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Abstract
An efficient and productive joining technique to weld aluminium has become a priority challenge for promoting the use of 
aluminium in the electrical industry. One of the challenges is to obtain welds with superior mechanical properties with the 
consistent quality of weld surface as well as low electrical resistance. In this paper, the influence of rotational speed dur-
ing the friction stir spot welding of AA 5754-H111 was studied to analyse the mechanical and electrical properties of the 
welds. The results from two rotational speeds (1000 rpm and 4500 rpm) are presented and compared to the base material. 
It was observed that the samples welded at 1000 rpm showed a higher average shear failure load (~ 1.1 kN) compared to 
the samples welded at 4500 rpm (~ 0.94 kN). The microhardness of the samples welded at 1000 rpm was higher than that 
of the base material, while the microhardness of samples welded at 4500 rpm was lower. It was also found that the friction 
welded sheets, regardless of the rotational speed used, showed increased electrical resistance compared to the base material, 
albeit this increase for the samples welded at 1000 rpm was about 42%, compared to samples welded at 4500 rpm where 
this increase was just 14%.

Keywords Friction stir spot welding · Aluminium alloy · Rotational speed · Electrical resistance

1 Introduction

The use of lightweight alloys in the automotive and aero-
space industries is significantly being promoted, thanks to 
the drive to the decarbonised economy [1]. The concerns 

related to climate change are influencing all areas of engi-
neering, and currently, in the automotive sector, a key driver 
is to substitute copper with aluminium to save weight and 
material costs, particularly for battery-operated vehicles 
where a wide range of terminals, connectors, and wires will 
form significant weight of the vehicle. While an effective 
reduction of energy consumption through efficient manufac-
turing is desirable, there is also a fear about the supply risk 
of the critical raw material and the price fluctuations associ-
ated with it. Therefore, the development of improved tech-
nologies for joining aluminium and its alloys, with accepta-
ble weld characteristics and minimal energy consumption, is 
desired [2, 3]. However, joining of aluminium and its alloys, 
especially with solid-state welding techniques, is a challeng-
ing task due to a persistent and chemically stable aluminium 
oxide layer naturally existing on the top and at the surface of 
the sheets prior to the welding due to the reaction between 
nascent aluminium and atmospheric oxygen [4].

Friction stir spot welding (FSSW) technology offers vari-
ous advantages over other joining technologies such as high 
mechanical properties, small or no distortion of welds, low 
energy consumption, and no consumable or shielding gas 
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involvement [5, 6]. Moreover, it offers a defect-free micro-
structure of the weld zone, and it is especially convenient for 
welding aluminium alloys. The basic concept of FSSW is 
relatively simple. A rotating tool with a specially designed 
probe and shoulder is allowed to penetrate the upper sheet in 
the overlapping area until a certain plunge depth is reached. 
The process lasts until the sheets join to each other, and at this 
point, the rotating tool retracts which leaves a keyhole behind. 
The keyhole affects the surface and weld quality of the joints, 
especially during the welding of thin aluminium sheets [7].

Consequently, a probe-less (or pin-less) tool friction stir 
spot welding (PLT-FSSW) process was proposed to overcome 
the drawbacks of keyhole [8, 9]. During PLT-FSSW, the defor-
mation induced by the tool results in stretch-induced strain in 
the sheets causing fragmentation of the brittle oxide layer on 
top of the sheets at the weld faying interface (WFI). As these 
fragments remain entrapped within WFI, they tend to impede 
the homogeneity in the diffusion bonding resulting in non-
uniform weld joint quality and becoming nucleation hotspots 
for joint fracture [10].

Sato et al. [11] was the first who analysed the details of WFI 
in the friction stir welded aluminium butt weld (AA 1050). 
The effect of the oxide layer on the mechanical properties of 
the weld was systematically examined to clarify the identity of 
the kissing-bond effect in FSW joints. However, during FSSW, 
this effect is different because it is a lap joining method and in 
the present literature, WFI of FSSW joints often alludes to as 
bonding ligaments (BL). It is considered to be an initial place 
where delamination during shear tests occurs [12]. BLs have 
been widely studied at the macro and micro scales. Mostly the 
influence of their length, shape, and distribution on the shear 
strength of the welds has been analysed. Sarkar et al. [12] used 
tracer materials as inserts to study material flow and bonding 
ligament formation during FSSW of 1.6-mm-thick DP590 
steel. It was found that BLs were created by intermixing of 
material of two overlapping sheets. With increasing rotational 
speed, ligament width increases. Tier et al. [13] studied the 
influence of rotational speed on the length of BL during refill 
friction stir spot welding. They observed that reduction of 
rotational speed from 1900 to 900 rpm increases the length 
of BL and shear stress. Li et al. [14] studied the effects of 
rotational speed on the weld quality during RFSSW of 2A12-
T4 aluminium alloy. The tensile-shear properties of welds 
were found to be dependent on hook geometry, distribution of 
bonding ligament, and hardness. With increasing rotational 
speed from 900 to 1300 rpm, the bonding ligaments of the 
weld periphery were more dispersed, and the hardness of the 

stir zone was observed to decrease. Recently Labus Zlatanovic 
et al. [10] analysed the origins of delamination in multiple 
sheets of AA 5754 aluminium alloy joined by FSSW. Detailed 
microscopic characterisation revealed the complex interfacial 
layer formed because of stress-assisted metallurgical transfor-
mation at the intersection of WFI. In this study, the influence 
of WFI on weld quality was studied only via a small punch test 
which showed that the highest overall weld was achieved when 
FSSW was carried at a lower rpm (1000 rpm).

An investigation into the electrical properties together 
with the mechanical properties will answer the key question 
asked by this paper, “how does the rotational speed influence 
the electrical resistance of the welded joint as a function 
of changed microstructure”? This research question formed 
the core of the investigation pursued in this paper, and as a 
by-product, several other salient features were also investi-
gated, which are focussed primarily on the changes in the 
local microstructure of the weld interface. Consequently, this 
paper reports the influence of rotational speed on the thick-
ness of WFI and its metallurgical composition.

2  Research methodology 
and experimentation

2.1  Base material

The work began by procuring AA 5754-H111 aluminium 
alloy sheets with its quotes chemical composition and 
mechanical properties shown in Tables 1 and 2, respectively. 
Four sheets having 0.3 mm thickness were cut in sizes of 
45 × 110 mm.

2.2  Friction stir spot welding process

The process of FSSW studied in this paper relied on using a 
force-controlled welding machine EJOWELD C50R FSSW 
(EJOT GmbH & Co. KG Geschäftsbereich EJOWELD, 
Tambach-Dietharz, Germany). The maximum rotational 

Table 1  Chemical composition of AA 5754-H111 aluminium alloy quoted by the material supplier

Element Si Fe Cu Mn Mg Cr Zn Ti Al

wt. (%) 0.40 0.40 0.10 0.50 2.6–3.6 0.30 0.20 0.15 bal

Table 2  Mechanical properties of AA 5754-H111 aluminum alloy 
quoted by the material supplier

Material Minimum yield 
strength (MPa)

Tensile strength 
(MPa)

Elongation – 
A50 (%)

AA 5754-H111 80 190–240 10
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speed in this machine can go up to 9000 rpm, with a maxi-
mal axial load of 8 kN and a dwell time of 5 s. A detailed 
description of the process setup has been provided elsewhere 
[15]. The tool used in this work (see Fig. 1) was made from 
H13 (X40CrMo51) hot-work steel. The tool had a convex 
contact surface which provides a gradual increase of the 
pressure providing FSSW of ultrathin sheets without tear-
ing the sheet with tool edge. Consequently, four ultrathin 
aluminium sheets were lap joined with this convex probe-
less tool.

The experimental parameters used in this study were 
in accordance with the previous study [10]. Two samples 
were welded at an axial load of 4 kN, the penetration depth 
of 0.25 mm, and two representative rotational speeds of 
1000 rpm and 4500 rpm.

2.3  Macro‑ and microstructural characterization

The two samples processed by FSSW were prepared for 
metallographic examination. The samples were ground with 
abrasive paper (grit 360 to 2500) and polished with diamond 
suspension (6 and 3 µm). The final step was fine polishing 
with colloidal silica with an average particle size of 0.05 µm 
(OP-S). After polishing, electrolytic etching was performed 
with Barker’s etching agent (5 mL HBF4 + 200 mL  H2O) 
using a Struers LectroPol-5 device (40 V, 2 min). The cross-
section of the samples was analysed by Zeiss, AxioScope A1 
light microscope with AxioCam ICc3. Cross-polarised light 
under sensitive tint was used for revealing different colours 
of the grains having different orientations.

The WFI on both samples was analysed with a 200 kV 
transmission electron microscope (TEM, Tecnai Osiris, FEI) 
additionally equipped with a scanning unit (STEM) includ-
ing a high-angle annular dark-field (HAADF, Fischione 
Co.) detector and energy dispersive X-ray spectrometer 
(EDX, Super-X system with 4 Bruker silicon drift detec-
tors, Thermo Fisher Co.).

2.4  Electrical properties

The electric circuit used for measuring the electric resistance 
in samples welded at 1000 and 4500 rpm and base material 
is shown in Fig. 2. The calculation of specific electric resist-
ance was done by using Ohm’s law [16]:

where R is electrical resistance (Ω); V is voltage (here 
present at 2 V), I is the measured current (A), l is the length 
between the two contacts (set at 8 mm), and w and h are 
widths and height of the cross-section measured individually 
for each specimen by a micrometer (mm).

A Time Electronics 5025 generator was used to supply 2 
A current (shown by the red line in the circuit in Fig. 2). The 
voltage was measured at the pre-set distance of 8 mm (cross-
section of the red circle in Fig. 2a), by using the FLUKE 
8846A device (Fig. 2b). This is the distance which signifies 
start of the weld (stir) zone (red circle). This measurement 
scheme provided specific measurements in the stir zone. In 
all samples, the measurements were performed 12 times at 

R =

V

I
= � ⋅

l

w ⋅ h
→ � =

V

I
⋅

w ⋅ h

l

Fig. 1  Schematic of tool used 
for friction stir spot welding 
[10]
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the bottom side of the welds. The average values with stand-
ard deviation are presented in this paper.

2.5  Mechanical property testing

To analyse the mechanical properties of the weld joints, 
microhardness and shear tensile tests were performed. 
Microhardness test was done by using standard Vickers 
microhardness test with Struers DuraScan 70 machine with 
0.1 kg loading. Figure 3 shows an illustrative scheme that 
was used to obtain the cross-section hardness profile of 
welds obtained at 1000 and 4500 rpm. The hardness meas-
urements data at WFI of stir zone is presented as a chart. 
The tests were repeated three times, and standard deviation 

was calculated. Furthermore, the results were presented as a 
plot showing the change of hardness through all zones (base 
material, heat affected zone, thermomechanically affected 
zone, and stir zone). Both tests were performed according 
to relevant standards [17].

A Hegewald & Peschke Inspect Retrofit universal tensile 
testing machine with a maximal load of 20 kN was used to 
test tensile shear specimens. Testing speed was set to be 
10 mm/min, and measurements were performed according 
to the relevant standards [18]. The specimens were prepared 
as shown in Fig. 4. The standard setup was slightly modified 
to engulf all three WFI. For every test, three samples were 
used and standard deviation was calculated.

2.5.1  Results and discussions

2.6  Macro‑ and microstructure analysis of the weld 
zone

Figure 5a and b show cross-sections of etched macrographs 
obtained at rotational speeds 1000 and 4500 rpm, respec-
tively. In the two presented macrographs, a difference in the 
taper angle of stir zones can be observed. The increase of 
taper angle from 47° in sample welded at 1000 rpm to 73° 
in sample welded at 4500 rpm was quite prominent. This 
event is related to the material’s increasing resistance [19]. 
Sample welded at 1000 rpm possess high viscosity due to 
a strain-hardening effect as explained earlier [15, 19]. This 
phenomenon causes stress to be oriented towards the bot-
tom and a less conical shape of the stir zone. This way the 
size of the effectively welded area in all three weld faying 
interfaces remains similar (see Fig. 6). However, in sample 
welded at 4500 rpm, local thermal softening causes a high 
drop in the viscosity which pushes the material upwards, 
towards the tool periphery, and causes reduced pressure in 
the III WFI. Therefore, a high deviation of effective welded 
surfaces by weld faying interfaces can be seen. Namely, the I 
WFI has effective welded surfaces approximately three times 
smaller compared to III WFI, which can be also observed 
from Fig. 5b.

The strain hardening effect in the sample welded at 
1000  rpm causes the grain refinement (Fig.  5c) com-
pared to the thermal softened sample welded at 4500 rpm 
(Fig. 5c) and base material (Fig. 5c). The influence of all 

Fig. 2  a Schematic of the electrical resistance measurement setup; b 
generator used to supply and monitor the current

Fig. 3  Schematic of microhard-
ness testing performed on weld 
samples
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aforementioned effects on mechanical properties will be dis-
cussed in a later section.

To fully understand the influence of rotational speed 
on WFI characteristics, transmission electron microscope 
(TEM) was used. The TEM lamella was cut from II WFI 
in both samples at the same place as shown in Fig. 7a. The 
lamellae were cut at the beginning of the stir zone because 
in the middle of the stir zone, there is a large scattering of 

WFI due to the convex shape of the tool. In Fig. 7b and c, 
the TEM lamellae prepared from samples welded at 1000 
and 4500 rpm, respectively, are shown. Samples welded 
at 1000  rpm showed a wider and more complex WFI. 
The measured thickness of WFI in the samples welded at 
1000 rpm was 2.19 ± 0.21 µm. The WFI was found to be 
composed of an oxide layer in the middle (dashed blue line 
in Fig. 7a) which is 0.22 ± 0.08 µm thick and complex zone 
surrounding oxide layer composed of globular and needle-
like precipitates  Al2Mg3 (Fig. 8a and b). Furthermore, it 
can be noticed that the grains in WFI of welds obtained at 
1000 rpm were fibrous and significantly smaller compared 
to recrystallised stir zone (RSZ) which surrounds WFI. This 
shape and size of the grains can be a consequence of cyclic 
microplastic deformation of the protrusions from the rough 
sheet surface before the welding [10]. This can be explained 
by the so-called dislocation-glide-assisted-subgrain-rotation 
model proposed by Jata et al. [20]. In presence of high-level 
deformation, dislocation glide gives rise to a gradual relative 
rotation of adjacent subgrains. As such, the shear stress in 
the FSSW process is dominated by the grains, and subgrains 
are rotated and elongated in direction of shear load.

In the samples welded at 4500 rpm, the WFI was com-
posed of only an oxide layer 0.54 ± 0.21 µm thick (Fig. 8c 
and d). This oxide layer was, however, thicker and more 
compact than that obtained from samples welded at 

Fig. 4  Schematic of the lap tensile shear test specimens

Fig. 5  Macrographs of a cross-sectional view of samples welded at a 1000  rpm and b 4500  rpm and micrographs of samples: c welded at 
1000 rpm; d welded at 4500 rpm, and e base material (adapted from [10])

1183Welding in the World (2022) 66:1179–1190



1 3

1000 rpm. Furthermore, there were larger pits than those 
in the WFI of samples obtained at 1000 rpm. It seems 
that the WFI of the sample welded at 4500 rpm, due to 
a lack of stress transferred to lower interfaces, was not 
stretched as the II WFI of the sample welded at 1000 rpm. 
Therefore, the oxide layer did not allow diffusion to occur 
between fragmented oxide particles. This effect was also 
observed by Sato et al. [11] during friction stir welding of 
aluminium AA 1050. The entrapped oxide layer affected 
the mechanical properties of the welds. However, it was 
observed that only root bend properties of weld were 
affected where the oxide layer was continuous. No effect 

of the oxide layer was found in the middle where the oxide 
layer was fragmented.

The chemical composition of the precipitates and oxide 
layer was determined by using energy-dispersive X-ray spec-
troscopy (EDX analysis), and the spatial distribution of the 
elements can be seen from Fig. 9 for the sample welded at 
1000 rpm and in Fig. 10 for the sample welded at 4500 rpm. 
This analysis revealed that the oxide layer is composed of 
magnesium and oxygen. It indicated that in aluminium 
alloy AA 5754 with 3% of magnesium,  Al2O3, on the sur-
face layer of the alloy, reacts with magnesium during the 
FSSW process to form MgO [10]. This phenomenon was 
first identified by Shirzadi et al. [21] during solid-state dif-
fusion bonding. They noted that when aluminium alloy con-
tains active elements such as Mg, amorphous  Al2O3 reacts 
with active elements and creates crystalline MgO. Needle-
like intermetallics are also visible in elemental mapping in 
Fig. 9. Those intermetallics were composed of magnesium 
and aluminium. On the other hand, Fig. 10 shows another 
observation of the intermetallics composed of aluminium, 
iron, and manganese. According to Choi et al. [22], those 
are  Al6(FeMn) and  Al3Mg2 intermetallics, typical for 5xxx 
alloy. It was observed that the WFI obtained at a low rpm of 
1000 contained a much larger volume of those intermetal-
lics. According to Labus Zlatanovic et al. [10], a high local 
microplastic deformation caused dynamical precipitation 
responsible for a higher volume of intermetallics in WFI. 
According to D’Urso et al. [23], an increase in the rotational 
speed increases the local temperature which in turn leads to 
thermal softening of WFI (such as in the case of 4500 rpm) 
leading to a lower viscosity and dynamic recovery as also 
confirmed by Soare et al. [24].

2.7  Electrical resistance

According to Raeisinia et al. [25], the value of electrical 
resistivity is dependent on various microstructural param-
eters. The difference in specific electrical resistance of the 
base material and samples welded at 1000 and 4500 rpm is 
presented in Fig. 11.

The samples welded at 1000 rpm showed higher spe-
cific electrical resistance, followed by the sample welded 
at 4500 rpm. The lowest specific resistance was for the 
base material. This effect can be correlated with two 
microstructural observations. In the samples welded at 
1000 rpm, strain hardening is predominant, and this causes 
the accumulation of dislocations. Raeisinia et  al. [25] 
investigated the influence of dislocation on the electrical 
resistance of AA 5754 alloy. They found that an increase 
in dislocation density causes an increase in the specific 
resistance. Furthermore, Lee et al. [26] investigated the 
influence of the intermetallic compound layer thickness 
on the electrical and mechanical properties of Cu/Al joint 

Fig. 6  Changes in the effective welded surface in different weld fay-
ing interfaces in samples welded at 1000 and 4500 rpm

Fig. 7  a Area where TEM lamellae were cut from WFI II [10]; 
TEM samples of welded specimens processed at b 1000  rpm and c 
4500 rpm
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Fig. 8  TEM micrograph of 
WFI: a bright field of sample 
welded at 1000 rpm (lower 
magnification) [10]; b high-
angle annular dark-field image 
of sample welded at 1000 rpm 
(higher magnification); c 
bright field of sample welded 
at 4500 rpm (lower magnifica-
tion); d high-angle annular 
dark-field image of sample 
welded at 4500 rpm (higher 
magnification)

Fig. 9  High-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) image of the WFI in sample welded at 
1000 rpm with corresponding energy-dispersive X-ray spectroscopy (STEM/EDX) elemental mappings of the area marked with an orange square

1185Welding in the World (2022) 66:1179–1190
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during annealing. The influence of intermetallic on the 
electrical properties was high. It was found that the thicker 
intermetallic layer degraded the electrical resistance. Fur-
thermore, Mubiayi et al. [27] investigated the influence of 
rotational speed at electrical resistivity during FSSW of 
Al/Cu dissimilar alloys. An increase in rotational speed 
caused a decrease in the electrical resistance. Also, the 
resistance of welds was higher compared to that of the 
base material, which was correlated with a higher number 
of intermetallics present in the weld.

In the samples welded at 1000 rpm, there were three WFI 
regions with a higher amount of intermetallics. Furthermore, 
there is also an oxide layer in the middle of every WFI with 
a very high electrical resistance of about  1016 Ω·m [28] 
combined with nano pits. All those parameters combined 
will influence the electrical resistance of the weld, and this 
influence in weld obtained at 1000 rpm compared to the 
base material was estimated to be as much as 42% during 
this investigation. In the samples welded at 4500 rpm, the 
influence was lower (14%) which can be correlated with the 
fact that only three thicker oxide layers were present in the 

Fig. 10  High-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) image of the WFI in sample welded at 
4500 rpm with corresponding energy-dispersive X-ray spectroscopy (STEM/EDX) elemental mappings of the area marked with an orange square

Fig. 11  Specific electrical resistance measured for the base material 
and the samples welded at 1000 and 4500 rpm

1186 Welding in the World (2022) 66:1179–1190
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stir zone at the weld interface and no additional intermetal-
lics were found.

2.8  Mechanical properties

To understand the influence of size and composition of WFI 
on weld properties, shear-tensile and microhardness tests 
were done. The shear-tensile properties and microhardness 
of all three WFI are shown in Fig. 12.

It was observed that the rotational speed during FSSW 
influences the mechanical properties in two ways:

 (i) Thermal softening of stir zone in the samples welded 
at 4500  rpm causes shear failure load to reduce 
(Fig.  12a) and microhardness to drop below the 
values of base material (Fig. 13). Also, the strain 
hardening of the stir zone in the samples welded 
at 1000 rpm significantly improves the mechanical 
properties of the weld (see Fig. 13) which reveals 
the microhardness profile at the cross-section of the 
weld.

 (ii) The rotational speed also influences the size of the 
effective welded surface. The difference in the size of 
the effective welded surface is most pronounced in I 
and III WFI, while II WFI in both samples (welded 
at 1000 and 4500 rpm) are approximately the same. 
However, even the size of effective welded surface in 
I WFI for sample welded at 4500 rpm is significantly 
higher compared to that of 1000 rpm (Fig. 6), the 
shear failure load was almost the same (Fig. 12a). 
This was caused by higher mechanical properties of 
the strain hardened stir zone of the weld obtained 
at 1000 rpm compared to the thermal softened stir 
zone of the sample welded at 4500 rpm (Fig. 12b). 

Furthermore, the effective welded surface of the I 
WFI is larger than that of II WFI, but the shear fail-
ure load is higher in II WFI. The significant thinning 
of the first sheet due to penetration of the tool was 
responsible for the drop of the shear failure load in 
I WFI. The size of the III WFI was the smallest of 
all three WFI (Fig. 6), which caused the shear load 
to be the lowest. Also, since, III WFI in the sample 
welded at 1000 rpm had a larger effective welded 
surface (Fig. 6) and higher microhardness (Fig. 12b), 
the shear failure load in this case was also higher.

Figure 14 shows the evolution of tensile shear load versus 
the displacement. The samples welded at 1000 rpm showed 

Fig. 12  Influence of rotational speed and order of WFI on the a shear failure load; b microhardness measured in the middle of the stir zone as 
shown in Fig. 3

Fig. 13  Microhardness profile of the cross-section of samples welded 
at 1000 and 4500  rpm obtained in all specific zones (base material, 
heat affected zone, thermomechanically affected zone, and stir zone)
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a higher tensile shear load capacity for the II and III WFI, 
while the tensile shear load for the I WFI was almost the 
same. In the samples welded at 1000 rpm, the values of 
the tensile shear load between I and III layers were simi-
lar compared to the samples welded at 4500 rpm, where 
a high difference in tensile shear load and elongation was 
observed. This effect can be explained by the observation 
made by Labus Zlatanovic et al. [19] that samples welded 
at higher rotational speed (4000 rpm) under similar condi-
tions revealed a number of delamination circles in the III 
WFI. Those delamination circles are a consequence of low 
stress transferred to the bottom of the weld zone due to low 
viscosity. Most material tends to go upwards which is why 
the I WFI in the sample welded at 4500 rpm has a higher 
effective welded surface and III WFI has the smallest one 
(Fig. 6). The II WFI in the samples welded at 4500 rpm 
showed unstable behaviour near the shear fracture load, 
which can also be a consequence of a number of micro and 
nano pits found in the II WFI during the TEM investigation 
(shown earlier in Fig. 8). Even when there were also some 
pits found in the sample welded at 1000 rpm, the samples 
welded at low rpm did not rupture in the middle of the WFI 
[10], due to a high microstrain hardening of the WFI (small 
grains and high volume of dislocation). Instead, the rupture 
occurs on the border between WFI and recrystallised stir 
zone, on intermetallics  Al2Mg3 which seeds the nucleation 
for rupture.

3  Conclusions

Friction stir spot welding (FSSW) has the potential to 
become a technology suitable for welding battery compo-
nents, standard-thermal connectors, and terminals. However, 

one of the biggest challenges posed by this technology is to 
provide quality weld joints with low electrical resistance, 
which is an important requirement of the electrical indus-
try. In this paper, a brief presentation of the influence of 
rotational speed at microstructure, electrical and mechanical 
properties was analysed, and the following conclusions can 
be summarised:

 (I) The stir zone was found to differ for different rota-
tional speeds. At 1000 rpm where strain hardening 
dominates compared to 4500 rpm where thermal 
softening prevails, weld shape showed an identi-
fiable difference. Also, the size of the weld fay-
ing interfaces (WFI) within one sample showed 
differences. For instance, the samples welded at 
1000 rpm had a low difference between all three 
WFI, while the samples welded at 4500  rpm 
showed the III WFI to be 69% smaller than the I 
WFI. In samples welded at 1000 rpm, the III WFI 
was seen to be smaller than that of the I WFI by 
about 19%. Also, the composition of WFI differs 
between those two samples. The samples welded at 
1000 rpm revealed complex WFI with oxide layer 
and pits in the middle and microstrain hardened 
zone surrounding the oxide layer with a higher vol-
ume of precipitation. On the other hand, the sam-
ples welded at 4500 rpm had only a thicker oxide 
layer with several micro and nano pits.

 (II) It was noted that the electrical resistance of the 
weld joints depends significantly on the rotational 
speed. Although the electrical resistance of the 
welded joints (regardless of the rotational speed) 
was seen to be higher in all cases compared to the 
base material, but with respect to the base material, 

Fig. 14  Failure behaviour of the joints welded at a 1000 rpm; b 4500 rpm
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it increases by about 42% for low rotation speed 
and by about 14% for the higher rotation speed.

 (III) Shear strength and microhardness were higher 
for the samples welded at 1000 rpm. The II WFI 
showed the highest shear strength in both samples, 
while III WFI showed the lowest. Microhardness 
was highest for the I WFI and lowest for the III 
WFI. In samples welded at 1000 rpm, microhard-
ness increased significantly due to strain harden-
ing, whereas in samples welded at 4500 rpm, the 
microhardness of the stir zone decreases below the 
base material due to a prevalent thermal softening 
mechanism.
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