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ABSTRACT 

The current research provides a new approach for enhancing the mechanical characteristics of friction 

welding joints for AA 6061 T6. Friction welding depends on the contact surface area between the two parts 

that need to be welded to generate the frictional heat necessary for the welding process. The frictional area 

is increased by modifying the contact area from flat circles on both sides of the joint to three different 

design configurations: a truncated cone, a half sphere, and a cylinder along with their opposite cavity. 

Mechanical characteristics and microstructural behavior for the new joints are studied. It was elucidated 

that the conical design configuration is the only one that succeeded through specimen manufacturing, 

welding, and testing procedures. The results show an improvement in the tensile strength of the truncated 

cone by 12% compared to the basic flat circle configuration. Bending and Vickers Micro-Hardness (HV) 

also increased in the joint cross-section by 10% and 7%, respectively. The results are consistent with the 

microstructure tests where the cone design configuration exhibited a finer grain structure than that of the 

flat circle. This proves that the generated heat is greater in the new design configuration. Thus, it can be 

said that the current study provides a promising approach for the improvement of friction welding joint 

strength. 
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I. INTRODUCTION  

Friction Welding (FW) is a solid state joining process, in 
which, like a few other solid state processes, such as Friction 
Stir Welding (FSW), Friction Stir Processing (FSP), Linear 
Friction Welding (LFW), and Friction Extrusion (FE), the 
processed metal reaches to a temperature below the melting 
point [1-8]. FW is founded on the direct conversion of 
mechanical power into thermal energy by friction, which 
makes the processed metal to reach the plastic deformation 
state. The workpiece that needs to be joined is held stationary 
in contact with another rotating workpiece under gradually 
increasing axial force that provides the required pressure for the 
welding. When the temperature at the interface of the two 
surfaces in contact rises as a result of friction and applied 
pressure, welding takes place by halting rotation and 
maintaining the applied pressure for a predetermined amount of 
time [9-12]. Due to its high productivity and ease of use, FW is 
utilized in a variety of applications and is regarded as a cost-

effective method. Additionally, because it does not reach 
melting temperature, friction welding is not as problematic as 
other fusion welds [3, 7, 9, 10]. FW depends on the friction 
between the two surfaces in contact to generate the required 
heat necessary for the welding process. Several studies focused 
on welding parameter effects, for similar and dissimilar 
materials, such as rotational speed, axial force (pressure), and 
holding time on the resulting weld joint quality and strength. 
Authors in [10] studied the influence of interaction time in FW 
on the microstructure and tensile properties of dissimilar metal 
combinations, consisting of eutectoid forming systems (Fe–Ti, 
Ti–Cu), insoluble system (Fe–Cu), and soluble systems (Fe–Ni 
and Cu–Ni). The authors stated that increasing the interaction 
time decreases strength in eutectoid forming and insoluble 
systems, and increases it in soluble systems. Authors in [13] 
investigated FW parameters, such as pressure, friction time, 
upsetting pressure, and upsetting time for AISI430 stainless 
steel. They conducted tensile, impact, hardness, and 
microstructure tests and compared the characteristics to the 
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base materials. Authors in [14] studied the effect of friction 
parameters, particularly friction time, in continuous drive FW 
on thermal and mechanical properties and the microstructure of 
AA6061. They stated that a short friction time results in strong 
joints. Also, the peak temperature was reached for 3-4 s of the 
welding process regardless of the duration of the welding 
procedure. Authors in [15] developed an empirical relationship 
to anticipate FW joint strength for AA6082 and AISI304 by 
inspecting welding parameters, like pressure, forging force, 
friction time, and forging time. They used Response Surface 
Methodology (RSM) for optimizing the friction welding 
process parameters. Authors in [16] compared FW and Friction 
Stir Welding (FSW) by investigating different parameters 
affecting the characteristics of the joints, such as rotational 
speed, welding speed, axial force, tool geometry, and defects. 
They claimed that FSW is superior in welded joints in terms of 
an adaptation to recent techniques, process parameter 
optimization, and the capacity of joining a diversity of 
dissimilar metals and alloys. Authors in [17] studied joining 
high-density polyethylene rods by rotary FW. They 
investigated the effect of nanoparticle reinforcement and weld 
surface shape on the joint strength. Surface shapes used were 
flat, step, and conic, while ZnO and SiO2 nanoparticles were 
used. They found that shape and nanoparticle presence affected 
the bending strength of the joint and that the step shape had the 
higher bending strength.  

From the literature review and as far as is known, the 
impact of the interface contact area on the weld joint strength—
which is solely responsible for producing the heat needed for 
the weld—has not been specifically discussed and studied. 
Thus, the current study presents a new approach for the 
enhancement of weld joint strength by increasing the interface 
contact area. The design of the weld joint is modified from a 
flat circular surface on both sides of the workpieces to three 
different configurations with their cavities: truncated cone, half 
sphere, and cylinder.  

II. METHODOLOGY 

As mentioned above, three distinct configurations were 
deigned. The design started with the standard tension test 
specimen according to ASTM E8/E8M – 13a [18], as 
illustrated in Figure 1(a). Each specimen was cut to two parts. 
The first part was carved with one side of the design 
configurations and the other part was carved with its opposite 
cavity, as evidenced in Figure 1. By doing that, no further 
machining was required after the welding process. Figure 2 
shows a standard tension test specimen. The same procedure 
was used for the tension test specimens. Standard bending test 
specimen is according to ASTM E190, as observed  in Figure 
3. 

III. MATHEMATICAL MODELING 

The formulas used for calculating the surface area of the 
designed configurations on the tip of each specimen (Figure 1) 
are displayed below [19, 20]. 

 Area of a circle, which is the base for comparing other 
design configurations: 

� � � ��     (1) 

 
Fig. 1.  (a) Standard tension test specimen, (b) cylinder, (c) half sphere, (d) 
truncated cone. 

 
Fig. 2.  Standard tension test specimen before welding. 

 
Fig. 3.  Standard bending test specimen after welding. 

 Total surface area of a cylinder: 

����	
 �  �� � �� � �   (2) 

�� � 2 � � ℎ                                 (3) 

�� �  � �� � � ��    (4) 

� � � ��     (5) 

where A1 is the surface area of the cylinder, h is the height of 
the cylinder, A2 is the surface area of the ring at the base of the 
cylinder, and A3 is the surface area of the circle on the top of 
the cylinder. 

 Total surface area of a half sphere: 

����	
 �  �� � ��    (6) 

�� � �

�
�4 � ��)    (7) 

�� �  � �� � � ��    (8) 

where A4 is the surface area of the half sphere and A5 is the 
surface area of the ring at the base of the sphere.    
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 Total surface area of a truncated cone: 

����	
 �  �� � �� � ��   (9) 
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    (10) 

�� �  � �� � � �
	���
�     (11) 

�� � � ���	


�      (12) 

where A6 is the surface area of the cone, L is the length of the 
cone's hypotenuse, A7 is the surface area of the ring at the base 
of the cone, and A8: is the surface area of the circle on the top 
of the cone. 

Using the above equations, Table I portrays the percentage 
increase in the surface area between the base area and the new 
designed configurations. 

TABLE I.  SURFACE AREA INCREASE PERCENTAGE 

No. Configuration Area increase % 

1 Circle Base 
2 Cone 35.84 % 
3 Half sphere 122.88% 
4 Cylinder 61.44% 

 

IV. EXPERIMENTAL PROCEDURES 

To ensure repeatability in the tests results, three pairs of 
each configuration design were made to a total of 24 pairs. The 
material used is AA 6061 T6 (Al- 1.0Mg - 0.6Si - 0.6Fe - 
0.25Cr - 0.2Cu) shaft, which is a widely deployed material in 
many engineering applications due to its light weight, high 
strength, and corrosion resistance. The FW machine utilized in 
this research is a lathe designed and modified to be a FW 
machine. The machine is equipped with RPM, feed rate, axial 
force, pressure controllers, and a data acquisition system. 
Before each welding process, the machine was calibrated and 
returned to the zero position. Welding data were stored in a text 
file and were transferred to an Excel file for subsequent 
processing. 

V. RESULTS 

Tension test, three points bending test, MH test, and 
microstructure test were conducted for each specimen of the 
three configurations and also for the flat base configuration 
after FW. The FW parameters (rotational speed, axial force, 
pressure, and holding time after welding) were fixed for all 
specimens. A study on the optimum parameters was carried out 
using values from the literature as a starting point, and then 
applying them to the flat samples to ensure a good weld 
quality. These parameters were employed afterwards for the 
other configurations. It should be mentioned that both cylinder 
and half sphere configurations failed during the welding 
process, and therefore were not included in the results. The 
cylindrical design undergoes a stress concentration at its base, 
and due to the high vibrations of the welding process, the 
cylinder broke inside its cavity. Regarding the half sphere 
design, even though the surface area of a half sphere is much 
larger than the one in the base sample (Table I), the 
manufacturing of a sphere and its exact cavity is a difficult 
task. This makes the contact surface areas between the sphere 

and its cavity to not be exactly the same, leading to weld 
failure. The truncated cone design configuration eliminates 
previous problems where the interlock and contact surface 
areas are more robust. Nevertheless, the manufacturing process 
for the cone and its cavity should be done accurately and 
precisely, otherwise it would lead to a weld failure as well. The 
truncated cone design configuration provides an improved weld 
joint strength. 

A. Tension Tests  

A computerized Instron 3369 electromechanical testing 
machine was used for the tension tests. A standard tension test 
specimen based on ASTM E8/E8M – 13a was utilized. The 
tests were conducted at 25 ºC with a crosshead speed of 
0.5mm/min. Figure 4 shows the stress – strain curves for the 
flat circle and the truncated cone design configurations, while 
Figure 5 exhibits the flat and truncated cone specimens after 
the tension test. 

 

 
Fig. 4.  Stress – strain curves for the flat circle and truncated cone design 
configurations. 

 
(a) 

 
(b) 

Fig. 5.  (a) Flat and (b) truncated cone specimens after the tension test. 

 
Fig. 6.  Three point bending test. 
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B. Hardness Tests 

Vickers MH tests were conducted using a LARYEE digital 
micro-hardness tester. The average of three readings was taken 
for the weld joint area for each specimen at a load of 0.98 N. 
The test results are provided in Table II. 

TABLE II.  AVERAGE VICKERS MH TESTS RESUJLTS  

 Base metal Flat circle Truncated cone 

Average Vickers hardness 105 126 135 
 

C. Microstructure Tests  

Samples of 10×10 mm from each welded specimen were 
cut perpendicular to the weld joint and at the centerline of the 
specimen. Water cooling was used with the cutter and grinder 
in order to keep the microstructure unchanged. After sample 
preparation, polishing, and etching, an optical microscope 
equipped with a camera connected to a computer was 
employed to perform microstructure studies. The obtained 
pictures are depicted in Figure 7.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 7.  Microstructure results: (a) Base metal – 10x. (b) Flat circle joint – 
10x. (c) Flat circle joint – 40x. (d) Truncated cone design joint – 10x. (e) 
Truncated cone design joint – 40x. 

VI. DISCUSSION  

As mentioned above, cylinder and half sphere design 
configurations failed during the welding process. On the other 
hand, the truncated cone design configuration provided an 
excellent interlock between the two parts, in addition to a 
robust full contact surface area which leads to a perfect weld 
joint.  

The starting point of the discussion will be the 
microstructure tests observed in Figure 7. The base metal 

microstructure demonstrated in Figure 7(a) contains large 
precipitates of the main component elements Al-Mg-Si of this 
alloy. At the weld joint area of the flat circle and truncated cone 
design configuration in Figure 7(b), (d), it is very clear that the 
precipitates are much smaller than in the base metal due to the 
generated frictional heat, which led to recrystallization. 
Moreover, the rotation direction of the precipitates during 
welding is very obvious especially for the flat circle sample. 
However, the same microstructure at a larger magnification 
(40x) for a truncated cone (Figure 7(e)) seems finer than for the 
flat circle (Figure 7(c)). This proves that the heat generated on 
the truncated cone is more than the heat generated on the flat 
circle due to the larger contact surface area of the truncated 
cone. 

The stress-strain curves, presented in Figure 4, clearly 
exhibit that there is an average increase in the tension strength 
for the truncated cone over the flat circle of about 12 %, and a 
relative decrease in the total strain rate. Furthermore, both 
curves display a few points where the stress decreases and rises 
again, which are caused by the breaks in the weakest points in 
the structure before the failure during the tension test.  

Three point bending tests also demonstrated an increase in 
the bending strength of about 10 % for the truncated cone over 
the flat circle. The bending strength for the flat circle joint is 
12.4 MPa, while for the truncated cone it is 13.7 MPa. This is 
due to the truncated cone design, which provides a great 
interlock between the two welded parts. 

Finally, the results of the Vickers MH test for the truncated 
cone joint are larger than for the flat circle joint. The results 
revealed an average increase of about 7% (Table II). Tension 
and MH results are in accordance with the microstructure tests, 
where a finer grain structure resulted from increased heat input 
and plastic deformation in cone rather than in circle joint 
design configuration. The above results are in agreement with 
what other researchers found when studying the effect of heat 
on the resulting weld joint for AA 6061 [21-24]. 

VII. CONCLUSIONS 

The current study presented a new approach for improving 
friction welding joint strength by increasing the contact surface 
area between the two parts that need to be welded, which has 
not been studied in the literature. This practice increases the 
generated frictional heat necessary for welding. Three design 
configurations were considered for this purpose: a truncated 
cone, a cylinder, and a half sphere along with their opposite 
cavities. The conventional flat circle design was considered as 
the base for comparison with the other design configurations.  

Both cylinder and half sphere designs failed during the 
welding process. The cylindrical design undergoes a stress 
concentration at the base of the cylinder, and due to the high 
vibrations of welding process, the cylinder broke inside its 
cavity. The manufacturing process for a half sphere design and 
its exact cavity is a difficult task. This makes the contact 
surface areas between the sphere and its cavity to not exactly 
match, which led to weld failure. The truncated cone design 
configuration eliminates such previous problems since the 
interlock and contact surface areas are more robust. 
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The tension strength of the truncated cone joint was 
increased by an average of 12% over the flat circle. Bending 
strength and Vickers micro-hardness were also increased by 
12% and 7%, respectively. A finer grain structure resulted from 
increased heat input and plastic deformation in truncated cone 
design configuration. 
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