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Nowadays, the automotive industry is increasingly emphasizing lightweight
structures to enhance fuel efficiency, vehicle performance and comply with
emission regulations. Traditionally, reducing steel-sheet thickness and
boosting strength has been the go-to method for weight reduction, but this
approach often compromises panel stiffness. To address the same, there is a
growing interest in replacing steel with lighter materials like aluminium,
which offer comparable structural properties. AA7075, an aluminium 7000
series alloy with high strength, prepared with precipitation hardening, is one
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alternative. However, it is regarded to be difficult to join 7075 plates by
conventional fusion-welding methods. Friction stir welding, being a solid-
state joining process, is proved as a viable technique to join successfully these
high-strength alloys, in particular, AA7075. However, the friction stir
welding causes reductions in weld properties, and the reduction is more
pronounced in thick section welds. Double-side friction stir welding is
considered as one of the possible solutions to address the problem of weld-
property reductions. In the present study, 6.35 mm-thick AA7075-T651
plates are friction stir welded from both sides. Mechanical properties of the
welded joints are evaluated using tensile tests as per ASTM B557 standards
and hardness tests. Furthermore, the weld microstructures are also
examined using optical microscopy. Higher hardness values occur in weld
nugget, and the heat-affected zone records lower hardness values. The weld
zone has exhibited joint efficiency of 67% in terms of yield strength, and the
tensile fractures are found to take place in the weld nugget. Weld nugget
region of friction stir weld exhibits fine equiaxed, recrystallized grains,
while heat-affected zone is seen with marginal grain growth.

Key words: double-side friction stir welding, aluminium alloy 7075, weld
microstructure, tensile properties, hardness survey.

ABTOMOGiTbHA TPOMUCIOBICTHL CHOTOAHI Bce Oinblle mOTpedye JEeTKUX
KOHCTPYKII# [OJA MTigBUINEeHHA e(eKTUBHOCTM BUKOPUCTAHHA MaJIUBa,
MPOAYKTUBHOCTY aBTOMOOLIIB i BigmoBimHOCTN HOpMaM BUKUAIB. Tpaguiriiino
OCHOBHUM METOAOM MOHMKEHHS BAru Ta IIiABUINEHHA MiITHOCTH OyJIo
3MEHINIEHHA TOBIMUHU KPUIEBOTO JIMCTA, aJjie Ied MigXil YacTo TOHUMIKYE
JKOpCTKicTh maHesen. g Bupimenna miel mpobseMy 0ys0 3aIpOIIOHOBAHO
3aMiHUTH KpHUIIl JErIuMHK MaTepifigaMu, TaKUMU SK aJIOMiHi#, aki
JIEeMOHCTPYIOTH TOPiBHAHHI CTPYKTYpPHI BaacTuBocti. AAT075, amominitioBuit
cron cepii 7000 3 BMCOKOIO MiIlHiCTIO, OfEP:KAHUIT METOAOM AUCIIEPCIIAHOTO
rapTyBaHHSA, € OAHi€0 3 aabTepHaTuB. OOHAK BBaKAETLCS, IO 3 €THAHHA
miaactuH 7075 3BUUaHUMU METOAAMU 3BAPIOBAHHSA TOILJIEHHAM € CKJIQTHWM.
3BapIOBaHHA TEPTAM 3 IEePEeMiIllyBaHHAM, IO € IIPOIecOM 3’e€THAHHS Y
TBEPAOMY CTaHi, BUSABUJIOCA KUTTE3TATHOI TEXHIKOIO MAJA YCIIIITHOTO
3’eTHAHHA ITNX BUCOKOMIIITHUX CTOIiB, 30KpemMa AAT075. OmHak TaKkuii crocio
MPU3BOAUTH M0 TOTIPIIeHHS BJACTUBOCTEH 3BApPIOBAHHSA, i Ile¢ MOHMMKEHHSA
0inbII BUpasKeHe Y TOBCTUX 3BapPHUX MIBaX. [[BOCTOPOHHE 3BAPIOBAHHS TEPTAM
3 IePEeMIITyBaHHAM BBAXKAETHCA OMHUM 3 MOKJIMBUX PiIlleHb /IS PO3B’ A3aHHA
IpobJyieMy ITOHUKEHHA BJIACTUBOCTEN 3BapIOBAHHA. ¥ JaHill pobOTi miacTuHU
AAT075-T651 ToBImHOIO ¥ 6,35 MM OyJiu 3BapeHi TepTaAM 3 HepeMilryBaHHAM
3 000x OokiB. MexaHiuHi BiIacTHUBOCTI 3BapHUX 3’€IHAHb OI[IHIOBAJU 3a
JIOTIOMOTO0I0 BUTIPOOYBaHb Ha PO3TAT BigmoBigHo mo ctangaptis ASTM B557 ta
BUIIPOOyBaHb Ha TBepmicTh. OKpiM TOro, MiKpPOCTPYKTYpy 3BapHOTO IIIBa
JOCTiM:KyBaJ TaKOMK 34 MOIMOMOTOIO ONTHYHOI MiKpockomii. Buri smauenusa
TBEPAOCTH CIIOCTEPIraroThCA y MicIli 3BapiOBaHHHA, a 30HA TEPMiUHOTO BIIJIUBY
Ma€e HMKYI 3HAUEeHHA TBEPAOCTU. 30HA 3BapIOBAaHHS IIPOJAEMOHCTPYyBaja
edbexTuBHicTh 3’emHaHHA Y 67% 3 TOUKM 30py MeKi NIMHHOCTH, i OyJO
BUSBJIEHO, IO B 3BaPHOMY IIIBi Bif0OyBatoThCA PO3PUBHI pyiiHnyBanHusa. O0sacTh
3BapHOrO IIIBa, OJEPIKAHOTO TEPTAM 3 IepeMilryBaHHAM, Mae ApiOHI
piBHOBiCcHi, peKpucTasi3oBaHi 3epHa, TOAi SAK y 30HI TEepPMiUHOrO BIJIUBY
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BiZOyBa€eThCS HE3HAUYHUU PiCT 3€peH.

KarouoBi ciioBa: [BOCTOPDOHHE B3BapIOBAHHS TEPTAM 3 IepeMilTyBaHHAM,
amominitioBui crou 7075, MiKpocTpyKTypa IIBa, BJIACTHMBOCTI mim dac
PO3DHUBY, LOCIIiKEeHHA TBEPAOCTH.
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1. INTRODUCTION

The 7xxx aluminium alloys stand out for their heat treatability and
ability to offer the highest strengths among all aluminium alloys.
Their remarkable strength-to-weight ratio and corrosion resistance
have made them a staple in various aerospace and structural
applications. However, joining these high-strength aluminium alloys
using traditional fusion welding techniques presents challenges due to
their high thermal conductivity, which often leads to weld defects such
as porosity and solidification cracking. The dendrite structure formed
during conventional welding also contributes to a significant
reduction in mechanical properties [1-3].

Specifically, AA7075 sheet and plate products find extensive use in
automotive industry where a balance of high strength, moderate
toughness, and corrosion resistance is crucial. Aluminium and
magnesium have densities of 2.7 g-cm™ and 1.74 g-cm™3, respectively,
significantly lower than steel (7.86 g-cm™3). However, aluminium can
face availability issues for high-volume production. Therefore, a
strategic blend of aluminium and magnesium, coupled with advanced
joining techniques like friction stir welding, emerges as a promising
solution for next-gen automobile applications. While these alloys are
typically considered non-weldable using commercial processes and are
often assembled using riveted construction, the advent of Friction Stir
Welding (FSW) technology has provided a viable alternative,
particularly, for welding high-strength aluminium alloys compared to
traditional fusion techniques.

FSW is a solid-state, hot-shearing process well suited for joining
nonferrous metals and alloys, offering notable advantages such as
lower heat generation, absence of melting, reduced defects, and
minimal distortion [4-8]. This process has gained traction in
industries like automotive and aerospace for producing sound joints in
high-strength aluminium alloys. However, improper welding
parameters during FSW can lead to defects and compromise the
mechanical properties of the joints [9].

During FSW, a non-consumable rotating cylindrical tool with a
shoulder and threaded pin plunges into the butting surface of rigidly
clamped plates placed on a backing plate. Welding occurs through
friction-induced heat between the tool and plates, resulting in severe
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plastic deformation and material flow as the tool moves along the
welding direction. The weld consists of several zones, including the
heat-affected zone (HAZ), thermomechanically affected zone (TMAZ),
and dynamically recrystallized zone known as the weld nugget (WN).
The fine grain structure in the centre of the weld region significantly
influences the mechanical properties[10, 11].

Despite FSW effectiveness in joining high-strength alloys like
AAT075, it can lead to reductions in weld properties, particularly
noticeable in thicker welds [12, 13]. Double-side friction stir welding
has emerged as a potential solution to mitigate these weld property
reductions [14]. In the present study, 6.35 mm-thick AA7075-T651
plates were subjected to double-side friction stir welding, followed by a
thorough evaluation of mechanical properties and examination of weld
microstructures.

2. EXPERIMENTAL PROCEDURE

In the current study, 6.35 mm-thick plates of AA7075-T651 alloy
were used, having a composition of Al-5.6% Zn, 2.5% Mg, 1.6% Cu,
0.23% Cr, and 0.08% Fe by weight. These plates were cut and
machined into 110 mm-width and 200 mm-length coupons. To perform
friction stir welding, an appropriate tool made of M2 grade tool steel
with a tapper threaded pin profile was employed, featuring specific
dimensions such as a 3.5 mm-pin length, 6 mm-pin major diameter,
3 mm-pin minor diameter, 15 mm-shoulder diameter, and a 1.5 mm
pitch of threads, as illustrated in Fig. 1.

Through a series of rigorous trials, optimal welding parameters
were determined to achieve flawless welds, including a pin rotational
speed of 1000 rpm, a pin travel speed of 250 mm/min, and a 1.5° tilt
angle between the FSW tool and the plates that are joined. Double-side
friction stir welding (DS FSW) was performed sequentially on a
vertical milling machine. The second pass (side 2) was welded after
completing the first pass (side 1), with the advancing side (AS) of side
1 intentionally aligned to become the retreating side (RS) of side 2. The
welded joints are presented in Fig. 2.

For microstructural analysis, advanced optical microscopy

Fig. 1. Image of the tool used for friction stir welding trials.
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Fig. 2. Double side friction stir welded joint showing the weld region on both
sides of the joint.

techniques were employed. Carefully prepared samples from the welds
underwent a polishing process using various emery papers starting from
800 through 1200 grit size, culminating in final polishing using
diamond compound (1 micron particle size) in a high-precision single
disk polishing machine. These polished samples were then etched using
standard Keller’s reagent (comprising 5 ml HNOs, 2 ml HF, 3 ml HCI,
and 190 ml distilled water) to unveil the intricate microstructures
within the welds. Fractured surfaces of tensile-tested specimens were
also examined using scanning electron microscopy (SEM). Transmission
electron microscopy (TEM) specimens were extracted from the parent
metal and the weld nugget region of double-side friction stir weld using
electrical discharge machining (EDM). Initial sample thinning was
performed manually at low speeds to minimize thermal effects. Final
thinning was achieved through electrolytic polishing using a solution of
nitric acid in methanol. TEM studies were conducted using a JEM-2100
transmission electron microscope operating at 200 kV.

Transverse tensile specimens, in compliance to the stringent ASTM
B557 standards, were meticulously prepared from the welds in their
as-welded state. Room-temperature tensile tests were conducted using
an advanced universal tensile testing machine. Hardness testing was
carried out by Vickers microhardness tester. The readings were
considered at the mid-thickness of the joint. Each indentation was
taken with the spacing of 0.5 mm between adjacent measurements, at a
load of 200 g and for a dwell time of 10 s each.

3. RESULTS AND DISCUSSION
3.1. Tensile Properties

The outcomes of the tensile tests are presented in Table 1. It is evident
that friction stir welding led to a decrease in strength values compared
to the unaltered base material. The yield strength, tensile strength and
percent elongation values of the welded joint were found to be 360
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MPa, 435 MPa and 7, respectively. The joint efficiency, calculated
based on yield strength, was determined to be 67% . Moreover, each of
the three weld samples experienced fracture at the weld nugget in a 45°
shear mode, as depicted in Fig. 3. Fracture surface of the tensile tested
samples is shown in Fig. 4. It was realized that tensile fractures occur
in ductile mode as fine dimples can be observed.

TABLE 1. Results of transverse tensile testing (average of three tests).

Parameter Base material DS FS weld
Yield strength (0.2% proof) (MPa) 539 360
Ultimate tensile strength (MPa) 609 435
Elongation (%) 13 7
Joint efficiency in terms of YS (%) - 67
Fracture location - WN

Fig. 3. Tensile fractures of double-side friction stir welded joint of AAT075
(arrowhead shows failure location).

Fig. 4. SEM image exhibiting the fracture mode of the tensile-tested specimens.
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Fig. 5. Microhardness profile of the double-side friction stir welded joint.

3.2. Hardness Survey

Microhardness curve drawn from the readings obtained with 0.5 mm-
spacing is presented in Fig. 5. As can be clearly seen, hardness profile
was a typical ‘W’ shaped curve showing higher hardness in the weld
nugget region and lower hardness in the heat-affected zone. The
reduced grain size due to recrystallization of the material in the weld
nugget could be the reason for higher hardness in the region. However,
the high hardness could not show any effect on tensile strength of the
material since all the tensile samples broke in the WN region itself.
Increased hardness tackles the challenges associated with steel and
contributes to further reducing vehicle weight.

3.3. Optical Microscopy

In Figure 6, the macrograph showcasing a double-side friction stir
welded AAT7075, highlighting a flawless weld with no discernible
defects. The image clearly delineates various distinct weld zones such
as the WN, the TMAZ, and the HAZ.

Figure 7 represents the micrographs depicting the parent material
and the corresponding weld zones. Figure7,a unveils the
microstructure of parent metal, characterized by large elongated
pancake-shaped grains, indicative of a hot rolled structure.
Contrarily, Fig.7,b reveals the microstructure of weld nugget,
showcasing a fine and equiaxed grain formation resulting from
recrystallization. The recrystallized fine grain structure could be the
reason for the higher hardness in the weld nugget as the same is typical
in case of friction stir welded aluminium alloys. Figure 7, ¢ provides
insight into the thermo-mechanically-affected zone, displaying a
highly deformed grain structure, a consequence of the thermal and
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Fig. 6. Cross section of the weld showing various weld zones of double-side
friction stir welded AA 7075.

Fig. 7. Microstructures of the weld joint: a) parent metal; ) weld nugget; ¢) WN-
TMAZ interface; d) HAZ.

mechanical effects of welding process. A defect free, clear interface
zone of TMAZ and WN can also be seen in the same, which is an
indication of solid weld joint between the parent work pieces. Finally,
Fig. 7, d presents the heat-affected zone micrograph, which mirrors
the grain structure of the parent metal, but with noticeable grain
growth attributed to the heat input during welding.

3.4. Transmission Electron Microscopy

Figure8 presents the characteristic precipitate morphology of
AAT075 parent material in the T651 ageing condition and the weld
nugget of the double side friction stir welded joint. As evident in Fig.
8, a, the parent metal contains two distinct types of strengthening
precipitates, differentiated by size and morphology, consistent with
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Fig.8. Transmission electron microscopy images: a) parent metal; b) weld
nugget.

prior reports by Wert [15] and Lorimer [16]. The first group comprises
larger precipitates (50—80 nm), while the second consists of finer
particles (20—25 nm). Wert [15] identified the larger precipitates as an
isomorphous solid solution of MgZn, and MgAICu, denoted as
Mg(Znz,AlCu). In contrast, Lorimer [16] characterized them as
Mgs2(Al,Zn)y with a b.c.c. crystal structure. Thus, these precipitates
may correspond to either phase. The presence of these strengthening
precipitates, formed during deformation and T651 ageing, contributes
to the base-material ultimate tensile strength of =600 MPa, i.e.,
significantly higher than the =200 MPa observed in the annealed
condition.

Figure 8, b presents the TEM micrograph of the weld nugget region
in double-side friction stir welded joints. The welding thermal cycles,
typically exceeding the solution temperature while remaining below
the base-metal melting point, induced dissolution of strengthening
precipitates in the weld nugget. However, TEM studies revealed
partial re-precipitation and subsequent coarsening of some
strengthening precipitate particles, attributable to favourable post-
weld cooling rates. The dissolution and coarsening of strengthening
precipitates could be considered responsible for tensile fractures in the
weld nugget.

4. CONCLUSIONS

The conclusions drawn from the experiments on the FSW joint of

AAT075 alloy samples are as follow.

1. AA7075 alloy 6.35 mm-thick plates can be successfully welded using
friction stir welding from both sides.

2. The nugget region of the welded joint exhibited fine equiaxed
recrystallized grains, while heat affected zone exhibited no change
in grain structure excepting marginal grain growth.
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3. Higher hardness values occurred in weld nugget and heat affected
zone recorded lower hardness values.

4. The weld exhibited joint efficiency of 67% in terms of yield strength
and the tensile fractures occurred in the weld nugget.
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