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Welding of aluminum alloys is an important process used in several industries, including automobile,
shipbuilding and the aerospace. Welding aluminum alloys using traditional welding methods is difficult be-
cause of a various reasons, particularly melting of aluminum; however, friction stir welding (FSW) is a non-
fusion solid-state welding technique, which can prevent bulk melting of aluminum during the process, hence
acceptable joining approach for aluminum alloys. Friction stir spot welding (FSSW), a form of FSW, is a
potential method for creating spot connections between Aluminum alloys. The weld quality and mechanical
properties are affected by tool geometry and the process parameters utilized during FSSW. In this work, the
friction stir spot welding techniques of aluminum 2024-T3 are successfully carried out utilizing a welding
tool made of D3 steel. This experimental work utilizes process parameter such as spindle speed of 1500 rpm,
1750 rpm & 2000 rpm with dwell time of 2s, 4s and 6s. We investigated the effects of dwell period and spindle
speed on shear stress while keeping the plunge rate and depth constant. The force exerted on the FSSW tool
during the welding process is also investigated for the specified dwell time and spindle speeds. The highest

tensile shear force was reported for a weld formed at 2000 rpm with a dwell time of 6 seconds.
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1. INTRODUCTION

A lot of attention has been paid recently to study,
how vehicle parts in the aerospace and automotive in-
dustries can be made lighter by substituting relatively
light material like aluminum alloys for steel. Aluminum
alloys are essential in modern industries due to their
performance, aesthetics, technological advancement,
economic and environmental impact or government reg-
ulatory requirements regarding carbon emission [1].
Since fusion welding process can intro-duce weld de-
fects, which reduces the quality and integrity of alumi-
num alloys Therefore, new and innovative welding tech-
niques are developed, such as friction stir welding (FSW)
[2] and friction stir spot welding (FSSW) [3]. For welding
aluminum sheets, the fusion welding (Resistance spot
welding) was replaced by FSSW by Mazda Motors [4].

Since the FSSW method is a solid state, non-fusion and
environmental friendly welding process, it is recommended
for welding of aluminum alloys [5]. High-strength, fatigue
and fracture-resistant aluminum alloys can also be suc-
cessfully welded using it [6]. Since this process occurs at a
temperature lower than the melting point of aluminum,
the influence of heat on the microstructure and mechanical
properties of aluminum alloys is minimal [7, 8].

All improvements in FSSW are aimed to produce de-
fect-free, high-strength welds. The tool geometry and join-
ing approach are being studied for potential enhancements.
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The pin and shoulder are the fundamental components of
a non-consumable welding tool, and they contribute to
welding strength. Pin contributes in material flow between
work-piece and mixing in the stir zone, but shoulder pro-
vides most of the friction or deformational heat required to
soften the upper surface of work-piece materials [9].

The core of current advances in FSSW are modifica-
tions of these components by adding new features or
eliminating geometrical properties. The classifications
of FSSW of aluminum alloys are shown in Fig. 1.
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Fig. 1 — Various FSSW process developed
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It has been discovered that higher rotating speeds
result in more frictional heating of the work samples
[10], but high plunging rates result in insufficient ma-
material churning and as a result, reduced heat genera-
tion [11]. Furthermore, the longer the dwell time, the
more heat is transferred to the material [12].

The goal of the present study is to investigate the im-
pact of rotation speed and dwell time, two key friction stir
spot welding process parameters, on the shear strength of
FSSW welds for aluminum 2024-T3 sheets of thicknesses
of 1.6 mm and 2 mm [13-14]. The spindle speed and dwell
time ranges from 1500 to 2000 rpm and 2 to 6 seconds re-
spectively with plunging rate 15 mm/min & depth 2.3 mm
has been taken in this analysis [15-16].

2. EXPERIMENTAL PROCEDURE

The base material plate with the necessary size was
chosen for FSSW in lap joints. The friction stir spot
welds were manufactured using a CNC linear friction
stir welding machine with an in-house developed weld-
ing tool. The fracture load for FSSW welds was deter-
mined using a lap-shear tensile test on the universal
testing machine (UTM).

2.1 Weld Specimens

The specimens for FSSW were cut from the alumi-
num alloy sheets (AA2024-T3) purchased from the
standard supplier. The selected dimensions of Specimen
are approximately as per ASTM E8M-13. The schematic
diagram and material properties of work-piece is shown
in Fig. 2 and Table 1 respectively.
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Fig. 2 — The schematic diagram of weld sample

Table 1 — Material properties (Al 2024-T3)

Mechanical properties Chemical composition (wt.%)
Tensile Elongation . .
trength (MPa) %) Al Si Fe Cu| Mn [ Mg| Zn Ti
435 17 93.11 | 0.07 | 0.14 |4.5| 0.65 | 1.5| 0.01 0.02

2.2 Friction Stir Spot Welding Tool

A welding tool (D3 Tool steel) with a shoulder di-
ameter of 10 mm, a pin length of 2.3 mm and a pin di-
ameter of 3 mm was developed using a CNC Lathe ma-
chine, with tool geometry and specifications substan-
tially identical to those previously described [17].
The characteristics of welding tool material is shown in
Table 2.

Table 2 — Material properties of D3 tool steel

Mechanical properties Chemical composition (wt.%)

Tensil h| El i Machina-

ensile strengt! ongation ‘a_c 1na. C Mn si Cr v
(MPa) (%) bility (%)
435 17 45-50 2.15 | 0.40 | 0.40 12.25 0.25
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2.3 FSSW Set-up and Welding Technique

The FSSW procedure was carried out using a 40 kN
CNC linear friction stir welding machine. The rotational
speed, feed rate, tool's forward and reverse motion and
dwell time were all controlled. A visual representation
of FSSW machine is shown in Fig. 3.

The welding process begins with a perpendicular
downward motion of the welding tool with a preset feed
rate. The tool movement continues till the shoulder
touches the upper plate, after which it stirs for an ex-
tended amount of time than welding tool retracts and
the welding operation is completed. The FSSW manu-
factured welds are shown in the Fig. 4.

Fig. 3 — CNC linear friction stir welding machine

It

Fig. 4 — Manufactured FSSW specimen

In this welding process, dwell time and spindle speed
were set as 2, 4 & 6 seconds and 1500, 1750 & 2000 rpm
respectively, while maintaining a constant plunge rate
15 mm/m and plunge depth 2. 3 mm. The forces exerted
during welding process are shown in the Table -3.

Table 3 — Force exerted on tool during FSSW process

Spindle speed (revo- Dwell Time Force (Newton)
lution per minutes) (seconds)
2 3671.35
1500 4 3990.96
6 3835.29
2 3226.72
1750 4 3360.85
6 3336.84
2 3547.15
2000 4 3694.33
6 3550.67

2.4 Measurements of Weld Strength

A Universal testing machine (UTM) with a capacity
of 60 kN was used to determine the tensile force at frac-
ture for base materials with the same dimensions as the
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weld specimen, and the tensile force at fracture was 24
kN for 2 mm and 14.6 kN for 1.6 mm thick sheets. To
determine the tensile strength of the weld connection, a
lap shear tensile test was performed in the universal
testing machine.

3. RESULTS AND DISCUSSION
3.1 FSSW Tool

Heat treatment is a metallurgical process used to in-
crease the hardness of the metal; hence developed weld-
ing tool is uniformly heated to 850 °C, and then slowly
cooled, first in the furnace at a rate of 25 °C per hour to
650 °C then air cooled. This resulted in a tool hardness
of 52.7 HRC; however the color of the tool surface
changed from metal polish to black, as illustrated in
Fig. 5.

(@ (b)
Fig. 5 — Tool (a) Before and (b) After heat treatment
3.2 FSSW of Aluminum 2024-T3

The impact of dwell time and spindle speed on force
exerted during the FSSW process has been examined
and illustrated in Fig. 6 and Fig. 7.
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Fig. 6 — Force on the tool vs. dwell time (¢ = 1.6 mm)
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Fig. 7 — Force on the tool vs. spindle speed (¢ = 1.6 mm)
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The graph in Fig. 6 shows that force increased with
an increase in dwell time from 2s to 4s, then declined for
6s while keeping the rotational speed constant. In all
three spindle speeds, the highest force value is observed
with a dwell period of 4 seconds and the maximum force
exerted on the FSSW tool is 3990.96 N at 1500 rpm.

Similarly, from the Fig. 7, it is observed that the
force value is minimum at spindle speed of 1750 rpm and
maximum at 1500 rpm for all the three dwell times.

3.3 Lap Shear Strength of the Weld

The tensile strength is determined experimentally in
a universal testing machine at room temperature and
the effect of dwell time and tool rotating speed on weld
strength was studied. The greatest lap shear force ob-
tained is 11.91 kN for 1.6 mm and 16.5 kN for 2 mm
thick plates at rotational speed of 2000 rpm and dwell
time of 6 seconds hence better weld strength achieved.
Figure 8 depicts the effect of dwell time and rotating
speed on the tensile force at fracture.
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Fig. 8 — Tensile load vs. dwell time (¢ = 1.6 mm)
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Fig. 9 — Tensile load vs. dwell time (¢ = 2 mm)

Fig. 8 and Fig. 9 show that the tensile shear forces
steadily increases as the dwell time increases from 2s to
6s; the results are consistent with prior studies (18). It is
important to remember that the upper work-piece is
pressed onto the lower work-piece underneath the weld-
ing tool to start the welding process. As the temperature
increases, softened materials get trapped in the weld zone
between the two plates, generating a weld ring and caus-
ing the plates to fuse together to form a welded joint.

It ought to be noted that the reported tensile force at
1500 rpm is low, which could be explained by the slow
rotating speed; there is minimal frictional heat produced
and passed to the materials.
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With increased spindle speed, the heat generated by
friction increases, as does the area of the welding ring,
resulting in increased weld strength. The results are
similar with previous studies (19-20). It is also observed
that, the weld failure of the FSSW connections is influ-
enced by dwell time; various failure modes observed is
shown in the Fig. 12.
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Fig. 10 — Lap shear force vs. spindle speeds (¢ = 1.6 mm)
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Fig. 11 — Lap shear force vs. spindle speeds (¢ = 2 mm)
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Fig. 12 — Different failure modes of FSSW weld

4. CONCLUSIONS

An FSSW study was undertaken to investigate the ef-
fect of welding parameters, specifically rotating speed and
dwell time, on weld fracture load. Based on the obtained
results, the following conclusions can be drawn:

— Increasing rotating speed and dwell time improves
weld strength for the specified process parameters.

— Friction Stir Spot Welding of 1.6 mm thick plate
achieves 81 % efficiency, whereas 2 mm thick sheet
achieves 61 %. The tool employed may not be suitable for
welding a 2 mm thick plate, resulting in poorer effi-
ciency.

— To obtain high-strength FSSW joints, control the
tool geometry and welding parameters (rotational speed
and dwell time) based on the plates being welded.
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Bruiue mapameTpiB npoiecy TOYKOBOrO 3BAPIOBAHHSA 3 I€PEeMillyBAHHAM TE€PTAM HA MiIlHiCTH
3BapHOrO LIBA JJIA aJIIOMiHi€eBHX CILIaBiB
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3BapooBaHHS ANOMIHIEBUX CILUIABIB € BAMKJIMBUM IIPOLIECOM, KU BHKOPUCTOBYETHCS B KIJIBKOX IaJIy3siX
IIPOMUCJIOBOCTI, BRJIIOYAIOYM aBTOMOOLIBHY, CYIHOOYIIBHY Ta A€POKOCMIUHY. 3BAPIOBAHHS AJIIOMIHIEBHX
CILJIABIB TPAIUIIHHUMI METONAMY 3BAPIOBAHHSI YTPYJHEHO 3 PI3HMX IPUYHH, 30KpeMa ILIABJIEHHS aJIoMi-
HIiIO; OJHAK 3BAPIOBAHHA TepTAM 3 mepeminryBauaaM (FSW) — 11e TexHika TBepIOTIIBHOTO 3BaAPIOBAHHS 6e3
PO3ILIABJIEHHS, IKA MOYKe 3aI00IrTh 00’ €MHOMY ILIABJIEHHIO AJIIOMIHII0 IIiJ] Yac IPoIlecy, OT/Ke MPUAHATHUNR
MMAXIT IS 3’eHAHHA aJTIOMiHIeBUX CILIaBiB. ToukoBe 3BapioBaHHS TepTsaM 13 nepemimryBanaam (FSSW), pi-
auoBug FSW, € moTeHIIIMENM MeTOI0M CTBOPEHHS TOYKOBHX 3 €HAHD MK AJIOMIHIEBIMU ciiaBamMu. Ha ak-
1CTh 3BAPIOBAHHS TA MEXAHIYHI BJIACTUBOCTI BIJIMBAE T€OMETPIs IHCTPYMEHTY Ta TapaMeTPH IIPOIiecy, 10 BU-
KopuCTOBYIOThCS i yac FSSW. V naniit po6oTi ycminHo peasizoBaHA TEXHOJIOTIS TOYKOBOTO 3BAPHOBAHHS
asmoMinio 2024-T3 TepTsaM 3 mepeMinryBaHHAM 3 BUKOPUCTAHHSIM 3BapOBaJILHOTO 1HCTPYMeHTY 3i crasi J[3.
VY 1miif ekcrepuMeHTATIBHIE PoO0OTI BUKOPUCTOBYIOTHCS TAaKl ITapaMeTPH IIPOIlecy, sIK IIBHUIKICTH INIIHHIEIS
1500 06/x8, 1750 06/x8 1 2000 06/xB 3 yacom BUTPUMEH 2 ¢, 4 ¢ 1 6 c. Mu mociTipryBaIi BIJIUB II€PIOY BUTPHU-
MKW Ta IIBUIKOCTI IIIIHHEISI Ha HAIIPYTY 3CyBY, 30epiraodun MBUAKICTS 3aHYPEHHS Ta IVIHONHY IIOCTIHHUMU.
Cuuta, mio mie Ha iHcTpyMenT FSSW i uac mporiecy sBapioBaHHS, TAKOMK JOCIIMKY€EThC /I 3aJaHOT0 4acy
BATPUMKHN Ta IIBHIKOCTI IINMUHIEJsA. Haiblaboia cuiia 3CyBy HpH PO3TATYBAHHI OyJia 3apeecTpoBaHA I
3BapHOro 1IBa, cpopmosanoro mpu 2000 06/XB 3 YaCOM BUTPUMKHN 6 CEKYHII.

Kmiouosi cnosa: FSW, FSSW, Amominiesi ciiasu, Texuosmoriuni mapamMerpu, 3BaploBaJIbHAM IHCTPYMEHT.
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