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Using friction heat, welded joints of the Friction stir welding (FSW) process are made that are utilized
to forge metal components together. Since there is no parent metal melting, several advantages are
obtained by the FSW process over fusion welding. The alloys AA6XXX and AA7XXX Al are two sets
of the most extensively utilized structural materials in rail transportation, automotive, and aerospace
industries. The objective of present study was to investigate the effects of novel cross-sections in joint
lines and further analyze the improvement in mechanical features. Due to the importance of the weld
zone properties, many researchers seek to improve the mechanical behavior of the weld zone. For this,
friction stir welded joint under four different new design in cross section named E1, E2, E3, E4 and one
conventional cross section, E5 were conducted. Better outcomes are obtained by joints made utilizing
this method based on joint quality and strength. The very good tensile features are displayed by the
fabricated joints with Ultimate Tensile Strength (UTS)> 254 MPa and elongation > 7%. The highest
UTS value which is occurred in E3 condition (Downward step) is 24.7% higher than required for FSW

of AA6061 alloy at T6 condition in the American Welding Society (AWS) standard (186 MPa).

doi: 10.5829/ije.2023.36.01a.03

1. INTRODUCTION

The Welding Institute (TWI) developed friction stir
welding (FSW) in 1991, which is employed successfully
to weld aluminum alloys, mainly 2XXX or 7XXX series
aluminum alloys. Welding these alloys is difficult
through conventional thermal welding approaches [1, 2].

FSW is an emergent solid-state joining procedure
where the welding material is not melted and recast,
rather it can be arranged as the butt weld (Figure 1). The
lower cost reduced weight by joining light-weight metals
with metallurgical features, and a reduced requirement
for skilled people make FSW an attractive welding
technique [3]. Moreover, the higher energy efficiency
and eco-friendliness make FSW a “green” procedure [4].
Utilizing this welding technique, it becomes possible to
decrease energy consumption by 99% and installation
cost by 40% compared to resistance spot welding [5].
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Moreover, FSW is a hot-shear solid-state joining process
using a non-consumable rotational instrument for
producing frictional heat at the welding location with no
material melting. It forms a smaller temperature gradient
and defect-free joints than the conventional arc procedure
[6].

The cost and quality of the completed weld can be
affected by the joint design. Determining the most
suitable joint design for a welding need special attention.
Each of weld joint designs for a job requires to be
compromised. For instance, this compromise can be
between strength and cost, equipment available and
welded skill, or between any two, three or more factors.
Thus, an appropriate joint design requires experience.
Even having experience, trial welds are necessary before
selecting the final joint configuration and welding
parameters [7]. The term weld joint design can be defined
as the way that two pieces of metal are put together or
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aligned with each other. The five basic weld joint designs
are butt joints, lap joints, tee joints, outside corner joints,
and edge joints [8].

The joint has reasonably higher strength. However, its
use is not proposed when the metals are under impact
loads or fatigue. This joint is simply prepared since it
only requires matching the plates’ edges together [6].
Though, correct fitting is important for the joint’s total
length as with any other joint.

In soldering, braze welding, and brazing, the finished
part’s tensile strength is highly affected by the space
between the joining parts greatly. By heating the parts,
the initial space may decrease or increase, based on the
joint fixturing and design. Increasing the area being
joined can increment the strength of a butt joint. The parts
with the thickness of 1/4 in. (6 mm) need to be not
considered for soldering or brazing when another process
will successfully work. There are three basic joint
designs in brazing including lap, butt and scarf (Figure
1). It is worth noting that a scarf joint is a type of butt
joint where an increased area of bond is presented
without incrementing the bond’s thickness [9]. The area
of a bond is based on the scarf angle cut for the joint.

In addition to the above-mentioned joint design, there
is a method known as splice joint where two members are
joined end to end in woodworking. The splice joint is
utilized when no required length of the material being
joined exists. It is a substitution for other joints like the
scarf joint and butt joint. Splice joints are more robust
than unenforced butt joints. They are potentially stronger
than a scarf joint [10]. Three main kinds of splice joints
were considered including bevel lap, half lap, and tabled
splice joint (Figure 2). The half-lap splice is the most
prevalent type of the splice joint.

As previously stated, the FSW process is solid state
welding process in which an inconsumable rotation pin is
inserted into the adjoining edges of the metals to be
welded with a proper tilt angle and then moved all along
the joint. The pin generates frictional and plastic
deformation heating in the welding zone [11]. Thus, tool
movement parameters and tool geometry which can be
controlled by operators are among the key factors that
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Figure 1. Three types of common joint designs for brazing
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Figure 2. Three main types of splice joints

affect the quality of the fabricated joint and welding
properties [12]. The terminology as described in Figure 3
is based on the international standard for FSW of
aluminum (1SO 25239) [13]. Parameters which apply to
FSW and are not mentioned in this standard, are
previously explained in other standards such as the
international standard for friction welding (ISO 15620)
[14]. Other factors like work-piece thickness, material
placement, machine characteristics and control
mechanisms will also affect the weld quality [15].

Mechanical properties of FSW are paramount to
industry, and is a very attractive filed. The main
particular areas of focus have been on tensile strength,
yield strength, hardness/microhardness and percentage of
elongation. Hardness tests can be used to not only
ascertain an approximate strength of a material, but also
see how strength varies from one part of a FSW to
another. In butt welds tensile tests can be performed
horizontally and vertically, where the nugget is either
tested in the traverse direction or the longitudinal
direction. Many studies relating to the dissimilar welding
of aluminum alloys have been performed and reported in
the literature. Table 1 classifies the pervious works based
on the mechanical properties of dissimilar FSW Al
alloys. Also Table 2 lists the tool geometries, tool
materials and welding variables used for FSW of
dissimilar Al alloys in the literature.
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Figure 3. Input parameter influence FSW process (left) and
the resulting output parameters (right) and welding
properties
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TABLE 1. Classification of pervious work on mechanical
properties of dissimilar FSW Al alloys

Mechanical Properties

Reference

uTsS H E
Azeez, et al. [16] x x
Avinash et al. [17] x x
Coleetal. [12] x
Haribalaji et al. [18] X
Prasanth and Raj [19] X x
Guo et al. [20] X x
Kasman and Yenier [3] X x
Kesharwani et al. [21] x x
Peng, etal. [22] x x
RajKumar et al. [23] X x
Heidarzadeh et al. [24] X X x
Azeez et al. [25] X x
Venkateswarlu et al. [26] x x

This research is challenging since it needs to take into
account the effects of various cross-sections in joint line
(joint line design) for improving the mechanical features
in dissimilar FSW of AA7075-T6 and AA6061-T6
aluminum alloys joints. This innovative technique can
assist to present practical solutions to applications with
difficulties in welding dissimilar alloys. Such
applications are prone to the creation of harmful
intermetallic compounds.

Therefore, the aim of this study is to investigate the
effects of novel cross-sections in joint lines. Friction stir
welded joint, In two different joint designs, called scarf
joint and half lap splice joint, under four different new
design in cross section named E1, E2, E3, E4 and one
conventional cross section, E5 were conducted. Ultimate
tensile strength (UTS), yield strength (YS), elongation
(E) and minimum hardness (HV) of dissimilar FSW of
AAB061-T6 and AAT7075-T6 joints under process
parameters found in the previous studies which are tool
rotational speed of 1040 rpm, tool traversing speed 135
mm/min and tilt angle 2°. Rest of this paper is organized
as follows: section 2 describes the experimental details,

TABLE 2. Literature review on tool material, profiles and welding parameters used for dissimilar Al alloys FSW

Reference Workpiece material Tool material Tool shape and size Operating parameters
AA2024-T4 | (4 mm
Ahmad M. Z. Thickness) H13 SD: 20 mm; RS: 400,600,800 rpm
etal. [27] AAT7075-T6, (5 mm PS: Threaded cylindrical; PD: 3.8 mm TS: 50 mm min~!
thickness)
Avinash et al AA2024, (5 mm) / SD: 25 mm RS: 710, 1000, 1400 rpm;
vinash et al. mm : ; .
! H13 TS: 80, 120 mm -1
[17] AA7075, (6 mm) PS: Square; PD: 5 mm; PL: 4.8 mm min
TO: 1 mm towards AA2024
RS: 700-1450 rpm
Cole et al. [12] AAB061-T6 / AAT075- H13 SD: 15 mm; PS: Threaded conical; PD: 7 TS: 100 mm min~!
' T6, (4.76 mm) to 5.2 mm; PL: 4.7 mm MP: 6061-7075, 7075-6061
TO:-2t0 2 mm
T ki AAT7020-T651 / SD: 15 mm; PS: Cylindrical; PD: 5 RS: 400, 800, 1200 rpm
orzewski et - : 15 mm; PS: Cylindrical; PD: 5 mm; . N
al. [28] AA5038-H111, (5mm) HSS PL: 2.6 mm T$: 100,200,300 mm min
AF: 17 kN, TA: 2°
RS: 1200 rpm
Guo et al. [20] AAB061-T6 / AAT075- ) SD: 15 mm; PS: Threaded conical; PD: 5 TS: 120,180, 300 mm min~*
’ T6, (6.3 mm) mm AF: 6-7 kN, TA: 2.5°
MP: 6061-7075, 7075-6061
Kasman and AASTEA HI11 / SD: 18-20-22 mm; PS: Threaded RS: 1000-1200 rpm
- cylindrical ; - 80- in~1!
Yenier [3] AAT075-T651, (5 mm) H13 y TS: 80-125 mm min
PD: 6 mm; PL: 4.8 mm TA:3°,DT:30s
Kesharwani et AA5052-H32 / $5-316 SD: 12|'15'20 mmpgsl/%";g?r RS: 1120, 1400, 1800 rpm
al. [21] AA5754-H22, (2 mm) ] frianguar, square, P or TS: 50, 125, 200 mm min~*
' circular pin; PL: 1.8 mm et '
s AseTor e sl sEnd Rsansmn
(29] AAS5038-H321, (6 mm) tapered threaded; PD: 6 mm; PL: 5.7 mm TS: 15-60 mm min™*
i : : PS: indrical : RS: 710 rpm
RajKumar et AA5052 / AAGO6L H13 SD:18 mm; PS: Threaded cylindrical ; p

al. [23]

PD: 6 mm; PL: 4.8 mm

TS: 20, 28 mm min~*
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Shojaeefard et

A7075-0O / AA5083-0,

SD:20 mm; PS: Tapered ;

RS: 500-1600 rpm

al. [30] (6 mm) PD: 10 mm to 5 mm; PL: 5.85 mm TS: 30-90 mm min~?!
Kumar et al PS: Tapered cylindrical, Tapered square, RS: 800-1600 rpm
[31] ' AA5083 / AA6061 HSS Tapered Hexagon, Paddle shape, Straight TS: 40-80 mm min~*
cylinder AF: 15-35 kN
SD: 19 mm;

Venkateswarlu AA2219/ AAT039, (6
et al. [26] mm)

PS: Threaded with three different

RS: 500-1000 rpm
TS: 20-40 mm min~*
AF: 5-8 kN

shoulder surface
PD: 7 mm; PL: 4.7 mm

SD: Shoulder Diameter; PS: Pin Shape; PD: Pin Diameter; PL: Pin Length; RS: Rotational Speed; TS: Traverse Speed; TO: Tool Offset; MP:

Material Placement; DT: Dwell Time; TA: Tilt Angle, AF: Axial Force

section 3 presents the weld joint cross section design,
section 4 results and discussion, and section 5 provides
the final conclusion.

2. EXPERIMENTAL WORKS

Dissimilar aluminum alloys were chosen in this study
such as AA7075 and AA6061 in the T6 temper
circumstances for butt scarf welding by FSW procedure.
Both plates.with a thickness.of 6 mm were.cut before
welding to a length of 200 mm and a width of 50 mm.
The FSW weld direction is vertical.to the plates’ rolling
direction. Before implementing the experiments,
the.mechanical features of base.aluminum alloys,
AA6061 and AA7075 were measured. AA6061 and
AA7075 have the ultimate tensile strength of 310.MPa
and 524.MPa, and.the elongation.of the 12% and 11 %,
respectively.

The experiments were performed using an instrument
made of AISI H13 hotwork steel with a square
pin.profile. To increment its wear resistance, it used to be
heat-treated to a hardness.of 52 HRC.after machining
(see Figure 4).

The ASTM E8M guidelines were follow out in order
to preparing the specimens for obtaining the real
mechanical. properties and fracture location of FSW
welded joints for the sub size specimen. At slightest three
examples were extracted from.each FSWed joint
following GOST 1SO 25239-4-2020. The arrangement
and measurement of each transverse tensile example
device balanced position as shown in Figure 5.

3. WELD JOINT CROSS SECTION DESIGN

After validation of results conducted on the FSW butt
joint configuration, the final step in this study is to
consider the effect of different weld joint designs on the
mechanical properties in order to improve the joint
efficiency. In this study two joint designs, called scarf
joint and half lap splice joint, were investigated from
mechanical point of view using the experimental
parameters found in the previous studeis wich are tool

—
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Figure 4. Geometry of tool design
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Figure 5. Arrangement and measurement of each tensile
example device balanced position

rotational speed of 1040rpm, tool traversing speed 135
mm/min and tilt angle 2°. Figure 6 and Figure 7 illustrate
the scarf and half lap splice joint design, respectively.
Figure 6(a) demonstrates a downward scarf joint
cross section which represents the inclination from
advancing side to retreating side and Figure 6(b) shows
the upward scarf joint cross section in which the slope is
expanded up from advancing side to retreating side.

Figure 6. Interface design in weld line: a) downward scarf
and b) upward scarf
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Figure 7(a) demonstrates a downward half lap splice
cross section design which represents the downward step
from advancing side to retreating side and Figure 7(b)
shows the upward step half lap splice cross section in
which the step is expanded up from advancing side to
retreating side.

In order to investigate.the effect of different welding
joint design on mechanical properties of the FSW joints,
five experiments were performed using the optimal level
of process parameters found in previous section. The
detailed experimental conditions with their cross section
are listed in Table 3. Dissimilar FSW joints were
produced along the longitudinal direction of five plates
of AA6061 and five plates of AA7075 were cut into
measurements measuring 100 mm long and 52 mm wide
(rolling direction) employing a Jonford milling machine
as shown in Figure 8. The tensile.testing of the FSW
joints is conducted.in exact Universal Testing Machine
Instron 3382 and their ultimate tensile strength (UTS),
YS, E are measured. A maximum of 31 measurements
were taken on each sample spaced every 1 mm in the
weld region and every 8 mm outside of the tools
footprint. The microhardness plots will also highlight the
differing weld regions.

4. RESULTS AND DISCUSSION

Table 4 shows the mechanical properties of the base.
AA6061 and the various cross-sectional structural

| |
]
i - 7075 RS |

Figure 7. Interface design in weld line: a) downward half
lap splice and b) upward half lap splice

TABLE 3. Experimental conditions and cross section design

Weld cross
section

Condition Cross section appearance

Downward

scarf
E3 Downwarq half - 7075 RS
lap splice
splice
- 7075 RS

E2 Upward scarf

E5 Butt joint

Figure 8. The Johnford vertical milling machine

connections between the AA6061 and AA7075. The
mechanical properties of AA6061 are listed in this table.
This is because all joints on the AA6061 side were
damaged at the location of the HAZ region where the
minimum hardness is shown in Figure 9. As detailed
already in different FSW of other Al alloys, the friction
stir welded joints ordinarily fractured at areas in HAZ on
the weaker fabric side [15,25]. Furthermore it may, those
researchers did not consider the impact of cross-section
design on the mechanical properties. The disappointment
areas in HAZ shows consistent holding has been
accomplished between disparate AA6061 and AA7075
alloys beneath all examined welding conditions.
According to Table 4, very exact tensile residences are
represented by all the joints with UTS > 254 MPa and
elongation > 7%. The maximum UTS value occurring in
the E3 condition (Downward step) is 24.7% larger than
the value needed for the FSW of AA6061 alloy at the T6
condition in the American Welding Society (AWS)
standard (186 MPa): AWS D17.3/ D17.3M:200X.

The Vicker’s microhardness profiles of the cross-
section for the dissimilar joints made under various
conditions (E1-E5) are shown in Figure 8. Generally,
both AA7075 and AA6061 alloys represented definite
microhardness reduction in the weld in comparison with
their equivalent base metals (the two materials in T6
temper conditions).

The main reason is the dissolution, coarsening, and
precipitation of strengthening precipitates resulting from
FSW thermal cycles. However, there are some minor
contributions associated with grain structure refinement.
In the HAZ, coarsening of strengthening precipitates and
the disappearance of Guinier—Preston (G.P.) zones cause
a slightly lower hardness the same as an over-aging
procedure. Further severe coarsening and probably
complete dissolution of precipitates happened in the
TMAZ, owing to the similar effects of treating the
solution. In the nugget, some precipitation may occur
after complete dissolution owing to the higher
temperature for the material in this area. The transition of
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microhardness is more gradual in the nugget from
AAB061 to AA7075.

In all the cases (the marked arrows in Figure 8),
irrespective of the applied process parameters or the
relative materials’ position, the hardness minima are
observed in the HAZ on the AA6061 side. Indeed, in
HAZ regions, all joints had a failure on the AA6061 side
near the TMAZ in tensile testing, in which the minimum
hardness is placed. The reduced microhardness in HAZ
is caused by the disappearance of G.P. zones and
coarsening of the strengthening precipitates which it can
be seen in Figure 9. Therefore, in the HAZ of the joints
made with less heat input, less severe precipitate
coarsening could happen. Thus, the highest minimum
value is obtained by the hardness profile of the joints
made with the least heat input (condition E3) (Figure 8).

Figure 10 represents the tensile tested samples’
fractured surfaces under SEM for circumstances E3 and
E5. Fractographic analysis was performed using these
two circumstances since UTS is the key objective

HV0.2

ES 026 < N

B4 07—\ = 1
P20y Advancing Side
s

1 ] M 1

PNE1(733)
Retreating Side
1 M ] 0 $ § 4 3 % L} 2 ‘ 6

Distance (um)

Figure 9. Vicker’s microhardness profile of different cross-
section joints

associated with the joints’ tensile behavior and the
different UTS between these two circumstances is the
most marginal. The fractured surfaces have
characteristically a higher quantity of almost equal
dimples with different sizes (Figure 10 (c) and 10(d)).
The fractured surface of the joints made under condition
E3 represents shallower dimples in comparison with
condition E5. It is also indicated that the joint E3 has
further higher hardness compared to E5 as can be seen in
the Figure 8 and Table 4. In such a dimple rupture mode,
the fracture is mainly caused by the overload and micro-
voids direct the failure through coalescence. Nucleation
of the micro-voids may occur near second phase
particles, grain boundaries, inclusions, and dislocation
pileups.

Figure 10(b) illustrates higher distorted grain
charactrization in HAZ and TMAZ zone of transverse
section. Moreover, relevant sign of distorted grain size is
observed, indicating the deformation of material before
fracture. It shows more elongation compare to condition
E3 (Figure 10(a)), as summarized in Table 4.

Therefore, the micro-voids grow and coalesce, thus
forming a continuous fracture surface by increasing the
strain during tensile testing. Hence, the shallower
dimples are formed in condition E3 probably owing to
further severe precipitate coarsening occurring during
FSW. Hence, in the HAZ of the joints produced under
condition E5, less closely spaced Mg2Si phase particles
are created. During the fracture process, nucleation sites
are effectively provided by the second phase particles
such as incoherent Mg2Si phase and different Al-Fe-Si
intermetallic in AA6061 alloy for micro-voids.
Nevertheless, it is unrealistic to quantitatively measure
the quantity of such second-phase particles because the
particles are mostly concealed at the bottom of the
dimples and possess a color similar to the nearby Al
matrix on fractured surfaces under SEM.

TABLE 4. Mechanical properties of the dissimilar FSWed in different cross-section

Mechanical properties

Joint efficiency

Condition Refs.
UTS (MPa) YS (MPa) E (%) Min H (HV) (%0)

AAGB061-T6 310 275 12 110

Butt joint 245 177 6 - 79 [25]
Butt joint 257.9 - 11 78 83 [32]
El 261.4 179.2 8.1 73.3 84.3 This study
E2 254.7 178.7 8.6 71.9 82.1 This study
E3 262.7 178.6 7.9 74.6 84.7 This study
E4 254.4 176.7 8.4 69.7 82 This study
E5 254.2 177.1 8.2 72.1 82 This study
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Figure 10. The tensile fractured surfaces under SEM in different conditions E3 and E5: a, ¢ and €) condition E3 and b, d and f)

condition E5

5. CONCLUSION

In order to improve mechanical properties of dissimilar
FSW of AA6061-T6 and AA7075-T6, a new design in
cross section of weld joint is presented. The proposed
design in cross-section of joint line is a new method to
improve the mechanical properties. This study reveal that
the different cross-section in joint line has critical effect
on the joint efficiency, which is plays an important role
in different industries such as automotive, aerospace,
electronics and shipbuilding. Friction stir welded joint
under four different new design in cross section hamed
E1, E2, E3, E4 and one conventional cross section, E5
were conducted. The mechanical test comes about
uncover that the joints welded in all the conditions
display exceptionally great ductile properties with UTS
higher than 254 MPa and elongation higher than 7%. The
highest UTS value which is occurred in E3 condition
(Downward step) is 24.7% higher than required for FSW
of AAG061 alloy at T6 condition in the American
Welding Society (AWS) standard (186 MPa). In addition
E3 condition has the best tensile strength which is 2.77
% more than the E5 condition. The weld joint efficiency
of the E3 condition (characterized as the proportion of the
quality of the weld joint to that of the base metal)
accomplished 84.7% of the base metal.
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