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Abstract:  
Sustainable manufacturing technology is one of the requirements of the 
current industrial fields to reduce the weight and energy used. Friction stir 
welding (FSW) can be considered a quantum leap in the development of 
welding technology. A solid-state process utilizes a non-consumable tool 
and less electrical energy. Friction stir spot welding (FSSW) is a particular 
case of FSW that began to spread rapidly, especially for similar and 
dissimilar metals, which has extended to weld the polymers. The increase 
of FSSW use in different fields needs to simplify the equipment. This study 
used a portable drilling machine to construct an FSSW apparatus with a 
rotational speed between 1500 and 3000 rpm with a pin diameter of 2, 3 
and 4 mm. The results indicated that the joints welded by the developed 
apparatus have good strength and hardness. Furthermore, many 
specimens succeeded in the bending test, especially when the rotational 
speed was set at 2250 rpm and the pin diameter was 3 mm. In addition, it 
was found that the mechanical properties increased with the rotational 
speed and pin diameter, then gradually decreased. Finally, the Response 
Surface Methodology (RSM), besides the analysis of variation (ANOVA), was 
utilized to maximize the lap-shear fracture load. The results indicated that 
the maximum lap-shear fracture load can be achieved at a tool speed N of 
{2300>N>1600} rpm with a pin diameter (d) of {2.75>N>3.75 mm}. 
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1. INTRODUCTION  

 

FSSW is a solid-state welding process for joining 
lightweight metals like aluminium alloys. A non-
consumable tool used to joint two plates through 
friction and plastic deformation. The process is 
done by plunging a rotating pin that uses frictional 
heat and mechanical work to connect between 
sheets that overlap [1]. 

The FSW method was invented by the Welding 
Institute (TWI) in the early 1990s [2, 3]. It is a 
relatively new discrete process derived from FSW. It 
is a relatively new discrete process that has been 
used in several automobiles, where it can save 

about 90% of energy consumption compared to 
conventional resistance spot welding (RSW) [4, 5]. 
The mean reason to apply FSSW instead of RSW is 
to reduce joining defects, including significant heat 
distortion and high-power consumption. FSSW has 
been used successfully on aluminium alloys, 
magnesium, copper and steel, which has been used 
in transportation to save weight [6, 7]. FSSW is an 
excellent way to fix the problems of traditional 
fusion welding, such as porosity, cracks and oxide 
inclusions and residual stresses [8]. The mechanical 
properties and joint quality are affected by several 
parameters, including the tool's geometry, plunge 
rate, rotating speed, and dwell duration [9]. 
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In the FSSW, two plates are joined in the 
configuration lap. The rotational tool is 
characterized by a cylindrical part of a large 
diameter called the shoulder, followed by a small 
diameter part called the pin. The FSSW includes 
three stages: plunging, stirring and drawing. A 
milling or drilling machine is used to rotate the tool 
at the required speed and then take a downward 
motion until the pin reaches the top layer of the 
upper plate. The pin threads into the first plate and 
pierces it until it penetrates the lower plate. In the 
meantime, the shoulder face becomes in direct 
contact with the upper plate for a certain period 
called "dwelling time", and sufficient heat is 
generated to link the two pieces. Then the tool is 
withdrawn and leaves the area to cool, as indicated 
in Fig. 1 [10]. 

 
Fig. 1. Stages of the FSSW process [11] 

 

AA6061 is one of the most widely used 
aluminium alloys due to its high corrosion 
resistance, even in harsh environments like 
seawater. Therefore, it is used in the FSW process 
to improve the strength from medium to high with 
good hardness properties. In terms of heat 
treatments, this alloy is one of the most versatile 
alloys, and when appearance is important, it meets 
ambitions, so it is widely used and has many 
industrial applications. 

Merzoug et al. [12] reported that the FSSW 
parameters greatly influenced the mechanical 
properties. The results indicated that when the tool 
speed was doubled, the tension-shear strength was 
reduced by 38%, while the dwell time did not 
exceed a specific value. Shen et al. [13] studied the 
welding parameters effect on the joint 
microstructure using a concave profile shoulder. 
When the dwell time and tool speed were improved, 
the minimum resulting hardness was achieved at 
the heat-affected zone (HAZ) and thermo-
mechanically affected zone (TMAZ). Sato et al. [14] 
examined the material flow during the FSSW. The 
results indicated a spiral flow along the pin and then 
released at its end. 

FSSW can be considered an environmentally 
friendliness process with no noise or spatters and 
low vapour emissions and consumables as the main 
advantages of this process. On the other hand, one 
of the main disadvantages of FSSW is that the 

nugget of the welding includes a desirable hole in its 
centre which may cause corrosion later [15]. Several 
studies tried to overcome the hole problems by 
using a pinless tool [16], a refill FSSW process [17] 
and a double-side FSSW [18, 19]. 

Pandey and Mahapatra used optical microscopy 
to ensure that the pressure produced by the 
rotating tool pushes the material from the upper 
plate to flow plastically to the lower plate. The 
components are combined in a plastic manner to 
create the weld for aluminum 6061 [20]. Pinless 
FSSW can achieve a tensile shear of 52.9% of the 
conventional FSSW besides overcoming the keyhole 
for the AA 6061-T6 aluminum alloy [21]. 
Furthermore, the pinless tool was used to join 
dissimilar alloys, such as AA6061 aluminum and 
DP600 steel sheets, to study the failure load and 
microstructure. The study showed that a maximum 
failure load of 4.4 kN could be reached with an axial 
load of 16 kN, a rotational speed of 1300 rpm, and 
a dwell time of 10 s [22]. 

RSM is characterized as mathematical and 
statistical among several optimization algorithms. 
Despite the first use of the method in the 1950s, it 
is still an active method in many experimental 
studies, especially in FSW and FSSW [23]. In RSM, 
the input variables are called independent 
parameters, while the outputs are called process 
responses. 

The RSM method for optimization has three 
crucial steps: statistically designed experiments, 
calculating the mathematical model coefficients, 
predicting the response, and verifying the model's 
fit within the experiment setup [24, 25]. 

The governing equation of the RSM is described 
below [23]: 

 
𝑌 = ∅(𝑥1 , 𝑥2, … . 𝑥𝑘) ± 𝑒𝑟                         (1) 

 

𝑌 = 𝑏𝑜 + ∑ 𝑏𝑖 𝑥𝑖 + ∑ 𝑏𝑖𝑗 𝑥𝑖 + ∑ 𝑏𝑖𝑗 𝑥𝑖𝑥𝑗 + 𝑒     (2) 

 

Where bo, bi, and bij are constant, linear and 
quadratic coefficients to estimate the output 
response Y.  

The increasing of using FSW and FSSW in many 
new fields, such as joining polymers and composites 
[26], underwater welding [27], and battery trays 
[28], must result in the simplification and expansion 
of FSSW equipment manufacturing. This article tries 
to apply domestic drilling machines to be part of the 
FSSW apparatus.  

When reviewing the FSSW literature, it can be 
noted that there are no attempts to make this 
welding portable, and it can be used as a domestic 
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tool for welding sheets of light metals and polymers. 
The suggested apparatus is a portable FSSW tool 
accessible for construction and has a low cost. The 
mechanical properties of the joints were examined 
using a tensile lap shear test, a hardness test, and a 
bending test. Finally, the RSM was used to examine 
the optimum welding parameters.  

 
2. MATERIALS AND METHODS 

 
The COOFIX CF-ED003 portable drilling machine 

was prepared as a rotational tool during of FSSW 
process. At no load, the selected drilling machine 
has a tool speed of 3300 rpm with a drilling capacity 
of 10 mm, which needs 450 Watts. The drilling 
machine was set up inside a sliding stand where its 
movement was done by a manual rod. Iron support 
was added, which included a hole to fix the two 
sheets that needed to be joined and a passageway 
for the drill tool to join the sheets, as shown in Fig. 
2-a. The whole system was firmly fixed on a wooden 
base by bolts. Finally, the regular beat tool in the 
drill chuck was replaced by specific dimensions tool.  

The modified tool is made of tungsten carbide, 
which consists of a long cylindrical part called the 
shoulder, whose diameter has been reduced to 
form a pin or probe, as shown in Fig. 2-b. This study 
used three tool diameters of 2, 3 and 5 mm, while 
the shoulder remained at the same diameter of 10 
mm. The overall dimension of the apparatus is 
15x20x32 cm.  

 

 
Fig. 2. The FSSW apparatus (a) main apparatus, (b) 

FSSW tool, (c) specimens’ arrangement 

 
Aluminium AA6061 alloy sheets were firmly 

fixed as a lap joint in the FSSW apparatus, as shown 
in Fig. 2-c. An anvil and a supporter were used to 
stem the movement of the sheets. The chemical 
composition of the AA6061 is indicated in Table 1. 

  A tool made of high-chromium high-carbon 
steel (HCHCR-D2) was used. The tool chemical 
composition is shown in Table 2. 

Table 1. AA 6061 chemical compositions [Measured] 

Material  % 

Cu 0.6 

Fe 0.39 

Si 1.0 

Mg 1.2 

Mn 0.2 

Cr 0.28 

Ti 0.15 

Zn 0.28 

Al Bal 
 

Table 2. FSSW tool chemical compositions [Measured] 

Cr S max Si Mn P max C 

11.51 0.03 0.39 0.38 0.03 2.14 
 

All the sheets were cut off into rectangular 
shapes of 3 x 25 x 100 mm, and every two sheets 
were fixed as indicated on the apparatus bench. Fig. 
3 shows the preparation of the overlap specimens 
for the FSSW process according to the American 
Welding Society. 

 

 
Fig. 3. AA6061 specimens’ dimensions 

 

During the experimental work, the rotational 
speed and pin diameter were considered the 
essential process parameters for optimizing the lap-
shear fracture load during the FSSW. The rotational 
speeds used in this research include 1500, 2250, 
and 3000 rpm, while selected pin diameters are 2, 
3, and 4 mm. The drill has four speeds which can be 
changed manually by using a small rolling wheel 
that is present in the drill. The axial pressures 
applied for welding were done using a manual hand 
arm. The first needs high pressure and then low 
pressure when the heat is generated by friction. The 
required load decreases with an increasing fraction 
of heat generated during the welding process. The 
Instron universal tensile machine (Instron, USA) was 
used to get the lap-shear fracture load according to 
ASTM D1002. The average of the two samples was 
dependent, and the resulting shear load with 
corresponding process parameters is shown in 
Table 3. 
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Table 3. The lap-shear fracture load values during the 

FSSW process 

Rotation speed 
(rpm) 

Pin diameter 
(mm) 

Lap-shear  
fracture load(N) 

1500 2 599 

1500 3 750 

1500 4 671 

2250 2 622 

2250 3 840 

2250 4 711 

3000 2 301 

3000 3 559 

3000 4 433 

 
3. RESULTS AND DISCUSSION 

 
3.1 lap-shear fracture load Analysis 

 
RSM was used to achieve the maximum lap-

shear fracture load based on Minitab 19 software. 
The central composite design (CCD) of two factors 
and three-level was utilized in RSM to investigate 
nine experimental works. According to the analysis 
of variation (ANOVA) shown in Table 4, the 
rotational speed significantly affects welding lap-
shear fracture load. The F-value of rotational speed 
is 119, which is five times the influence of the pin 
diameter 19. Fig. 4 indicates the average lap-shear 
fracture load variation using the developed FSSW 
apparatus concerning welding parameters. For both 
rotational speed and pin diameter, the obtained 
lap-shear fracture load increases gradually with 
both and then goes down gradually. The maximum 
lap-shear fracture load value is 840N, achieved at a 
rotational speed of 2250 rpm and a pin diameter of 
3 mm. For contour and surface analysis, it is clear to 
find that the maximum lap-shear fracture load can 

be achieved at rotational speed (N) of 
{2300>N>1600} rpm with a pin diameter (d) of 
{2.75>N>3.75 mm} as shown in the light green 
region in Fig.5 (surface plot). 

 
 

 

Fig. 4. Variation of the lap-shear fracture load 

concerning the tool speed (left) and pin diameter(right) 

 
The resulting model was given an accepted 

model of R-sq and R-sq(adj) values of more than 97% 
and R-sq(pred) of 87.92%. Equation 3 shows the 
predicted regression equation for the lap-shear 
fracture load (LS), which depends on the rotational 
speed (N) and the pin diameter (d). 

 
𝐿𝑆 = −1808 + 1.156𝑁 + 965𝑑 − 0.000306𝑁2 −

    160.2𝑑2 + 0.02𝑁𝑑                                                   (3) 

Fig. 6-a and 6-b indicate the visual view of the 
joint failure after the tensile test for pin diameters 
3 and 4, respectively. It indicates that the joints' 
area was more significant during the tool speed of 
2250 rpm in both cases of 3 mm and 4 mm pin 
diameter. The results supported the lap-shear 
fracture load test, where the maximum values were 
achieved at this rotational speed.  

              Table 4. ANOVA of Lap-shear fracture load vs Rotational Speed, pin diameter during FSSW 

 
 
 

 
 
 
 
 
 
 
 
 

 

Source DF Adj SS Adj MS F-Value P-Value 

 Model 5 213886 42777.2 58.06 0.003 

 Linear 2 102396 51198.2 69.49 0.003 

 Rotation speed (rpm) 1 88088 88088.2 119.55 0.002 

 Pin diameter (mm) 1 14308 14308.2 19.42 0.022 

 Square 2 110589 55294.7 75.05 0.003 

 Rotation speed (rpm)*Rotation speed (rpm) 1 59283 59282.7 80.46 0.003 

 Pin diameter (mm)*Pin diameter (mm) 1 51307 51306.7 69.63 0.004 

 2-Way Interaction 1 900 900.0 1.22 0.350 

 Rotation speed (rpm)*Pin diameter (mm) 1 900 900.0 1.22 0.350 

 Error 3 2210 736.8   

 Total 8 216096    
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Fig. 5. lap-shear fracture load concerning FSSW parameters as a surface plot 

 
Fig. 6. Mechanical failure at a) pin d=3mm and b) pin d=4mm 

 

The increase in rotational speed is necessary for 
material flow and plastic deformation of light 
metals in FSSW. Moreover, increasing the rotation 
speed increases the pin stirring action and the 
nugget zone [29, 30], so the nugget size is more 
prominent at a rotational speed of 2250 rpm than 
at lower speeds. When the rotational speed is 
higher than 2250 rpm, the metal flow will be speedy, 
and the plastic deformation will occur more rapidly, 
so the joining process will be faster, and the nugget 
zone will be smaller. When comparing the overall 
results, the rotational speed of 2250 rpm will be 
optimal according to the nugget size in Fig. 6-a and 
Fig. 6-b. 

Furthermore, the behaviour of the resulting lap-
shear fracture load is compatible with that obtained 
by [31] 40% of the results obtained by an industrial 
milling machine. This result is considered 

encouraging and gives rise to hope for developing 
this work and other similar projects soon. 

 
3.2 Hardness Profile 

 
The Brooks hardness tester was used according 

to the ATSM E92-2016 standard [32] to investigate 
the hardness variation according to the rotational 
speed and pin diameter change.  Fig. 7 indicates the 
hardness profile of the AA6061 alloy according to 
the change in rotational speed and pin diameter. 
Seven rotational speeds 1500, 1750, 2000, 2250, 
2500, 2750, and 3000 rpm and two pin diameters of 
3 and 4 mm were used to investigate the hardness 
profile using the developed FSSW apparatus. For 
both 3 mm and 4 mm pin diameters, it was found 
that the maximum hardness peak at the welding 
zone lies at a tool speed of 2250 rpm. The hardness 
value starts decreasing on both sides of the 
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rotational speed of 2250 in a behaviour roughly 
similar to that of the lap-shear fracture load 
delivered by the tensile test. It shows that rotational 
speed has a sufficient influence on the obtained 

hardness values compared to the influence of the 
pin diameter. Even though industrial milling 
machines were used in previous studies [33, 34], the 
hardness value corresponds to what was achieved. 

 
Fig. 7.  FSSW Hardness profile of AA 6061 at pin d=3mm and 4mm

3.3 Bending Test 
 
The Instron machine (Instron, USA) was used for 

the bending test according to the ASTM E290. The 
3-point bend test can be achieved on different-sized 
specimens. Several critical parameters are essential, 
including the specimen's width, thickness, a radius 
of curvature, and distance between the two loading 
points. Three samples were tested for each 
rotational speed: 1750, 2250 and 2750 rpm for each 
pin diameter of 3 and 4mm to test 30 samples. The 
behaviour of the bending test has slightly deviated 
from the behaviour of the lap-shear fracture load 
and hardness profile, where a good bending test 

was achieved at a pin diameter of 4 mm. All 
specimens at a tool speed of 2250 rpm and a pin 
diameter of 4 mm succeed in the test which they 
achieve about 180 degrees as shown in Fig. 8-a. In 
contrast, the behaviour of the other samples varied 
between failure at angles of less than 180 degrees 
and failure at angles of even less than 90 degrees, 
especially at high rotational speeds, as shown in Fig. 
8-b. It can be interpreted that at high rotational 
speeds, the metal flow becomes more than 
expected, which means that part of the metal will 
flow outside the limits of the weld point, which 
leads to the weakness of the welded joint and 
failure. 

 
Fig. 8.  Bending test specimens at (a) 2250 rpm (b) 1500 rpm 

 

4. CONCLUSION 
 
A portable domestic drilling machine is used to 

construct an FSSW apparatus. The results indicated 
that the joints welded by the developed apparatus 
have good strength and hardness. Furthermore, 

most specimens are successfully bent, especially 
when the tool speed is set at 2250 rpm. Also, the 
mechanical properties improve as the pin diameter 
and tool speed increase. The best mechanical 
properties are obtained at a tool speed of 2250 rpm 
and a pin diameter of 3mm. 
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In most cases, a pin diameter of 3 mm gives the 
best results compared with a pin diameter of 4 mm. 
As a result, the portable domestic drilling machine 
can prepare the FSSW apparatus by replacing the 
regular beat tool drill with an FSSW tool with a 
shoulder of 10 mm, pin diameter of 3 mm and 
rotational speed of 2250 rpm. Finally, it was found 
that the dwelling time in all cases is 15 s. 

As future recommendations, the suggested 
apparatus opens the gate for using such a tool for 
repairing polymers and light metals locally. 
Moreover, work can be modified by applying 
automatic axial movement of the drill instead of 
manual movement and measuring pressure with a 
load cell. Furthermore, it can be modified as a 
portable FSSW tool using a pneumatic rather than a 
regular electrical source. 
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