plastic deformation and frictional heat
generated between the base plate and FSP tool [45]. The
SZ reveals the basin-like bottom region shown in the dotted
line. The microstructure of the TIG + FSP joints exhibits a
defect-free region and observed homogenous and fine grain
structure in the SZ, as shown in Fig. 6b-d.

Figure 7a reveals the high magnification SEM image of
the TIG-weldment at the fusion zone and observed Mg,Si
precipitates at the grain boundaries. This intermetallic com-
pound is commonly generated in aluminum alloys. Due to
grain growth caused by input heat, the average grain size of
the FZ and HAZ was 19.52 pm and 24.85 pm, respectively,
which was less than that of the parent metals AA5083 and
AAR8011. The fusion zone’s microstructure was charac-
terized by globular primary a-Al and precipitated Mg,Si,
where o particles were found along the grain boundaries.
The HAZ observed a larger thermal cycle than the fusion
zone experiencing lesser a-Al particles in the HAZ and few
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Fig.4 TIG welded joint of AA5083 and AA8011 with filler ER4043, (a) different zone of TIG welding, (b) HAZ region, (c) fusion zone, (d)

welding zone

a-particles precipitated out at grain boundary. The HAZ
and fusion zone reveal different microstructures compared
to base metals. Moreover, microspores of different diam-
eters were generated in the fusion zone. The back surface
was unable to be preserved by the shielding gas, whereas
the top surface of the melting pool was preserved in the
TIG welding process. Therefore, the air quickly entered the

melting pool through the gap between the two plates. Due
to the comparatively low cooling rate of the TIG welding
process, hydrogen cannot have separated from the melting
pool, which creates pores in the fusion zone, resulting in
the formation of microfractures around the pores [46, 47].
The homogenization or modification of the primary a-Al
exists in the TIG weldment of AA8011 and AA5083 was
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Table 4 Mechanical properties of the TIG and TIG + FSP welded joints of AA5083 and AA8O11

Materials UTS Joint efficiency ~ Strain (%) Hardness (HV) Grain size (um) Fractured location
(MPa) (%)

AA5083 320.89 - 27.92 91+2 98 -

AA8011 93.07 - 39.1 31+ 114 -

TIG 79.82 85.76 24.95 52+4 19.52 HAZ

TIG+ 1 FSP pass 97.87 105.15 21.89 60+2 10.85 TMAZ

TIG +2 FSP pass 120.36 129.32 26.52 64+4 6.95 Base material (AA8011)

TIG + 3 FSP pass 126.92 136.37 29.41 68+3 342 Base material (AA8011)

Fig.5 Different zone of
TIG + FSP welded joint

continuously improved as the TIG 4+ FSP pass increased. The
coarse and elongated dendrite structure of the TIG welded
joint was decreased after one FSP pass, as shown in Fig. 7b.
Due to the enhancement of material mixing and dispersion,
the eutectic Mg,Si precipitates were further decimated. The
area fraction of the fine and equiaxed grains increases as
the TIG + FSP pass increases, demonstrating a direct cor-
relation between particle dispersion and FSP passes due to
the reduction of eutectic Mg,Si precipitates [48]. After the
3rd FSP pass, the coarse and elongated grain structure was
completely converted into the fine and equiaxed microstruc-
ture illustrated in Fig. 7d. During multipass FSP, an inces-
sant kind of strain was observed, leading to the breakdown
of coarse and elongated grains, drastically reducing the
grain size of the TIG 4+ FSP welded joints of AA5083 and
AA8011. Moreover, the MPFSP boosted the DRX mecha-
nism and found fine grain structures [49]. A eutectic Mg,Si
precipitates with less formability than the parent material
and is concerted within the grain boundaries observed in
TIG welded joints (see Fig. 7a). The material flow was
tough, and most precipitates remained at grain boundaries.
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They move near the SZ as an increment of FSP passes on
the TIG weldment, observing more uniform dissemination
and fewer clusters of eutectic Mg,Si precipitates (Fig. 7b-d).

3.2 EDX analysis of TIG and TIG + FSP welded joints

Figure 8 reveals the energy-dispersive x-ray spectroscopy
(EDX) of TIG-weldment of AA5083 and AA8011, and
TIG + 3 pass FSP, where the atomic percentages of alu-
minum and silicon in the SZ and fusion zone were higher
than the other elements. In TIG weldment, the percentage of
Al is highest (91.82), Si is second highest (4.25%), and Mg
is the third highest (3.12%). The alloying elements were uni-
formly diffused in TIG 4 3pass FSP at the SZ. The alloying
elements Mg, and Si generates the precipitates, and this pre-
cipitation intensity disseminated after one pass FSP, which
enhanced the mechanical properties of the processed zone
[50], the XRD study is shown in Fig. 11 verified this finding.
The EDX was used in map scanning mode on the marked
area of TIG and TIG + FSP weldment illustrated in Figs. 9
and 10 to analyze the distribution of the elements between



Silicon (2022) 14:9925-9941

9931

Fig.6 TIG+FSP welded joint
of AA5083 and AA8011,

a HAZ of TIG+1 FSP, b

SZ of TIG+ 1FSP, ¢ SZ

of TIG+2FSP, d SZ of

TIG +3FSP

¢

z@ Coarse ‘grains

the different locations. In the fusion zone and the SZ, the
primary elements are distributed. The aluminum content on
the grain boundaries is lower than that within the grains.
Figure 10 reveals that major alloying elements were more
evenly disseminated in the SZ after the 3rd pass FSP com-
pared to the TIG weldment.

3.3 XRD analysis

XRD (BRUKER D8 ADVANCE) was employed to phase
identify the TIG and TIG + FSP welded joints Cuka radia-
tion at 1.518 A, illustrated in Fig. 11. Due to the unique
d-spacing for each material, the conversion of the diffrac-
tion peaks to d spacing allows for the identification of the
metal. The XRD peak of Mg,Si revealed the disparately
visible that confirmed the successful fabrication of TIG, and
TIG + FSP welded joint with filler ER4043. The considera-
ble presence of peaks corresponding to any other compound
(except Al, Si, Mg,Si, and Al,;Fe,) was not observed in the
XRD diagram, which showed the thermodynamic stabil-
ity of Mg2Si, Al,;Fe,. The phase identification of the TIG
and TIG + FSP welded joints of AA5083 and AA8011 is
illustrated in Fig. 11. Four major phases (Al, Si, Mg,Si, and
Al,;Fe,) were detected in welded joints. The intensity of
Mg,Si, Al;;Fe, was reduced as the FSP pass increased from
1 to 3 passes. The penetration depth of TIG and TIG + FSP
welded joints were evaluated by T=cosy2 p. Sin6 [51],
where 0 is the Bragg peak, p is the coefficient of linear
absorption, y is the tilt angle, and 7t is the depth of mean

Mg>Si

penetration. The hardness values of the TIG + FSPed zone
was influenced by strain hardening, precipitate formation,
and boundary energy [52]. Figure 11 reveals no unfavora-
ble reaction ensues between the dissimilar aluminum alloys
AA5083 and AA8011. The phase intensity decreases as the
FSP pass increases [53]. As the FSP passes increases, the
coarse eutectic Mg,Si and Al,;Fe, phases are converted
into small phases. The microstructure of the TIG + FSP
region enhanced the variation of temperature in the stir
zone, which improved the UTS. The effect of grain size on
the precipitates, dislocation density, and solid solution was
insignificant [54, 55]. Precipitate advancement comprises
the dissolution, coarsening, and nucleation of the precipi-
tate. In the FSP region, magnesium and silicon form strong
precipitates of Mg,Si, due to the precipitate of Mg,Si. The
TIG + FSP’s hardness depends on the precipitate formation,
strain hardening, and boundary energy.

The nucleation rate can be calculated as [56].

2
_ Ay ’ 1 Qqy
1= o) (1n€/ce) o) o

The dissolution of precipitates may be written as

_C-CD

V= —————
Cp_cir

@
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Fig.7 SEM images of TIG and TIG+FSP welded joint, (a) TIG welded joint, (b) SZ of TIG+ 1FSP, (¢) SZ of TIG+2FSP, (d) SZ of

TIG +3FSP

C, can be calculated as following [57].

2yVy,

rRT 3

C, =C.exp

The involvement to the yield strength (YS) from the harden-
ing precipitates can be written as

3/2
M 5 —1/2<3f>1/2 Zi N;F;
= —(2pGb — = 4
o = 5 (2PO0) {5 YN, @)
of Ti
F, = 2pGb° | — )

I

When 1, =1, then F,=2pGb?
So, the YS can be evaluated as

@ Springer

2/3 2/3 2/3
Oy = kFeCCu / + kSiCSi / + kMgCMg /
where.

R 8.314 J/K/mol.

Qg  130kJ/mol.

A,  Energy barrier for nucleation (16.22 kJ/mol).
r Particle radius.

C Concentration of element.
I,  9.66x10% s/m’,
Concentration of solute.
Qg 130kJ/mol.

r Mean particle radius.

M 3.1 (Taylor factor).

b 2.84x 10710,

Vm  3.95x 107 m*mol.
Concentration of Mg.

(6)
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Fig.8 EDS analysis, (a) TIG
welded joint, (b) TIG+FSP
welded joint

Diffusion coefficient.
Ccy  Scaling factor of Cu.

Full Scale 287 cts Cursor: 0.000 keV

) 2 4 6 8 10 12 14 16 18 20
Full Scale 287 cts Cursor: 0.000 keV

Particle interface energy (0.2). 3.4 EBSD analysis of TIG and TIG + FSP welded joints
Equilibrium solute content in the matrix.

Figure 12 represents the EBSD diagram of the TIG and
TIG+FSP weldments of AA5083 and A8011. The grain

F, Particle radius’ function. colors demonstrate the various grain orientations and crys-
I Particle radius. tallographic axes. The high angle grain boundaries (3-15°)
C Mean solute content in the matrix. and low angle grain boundaries (less than 15°) were marked
N;  Density number of the particles. in red and yellow color in the EBSD map. During FSP, the
kg;  Concentration of Si. material flows in different fashions on the RS and the AS

Cgi  Scaling factor of Si.
f Volume fraction.
G  27x107"°N/m’.

[58, 59]. The microstructure of the SZ was found systemati-
cally at the center and on the RS (3 mm from the center)
and AS (3 mm from the center) sides. The transition from

§ Dissolution line tension (0.36). the AZ to the parent material through TMAZ and HAZ was

Cy  Scaling factor of Mg.
ke, Concentration of Cu.
T Critical radius.

also observed. The MPFSP refined the grain size of the TIG
weldment. The amount of grain refinement is very signifi-
cant, and the final grain size after FSP depends on the tool

@ Springer
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Fig. 9 Elemental mapping of
TIG welded joint

Fig. 10 Elemental mapping of
TIG + FSP welded joint

Si kal

geometry and processing parameters rather than the grain
refinement occurring by the DRX. Apart from the coarse
and inhomogeneous structure of the TIG welded joint, pro-
gressive DRX was observed as the FSP pass increased from
one to three. The uniform color mixing in the TIG+FSP
reveals the grain refinement, effective inter-metal mixing,
and particle distribution. The microstructure modification
and degree of grain reduction during TIG+FSP include
acceleration flow, material preheating, deceleration flow,
and high-velocity flow, which were attributed to continu-
ous and discontinuous DRX, respectively [60, 61]. During

@ Springer

deceleration, strain reversal induced grain modification
was promoted. Figure 12b-d reveals the grain dissemina-
tion from the EBSD map of the TIG + FSP welded joint.
As the FSP increased, the TIG+FSP composite’s grain size
was changed to be assisted by particle-induced pinning. The
TIG+FSP welded joints observed higher DRX; this occur-
rence was attributed to the growth of the different nucleation
sites and consequently decreasing the grain size within the
SZ [62]. A frictional temperature of 0.55 to 0.75 times the
melting point was observed for FSP composites for all the
specimens. The temperature variation of each zone is shown
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Fig. 11 XRD analysis of TIG
and TIG + FSP welded joints of
AA5083 and AA8011

Fig. 12 EBSD image of
welded joints of AA5083 and
AAS8011, (a) TIG welded
joint, (b) TIG + 1pass FSP,
(¢) TIG +2pass FSP, (d)

TIG + 3pass FSP
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in Table 5. Average grain size of 10.85 um was observed
in a single FSP pass that generates the fine and equiaxed
grain structures illustrated in Fig. 12a. As the FSP passes
increase, the grain modification occurs, and we observe an
average grain size of 6.95 um and 3.42 um after 2 passes

and 3 passes, respectively. The fine and equiaxed grain size
of the composite MPFSP is correlated to DRX, followed
by grain growth. The interaction between dislocations and
reinforcement particles may lead to a higher density of
stored dislocations [63, 64]. The fine grains contain a large
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Table 5 Temperature ranges of TIG + FSP at different zones

Position AA8011 Sz AA5083
HAZ TMAZ TMAZ HAZ
Temperature 355-370 390-415 430-445 405425 375-390
range (°C)

fraction of HAGBs, which reveals that a high fraction of
LAGB:sS in the base metal was converted into HAGBs after
FSP. The precipitation sequence in aluminum alloys was
observed during MPFSP [27, 65]. The maximum grain size
of the TIG + FSP weldment is about 1.5 to 2.5 times larger
than the average grain size. The average grain size of the
TIG+1 pass FSP, TIG+2 pass FSP, and TIG+3 pass FSP
was around 10.85 um, 6.95 pm, and 3.42 pum respectively.
During TIG+FSP, severe plastic deformation and high tem-
peratures will support the DRX [66]. Since HAGBs are
more stable than LAGBs in AMCs, a high proportion of
the HAGBs could contribute to the thermal stability of the
TIG+FSP welded joints.

3.5 Tensile strength

The UTS of TIG and TIG + FSP welded joints of AA5083
and AA8011 was analyzed by universal testing machine. The
fracture in the TIG weldments occurred in the HAZ because
this region is the weakest among all zones. The TIG + 1 FSP
pass specimen fractured at the TMAZ region, whereas the
TIG + 2 FSP pass and TIG + 3 FSP pass specimens fractured

at the base metal (AA8011), an indication of the increased
UTS of the TIG + FSP joints due to the lack of a low hardi-
ness region and the strengthened SZ. To investigate the exact
UTS of the TIG + FSP weldment, the tensile specimens were
cut along the FSP direction. The stress—strain diagram of the
different processes reveals in Fig. 13.

The equiaxed and fine-grain structures with a large frac-
tion of HAGBs obtained by TIG+FSP welded joints have a
momentous influence on the UTS. The enhancement of the
UTS of TIG+ FSP was primarily attributed to the significant
grain modification. Furthermore, an enormous HAGBs frac-
tion illustrates that enormous misorientation exists between
the neighboring grains, which offers additional obstruc-
tion and increases the resistance against grain boundaries
interrupted by dislocation, resulting in grain boundary
strengthening [67, 68]. Moreover, the 2nd phase crystals
with homogenous dissemination act as dominant barriers
to dislocation motion, increasing the TIG+FSP region’s
UTS [69]. The grain refinement helps to enhance the com-
patibility of neighboring grains and thus improves the per-
centage strain. The uniform dissemination of the fine 2nd
phase crystals was responsible for the enhancement of the
percentage strain. The base metal (AA5083 and AA8011)
exhibits a UTS of 320.89 MPa and 93.07 MPa, while the %
strain is 27.9 and 39.1 respectively. Due to welding defects
and coarse grain structure in the FZ, the TIG welded joints
reveal a minimum UTS of 79.82 MPa. After FSP on TIG
weldment, the UTS and % strain increased. A maximum
UTS of 126.92 MPa was observed in TIG+3pass FSP illus-
trated in Table 4. Due to the significant grain refinement and

Fig. 13 Stress strain diagram
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dissolution of coarse Mg,Si, and Al,;Fe, phases. Moreover,
the dissolution of coarse Mg,Si and Al,;Fe, phases can sig-
nificantly decrease the crack’s growth rate and enhance the
ductility of TIG+FSP welded joints.

3.6 Microhardness of TIG and TIG + FSP welded
joints

The hardness distribution profile of TIG and TIG+FSP
weldments of AA5083 and AA8011 is illustrated in Fig. 14.
The microhardness variation may be related to the micro-
structure of the welded region. The variations in the hard-
ness values show the non-uniformity of grain structures. The
grain structure or grain size may be the dominating factor
in determining the hardness value, but it is not the only one.
Temperature distribution, strain rate, and particle density
seem to affect the hardness of the welded region [70]. The
decrease in temperature causes an increase in strain harden-
ing. As a result, smaller grain size, as well as strain rate at
low temperature-induced strain hardening of the TIG+FSP,
welded joints. In TIG welded joints, the HAZ region exhibits
the lowest hardness due to the combined mixture of ER4043
and base metal in the TIG welded region. The hardness dis-
tribution pattern for TIG + FSP welded joints was similar
to that of TIG-welded joints but different from that of TIG-
welded joints. The inhomogeneity of microhardness in the
SZ is due to inadequate material flow engendered by the
FSP tool [71]. As per the Hall-Petch correlation, the fine
grain structure was observed to have a higher hardness at
room temperature. A large fluctuation was seen in the TIG
weldments compared to the TIG + FSP welded joints. This
is due to the TIG joints’ being composed of coarse Mg,Si
and Al,;Fe, precipitating intermetallic phases. The a-Al
phase weaker than the Mg,Si, and Al,;Fe, phases, has an

enormous volume fraction. The hardness value would be
lower if the indenter was placed near the primary a-Al phase
rather than the Mg,Si phase in the opposite condition, the
hardness value was observed to be high.

The hardness value of the TIG weldment was lower than
the TIG+FSP weldments. The average hardness value of
TIG weldment at the FZ was observed to be 52 HV, whereas
the hardness value at the SZ of TIG + FSP welded joints of
1 pass, 2 passes, and 3 passes were found to be 60.3 HV,
64.8 HV, and 68 HV, respectively. Along with grain coars-
ening, the strengthening phase coarsens and partially dis-
solves in the HAZ, resulting in a steady fall in hardness in
the HAZ. Most precipitates were found to dissolve in the
TMAZ region [72]. With the Sharpe grain size gradient and
high-stress concentration, the occurrence of the worst ten-
sile properties was observed in the TMAZ region. The frac-
ture at the TMAZ region can have occurred due to the heat
effect, non-uniform microstructure, and distortion. It was
also found that the dissolution and defects of the precipitate
were created by inadequate heat input, which had a deleteri-
ous effect on the performance of welded joints [73]. So, the
TIG+FSP welded joint with the finest tensile properties was
observed with adequate heat input with the 3rd FSP pass.

3.7 Fractography

The fracture surface of the TIG and TIG + FSP welded
joints (Fig. 15) of AA5083 and AA8011 was analyzed
under SEM. In tensile specimens, the shear plane of 45°
(approximately) to the tensile axis is observed along the
peripheral of the test specimens [74, 75]. The cup cone
fracture was observed in the TIG + FSP welded joints. The
fracture surface of TIG and TIG + FSP welded joints char-
acterized by the cleavage facets, tear ridges, deep dimples
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Fig. 15 Fractured specimens of TIG and TIG 4+ FSP

and ductile dimples as shown in Fig. 16. TIG welded joint
consisted deep dimples resulting from the microvoids coa-
lescence with cleavage facets. The large area of fine and
ductile dimples was observed in the TIG + 3 pass FSP,
whereas ductile dimples with tear ridge, and cleavage fac-
ets was observed in the TIG + 1 pass FSP and 2 pass FSP.
In TIG+ 1 pass FSP, the particles were redistributed and
refined. Because the redistribution removes the dendritic
structure to a greater extent, inter-dendritic crack propa-
gation was prevented and the cracks were disseminated
through the aluminum base. The heat input and the TRS

Fig. 16 Fractography images
of welded joint of AA5083
and AA8011, (a) TIG welded
joint, (b) TIG + 1pass FSP,
(c) TIG + 2pass FSP, (d)

TIG + 3pass FSP

@ Springer

were observed to have a linear correlation, which affects
the joint’s efficiency. When the TRS increases, heat input
also increases, which influences the grain size of SZ. How-
ever, as the heat input increased, the grain size of the HAZ
also increased, resulting in a reduction in tensile proper-
ties. This phenomenon encouraged the fracture to occur in
the HAZ region in TIG + 1 pass FSP [76, 77]. Meanwhile,
the aluminum base zone was ductile. The dissemination of
cracks through the aluminum base led to improved ductil-
ity. This leads to the formation of micro dimples in the
ruptured surface was observed in the TIG + FSP welded
joints shown in Fig. 16. The ruptured interface with cleav-
age and dimples was the foremost reason for the fraction.
Figure 16 reveals a network of fine dimples in TIG + 2 pass
FSP and TIG + 3 pass FSP, indicating a ductile failure.
Conversely, a distinct difference in the size of the dimples
may be observed between the TIG and TIG + FSP welded
joints. Large voids and dimples were easily visible in the
TIG welded joint shown in Fig. 16a, whereas fine and
more uniform-sized dimples in the TIG + 3 pass FSP were
observed as compared to the TIG welded joint.

4 Conclusions

The tensile properties and microstructural evaluation of TIG
and TIG + FSP of dissimilar aluminum alloys of AA8011
and AA5083 were successfully carried out and the following
conclusions were made.
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e The multipass FSP was employed on Si-rich TIG
welded joint of AA5S083 and AA8011. The TIG weld-
ing defects were eliminated, and the grain size of the
TIG welded joint was decreased. As the FSP passes
increases, the coarse eutectic Mg,Si and Al,;Fe, phases
are converted into small phases.

e The homogenization or modification of the primary
a-Al exists in the TIG weldment was continuously
improved as the TIG + FSP pass increased. The coarse
and elongated dendrite structure of the TIG welded
joint was decreased as the FSP passes increased.

¢ Due to the enhancement of material mixing and disper-
sion, the eutectic Mg,Si precipitates were further deci-
mated. The TIG + FSP welded joints observed higher
DRX; this occurrence was attributed to the growth of
the different nucleation sites and consequently decreas-
ing the grain size within the SZ.

e The fine and equiaxed grain size of the compos-
ite MPFSP is correlated to DRX, followed by grain
growth. The interaction between dislocations and
reinforcement particles may lead to a higher density
of stored dislocations. The fine grains contain a large
fraction of HAGBs, which reveals that a high fraction
of LAGBs in the base metal was converted into HAGBs
after FSP.

e The average UTS of the TIG welded joint with filler
ER4043 was observed to be 79.82 MPa, whereas
the UTS of TIG + 1 pass FSP, TIG + 2 pass FSP,
and TIG + 3 pass FSP was 97.87 MPa, 120.36 MPa,
and 126.92 MPa respectively. The average grain
size of the TIG + 1 pass FSP, TIG + 2 pass FSP, and
TIG + 3 pass FSP was around 10.85 um, 6.95 um, and
3.42 um respectively.

e During TIG + FSP, severe plastic deformation and high
temperatures will support the DRX. Since HAGBs are
more stable than LAGBs in AMCs, a high proportion
of the HAGBs could contribute to the thermal stability
of the TIG + FSP welded joints.
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