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Abstract

The present work aims to investigate the mechanical and
microstructural properties of dissimilar welding of
2014-T6 and 7075-T6 aluminium alloys of 6 mm thick
sheets, using butt welded friction stir welding. The two
distinct materials welded with the perpendicular to the
rolling direction of the dissimilar weld zone. The welded
joint was tested in tension at room temperature to
investigate the mechanical response and also to observe
the differences with the parent materials. The diversity in
the properties across the weld and its material mixing
behavior have considered by resolving the thermal cycle,
hardness test, and microstructural analysis. Plastic defor-
mation along with recrystallization during the welding
process resulted in the formation of distinct zones which
could be identified by their respective microstructures.
SEM/EDS analysis was carried out to analysis the
precipitates, which influenced the properties of the joints.
Based on the present study, 840 rpm with 30 mm/min
weld speed seemed to be optimum.
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Introduction

Friction stir welding (FSW) is a solid-state joining tech-
nique, was innovated in the United Kingdom at the welding
institute 1991; such technology has widely been examined
primarily for low melting point materials, i.e., Al, Cu, and
Mg alloys [1]. From the initiation, it can be effectively joined
or fabricated by using this process [2]. The process has
established a broad range of applications such as automobile,
marine, and aerospace sectors. Various research organiza-
tions are actively involved in this procedure [3]. Using the
FSW process, the different properties of Al alloys can be
accepted, which applied for making structural parts that have
good structural strength [4]. The importance of the FSW
process is to avoid material loss, thermal distortion,
embrittlement, and residual stresses. The process is slow as
compared to the conventional welding methods because, in
the FSW process, the maximum temperature of the base
metal is always lower than 80% [5]. The temperature gen-
erated in the Nugget zone is in the range of 0.6-0.95 Tm.
FSW can likely replace the resistance spot welding and
riveting of Al sheets in the automotive and aircraft indus-
tries, respectively [6]. Furthermore, no exceptional prepara-
tion of the specimens has required during the welding
process. FS welding of Al alloys suggested high mechanical
properties and low heat input compared with conventional
welding techniques [7]. Conventional welding shows a
dendritic structure in the fusion zone, which results in an
extreme decrease in the mechanical properties [8]. As the FS
Welding process is a solid-state technique in which solidi-
fication structure is absent in the weld and the issues related
to the presence of brittle inter-dendritic and eutectic phases
are vanished [9]. FSW is considered a green technology
process; therefore, the process is energy efficient and mini-
mize the distortion. It also neither requires shielding gas nor
filler metals [10]. FSW can join the alloys of similar and
dissimilar materials (i.e., Aluminium and Magnesium) hav-
ing thickness limits from 50 to 0.5 mm plates [11] since it
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provides predominantly mechanical properties in the weld
zone.

The salient purpose of this research work is to examine
the mechanical and microstructural evolution of two dis-
similar welding alloys, i.e., AA2014 and AA7075 of having
a butt joint thickness of 6 mm using FS Welding process.
Brief objectives of this research are listed below:

e To evaluate the optimal parameters (i.e., welding speed,
tool rotation speed and hardness of alloys) in FSW by
joining dissimilar welding Al alloys.

e To recognize the variation of temperature at different tool
rotational speeds.

e To study the mechanical properties (i.e., hardness and
tensile strength) of the dissimilar welded zone.

e To investigate the material flow behavior of the welding
zone.

e To examine the various microstructural aspects and
compare the grain size of different welding zone while
varying the tool rotation speeds.

Experimental Procedure
Selection of Materials

The high strength aluminum alloys can be widely used in the
automobile and aerospace industries. It is also required to
fabricate them to enhance their downstream applications.
Accordingly, rolled sheets of these two alloys were procured

Table 1 Chemical configuration

Alloys designation
of AA2014-T6 and AA7075-T6
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from Nextgen steel and alloys from Mumbai for the present
investigation. The sheets were cut in the following size
(50 x 150 x 6) mm for the welding. The chemical com-
position of these alloys is shown in Table 1. The parameters
considered concerning the study and their ranges are shown
in Table 2.

Both 2XXX and 7XXX series are heat treatable
Al-based alloys. These alloys have high stretch forming
compatibility and excellent formability which are mostly
used in aerospace and few in automotive applications are
shown in Table 3.

Tool Materials and Its Features

The tool materials used should have excellent properties
such as high strength, good creep resistance, and good
compressive yield strength. Colligan et al. [12] have reported
the movement of material flow by the tool having a thread
that helped to deliver the severe deformation of plasticiza-
tion around the probe in FS Welding. Therefore, the tool
selection depends upon several factors, such as the strength
of workpiece, hardness, elevated temperature, etc.

Recent studies observed that the H13 steel tool (Fig. 1)
was most preferred for the FSW process in softer materials.
The tool consisted of the pin, which comes in contact with
the workpiece and then plunged in the weld region. The FS
shoulder of the tool inhibited the material from escaping the
plasticized material during the FSW. Accordingly, the tool
should have the cylindrical threaded pin profile, which as
given in Table 4.

Contents of alloying elements (%)

Al alloys Cu Mg Mn Si Cr Zn Fe Ti Al
AA2014-T6 4.2 0.45 0.59 0.592 0.02 0.21 0.19 0.021 93.75
AAT075-T6 1.29 241 0.18 0.25 0.219 5.29 0.21 0.05 90.01
Table 2 Process parameters S.No. | Parameters Unit Ranges
along with domain
1 Tool rotational speed Rpm 540 660 840 1020 1200
2 Welding speed mm/min 30
3 Tool shoulder dia. to pin dia. ratio - =(20/6)
3.333

Table 3 Mechanical properties S

. Base Tensile strength Yield strength Elongation Hardness
Olfl AAQ[?; ]4'T6 and AAT075-T6  No.  material (MPa) (MPa) (%) (HV)
alloys
Y 1 AA2014-T6 | 452 383 7.5 75-85
2 AA7075-T6 487 417 11.5 105-115
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Fig. 1 H13 steel tool used for the
FSW process

Experimental Set-up

During the FS Welding process, the tool rotational speed
was varied from 540 to 1200 rpm at a constant welding
speed. Based on workpiece material and thickness, the tool
was selected. Variation of temperatures was measured using
K-type Chromel-Alumel thermocouples. The thermocouples
having the probe of diameter 1.5 mm was inserted into the
hole, which was attached to the data logger. There was a
high probability of damaging the thermocouples placed
under the pin or tool shoulder. Therefore, the peak temper-
ature was measured on the top surface of the workpiece
slightly 2-3 mm away from the tool shoulder, as shown in
Fig. 2. The tensile tests were performed on an Instron tensile
testing machine using the ASTM E-8 standard specimens
that were cut in the transverse direction. The crosshead
velocity of the machine maintained at 1.5 mm/min and a
strain rate of 0.0001 per second. Afterward, these specimens
are polished over varying grit size papers over the welded
zone. Eventually, the hardness was measured. Finally, the
specimens were etched by the Keller’s reagent mixture of
HCl (3 mL), HF (2.0 mL), H,O (190 mL) and HNO;
(5.0 mL) for 20 s and then washed then with H,O for 20 s.

Results and Discussion

The features of the weld depend on various parameters, i.e.,
welding speed, tool geometry, tool rotational speed, etc.
Therefore, an optimum parameter is required for different
alloys with different tool specifications. Table 5 summarized

Table 4 HI3 steel tool

Fig. 2 Experimental set-up of FSW machine

the pattern of different tool rotational speeds. A large number
of defects were identified for the joint produced at lower tool
rotational speed. These defects may be due to the insufficient
amount of material flow that results in void formation in
Fig. 3. Similarly, at a higher tool rotational speed, the tunnel
defect is found that is due to the lack of plasticized material
available for the flow. The build-up formation of defects
results in cracks (split of weldment), voids (unfilled scratch),
improper mixing, wormhole, etc.

Variation of Temperature Profile

FSW has developed as a complicated and interdisciplinary
process that requires a distinct set of knowledge and skills.
Furthermore, the different physical and mechanical proper-
ties strongly depend upon the amount of heat generation,
mechanical properties, mixing of materials, and material
flow. Figure 4 depicts the response of temperature mea-
surement by thermocouples at the tool rotation speed of
660 rpm. It has been found that the heating rate is more on
the advancing side of the sheet as compared to the retreating
side. Heating is due to the fact that the sheet has undergone
severe plastic deformation that generates a large amount of

. S. No. Tool variables Dimension
configuration [17]

1 Depth of thread (mm) 0.5 S —

2 Pitch of thread (mm) 0.8

3 Probe length (mm) 5.5

— Shoulder
4 Probe diameter (mm) 6 s —
Li [ n

5 Shoulder diameter (mm) 20 10 Dy o armetar
{ "% 1 D=sShoulder
. P diameter
: L = Pin length
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Table 5 Summarized pattern of  Agyancing side  Retreating side | Speed of tool rotation  Welding speed Remarks
the dissimilar AA2014 and (AS) (RS) (tpm) (mm/min)
AA7075 alloys by FS welding
process AA 2014 AA 7075 540 30 Voids and
cracks
AA 2014 AA 7075 660 30 Voids
AA 2014 AA 7075 840 30 Defect free
AA 2014 AA 7075 1020 30 Nugget
collapse
AA 2014 AA 7075 1200 30 Tunnel
defect

Fig. 3 Formation of defects in FS welding process by expanding tool
rotational speed

heat. The peak temperatures were found to be around 309 °C
on the AS while 264 °C on RS.

Although in Fig. 5 at 1200 rpm, the peak temperature
reaches to 352 °C which is higher than the recrystallization
temperature, i.e., 330 °C that predicts that the softening

Fig. 4 Response of the
temperature at the speed of tool

rotation at 660 revolutions per 330

region had been extended beyond the tool shoulder diameter
at higher tool rotational speed [13]. Furthermore, an identical
trend also observed in the temperature profile, which con-
cluded that enhancing the tool rotational speeds results in
increment in the amount of heat generation and vice versa.

Micro-hardness Analysis

For studying the mechanical properties, the hardness mea-
surement has been carried out using the Vickers hardness
machine by applying the force 200 gm with the dwell time of
20 s at room temperature. The average hardness values for
alloys AA7075-T6 and AA2014-T6 were found to be 108 £
0.2 HV and 77 £ 0.2 HV, respectively. This hardness Value
is analogous to the earlier result reported by Saravanan [14].
Figure 6a depicts the hardness profile of Al-alloys for the
dissimilar welding joint at a particular speed of tool rotation.
Finally, the effect of hardness value within the stir zone is

Response of the temperature at the speed of tool rotation
at 660 rpm.
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Response of temperature in a particular speed of tool

rotation
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Fig. 5 Response of temperature in a particular speed of tool rotation

lower in the RS region than AS. The figure provides the
hardness values for all the regions available in the welded
joint and the base metals. The mixing of materials deter-
mined the hardness in the welded region during the FS
Welding process. The hardness value of HAZ is found to be
lower than that of the base metals, but in SZ, the value is
slightly higher. Increased values in both TMAZ and SZ lead
to the change in plastic deformation and recrystallization that
led to grain structure changes, as shown in Fig. 6b. With an
increase in speed, extreme heat is generated, which dissolves
the strengthening precipitates, and it coarsens the grains.
However, in the nugget zone, the entire dissolution of pre-
cipitates occurs while coarsening the grain structure.
Re-precipitation in the nugget zone of AA7075-T6 placed on
the AS might have taken place upon natural aging and
cooling, which are liable for this recovery in Hardness.
Therefore, (Fig. 6) to acquire the proper amount of material
mixing and grain coarsening for higher hardness value at a
particular tool rotational speeds occurred in SZ due to plastic
flow [15].

Tensile Strength Analysis

The tensile test specimens were taken from all the joints
evaluated, and curves plotted in Fig. 7 for two alloys at
different tool rotational speeds. In tensile test experiments,
specimens were at room temperature with a crosshead
velocity of 1.5 mm/min. The different parameters, including
the ultimate tensile strength, yield strength, and percentage of
elongation, were determined and reported in Tables 6 and 7.
Both Tables show the parameters along with the efficiency of
particular tool rotational speed. The deformation for the
welded specimen in the transverse direction is highly
heterogeneous, which is due to the microstructure that has
different properties across the weld zone. Although with the
constant welding speed, higher tool rotational speed resulted
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in a heat input per unit length and stirring action, which
affects the tensile strength. When the tool rotational speeds
have come to the optimum speed, it generates sufficient heat
input to the stir materials resulting in the proper material
mixing and higher tensile strength [16]. Concerning the
constant welding speed and tool geometry, the tensile
strength increases with the increase in tool rotational speed
and then drops with a further increase in the tool rotational
speeds. At lower tool rotational speed, the amount of heat
generated is low as the contact area is less, which is due to
the insufficient material movement from the advancing side
to the retreating side. Whereas at higher tool rotational speed,
the amount of heat input is higher, which is due to the high
heat input turbulence of material flow. The optimum results
obtained at the proper inter-mixing of the material and grain
coarsening, which is due to the plastic flow rate.

Microstructural Analysis

Microstructure analysis has been carried out along the
welded cross-section of the sheet, which consists of three
different zones, namely (a) Heat Affected Zone (b) Thermo-
Mechanically Affected Zone (c) Nugget Zone as shown in
Fig. 8. The microstructure analysis at the different zone is
carried out at various tool rotation speeds. They are depicted
in Figs. 9, 10, 11 and 12. It is observed that there is a rec-
ognizable variation of grain structures in various regions
using Stereo Microscopy. It implies that the inter-mixing
zone gradually enhances with the increase of tool rotational
speed, but it has a greater influence than that of the welding
speed.

Although, the Stir zone primarily contains fine recrys-
tallized grains and obtained at the maximum temperature due
to the strict plastic deformation. Adjacent to SZ (Stir Zone),
TMAZ (Thermo-Mechanical Affected Zone) is found, which
is defined by the existence of partially recrystallized grains
as it is experienced lower heat input than SZ. HAZ (Heat
Affected Zone) is found adjacent to the base metals, which
experienced the only variation of temperature. Figure 8
shows the variation of the macro-structure of the specimen at
various speeds of tool rotation, which is evidenced by the
material flow behavior of the welding zone. The mi-
crostructure of the BM (Base Metal) of Al alloys is shown in
Fig. 8. Although, occurs due to the variation of temperature
in some cases, but it does not show any visible change either
in its properties or microstructure.

In the case of the HAZ region structure of grains was
elongated, which are analogous to the base metal (Fig. 10).
The dynamic recrystallization is absent in this zone due to
the deficiency of plastic deformation. Since the heat input at
this region is low, there was no considerable change in the
structure of the grains. The figure below depicts the same
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(a) Variation of Micro-hardness Profile at 840 rpm
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(b) variation of Micro-hardness Profile at differnet tool
rotaional speed
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Fig. 6 Variation of micro-hardness profile: a at 840 revolutions per minute and b at different tool rotational speeds

Response of the tensile strength of dissimilar weld
at various speed of tool rotation
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Fig. 7 Response of the tensile strength of dissimilar AA2014 and AA
7075 Al alloys at various speed of tool rotation

experimental conditions that can be seen while performing.
In the HAZ region, the un-dissolvable strengthening pre-
cipitates combined together and formed large precipitates.
The microstructure of TMAZ consists of plastically
deformed and a pattern of grain distortion in (Fig. 11). In the
TMAZ region, the grains are bending forward in the direc-
tion of welding speed, i.e., at the AS, whereas it is in the
opposite direction in RS. In the TMAZ region, grains are

Table 6 Mechanical properties
of dissimilar welds of AA2014

and AA7075 Al alloy at particular Yield Yield strain
tool rotation speed of 840 stress
revolutions per minute (MPa)

113 £ 0.3 0.014 £ 0.001

partly recrystallized and entire deformed regions. The scope
of plastic deformation is not restricted in TMAZ. The
strengthening precipitates might be dissolved in the TMAZ,
as well.

While a special type of zone is found in certain materials
or alloys that experienced the most severe deformation,
which is known as “nugget zone or stir zone (SZ)” is shown
in Fig. 12e. Formation of an onion ring-like structure is
identified, which might be due to the deposition of the
molten material having a threaded tool. Although an increase
in tool rotational speeds enhances the enormous movement
of material, which helped to achieve the higher heat gener-
ation. The coarsening of the fine recrystallized grain is found
to be occurred due to the heat generation during the FSW
process.

The second phase particles of Al-Cu-Mg—Zn were
identified in the retreating side, which reflects that all the
precipitates haven’t dissolved in the material. SEM-EDS
(Energy-Dispersive X-ray Spectroscopy) is evaluated, which
represented in Fig. 13, that gives the existence of Al-Cu—
Mg-Zn as the major constituents. The analysis is summa-
rized in the table below along with their compositions. It
might be observed that these precipitates influence the me-
chanical properties of the welded joints [14].

The corresponding grains which illustrated in Table 8 at
different tool rotational speeds. Smaller grain size in the
range of 4-6 microns is observed at a particular tool rotation

Mechanical properties of Al. alloys at a particular speed of 840 rpm

Resilience UTS Ductility Elasticity Toughness
(Pa) (MPa) (%) (MPa) I/m®)
0.88 £0.01 259 + 0.4 13+£0.3 8455 + 0.1 25 £ 0.1
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Table 7 Mechanical properties
of dissimilar welds AA2014 and
AA7075 Al alloy at various tool
rotational speeds

Fig. 8 Dissimilar welded zone
of the cross-section in tool
rotational speed: a at 540 rpm;
b at 840 rpm and ¢ at 1200 rpm

Fig. 9 Microstructure of

(BM) base metal in various
speeds of tool rotation for RS:
a at 660 rpm; b at 840 rpm and
for AS: ¢ at 600 rpm; d at

840 rpm

Fig. 10 Microstructure of HAZ
in various speeds of tool rotation
for RS: a at 660 rpm; b at
840 rpm and for advancing side:
¢ at 600 rpm; d at 840 rpm

S.
N
1
2
3
4
5

Tool rotational
speed (rpm)
540
660
840
1020
1200

Ultimate tensile Yield strength Elongation TNweld Joint
strength (MPa) (£0.3) (MPa) (£0.4) (%) (£0.1) (£0.02)
215 102 5.5 47.5

255 108 11.6 56.5

259 113 13 57

256 110 14 56.5

151 93 5 325

speed. Whereas, the fine equiaxed grains of 10 & 0.2 um
observed due to severe plastic deformation. The grain
growth happens due to the higher tool rotation; which leads
to more heat generation. The grain growth takes place, as a
side effect of higher heat generation of the particles of the
precipitate dissolved in the base metal.

Fracture Analysis

In SEM (Scanning Electron Microscopy), images of the
fractured surfaces at a particular tool rotational speed, which
was joined using the FSW process, are shown in Fig. 14.
Some FEG-SEM (Field Emission Gun Scanning Electron
Microscopy) observations were taken to understand the
microstructural effects on fractures surfaces of the speci-
mens. The fractography clearly shows that it was covered
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Fig. 11 Microstructure of
TMAZ in various speeds of tool
rotation for retreating side: a at
660 rpm; b at 840 rpm and for
advancing side: ¢ at 660 rpm; d at
840 rpm

Fig. 12 Microstructure of SZ in
various speeds of tool rotation for
retreating side: a at 660 rpm; b at
840 rpm, for advancing side: ¢ at
660 rpm; d at 840 rpm and onion
rings formation: e at 660 rpm; f at
840 rpm

Fig. 13 Elemental analysis of

Mg K

;"a':'e 8 d"ﬂ?ﬁon Otf rotational o] rotational | AA2014-T6 AAT075-T6
within different zones - P4PWBM HAZ  TMAZ sz TMAZ  HAZ  BM
(£0.04)  (£0.03)  (£0.0.1)  (£0.01) (£0.01)  (£0.03)  (£0.04)

540 50 423 21.2 9.9 142 162 20.8
660 49 23 2.5 103 145 165 216
840 51.5 44 242 125 15.5 17 22
1020 524 45 25.7 127 15.7 17.4 23
1200 52.9 454 25.9 13 15.9 172 224
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Fig. 14 Fractography of tensile specimens of welded joint in various speed of tool rotation

with fine dimples and a large population of micro-voids of
different shapes and sizes. The failure of the joints was due
to the propagation of these micro-voids during loading. The
fractured position of the tensile specimens can also be pre-
dicted by fractography—fracture has taken place at different
regions i.e., breaking at HAZ of RS or TMAZ of RS.
Therefore, the tensile specimens fractured at the weakest
point i.e., RS of the weld. Such a phenomenon is observed
due to the low values of micro-hardness value found in the
softer region.

Conclusion

In the present study, FS Welding of dissimilar plates
AA2014-T6 and AA7075-T6 Al alloys of thickness 6 mm in
a particular speed of tool rotation successfully performed.
The following conclusions are driven based on the above
results and discussions:

1. The max tensile strength of 258 4 0.2 MPa with 113 +
0.2 MPa yield strength and a maximum elongation of
12.7 (%) has found at a tool rotation speed of 840 rpm.
Hence, 840 rpm is the optimum tool rotation speed.

2. Within the weld zone, the minimum hardness is observed
in the HAZ region on RS, whereas the maximum hard-
ness has been found in SZ, i.e., 122 + 0.2 HV at 840 rpm
due to the proper mixing of materials.

3. The microstructure of the SZ produced confirms the
presence of fine recrystallized grain, which helps in
obtaining the superior tensile strength and the
micro-hardness of the joints.

4. As defects seem to occur during the intermixing zone at a
higher speed of tool rotation. This phenomenon has
improper mixing due to the enormous variation of mi-
crostructure in both the materials.

5. The micro-hardness value increases with an increase in
tool rotation speed at RS, whereas it decreases on AS due
to the coarsening of grains. The maximum grain size has
been achieving in HAZ on both the AS and RS. While
the maximum hardness achieved in SZ is due to the
re-precipitation.

6. Using FEG-SEM analysis, all the joints were fractured
mainly in HAZ or TMAZ on the RS leaving. The SZ is
free from defects after the welding process. While, finest
grain size is obtained at 540 rpm, i.e., 10 £ 0.2 pm.
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