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This work addresses to joining aluminum alloy AA6061 to carbon steel AISI 1006 sheets using the friction spot 
joining technique. The steel sheets were pre-holed and threaded with an internal M6 thread. The joining process 
was carried out by extruding the aluminum through the steel hole and thread using a rotating tool with friction 
between the tool and aluminum. Three process parameters were used: pre-heating time, rotating speed and plunging 
depth of the tool, with four levels for each parameter. The results indicated that the two materials joined by a micro-
scale mechanical interlock at an interface line of a width ranged between 0.7 to ~ 2.5 mm. The joint’s shear force 
reached a minimum and maximum value of 2000 and 2500 N, respectively. The plunging depth was the most 
effective factor affecting the amount of the extruded aluminum and the joint’s shear force.  
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1. Introduction 
 

Toxic emissions and fuel consumption can be minimized by using lightweight materials in structures 
of engineering applications [1]. By using low-weight materials such as aluminum alloys joined to and ferrous 
components weight savings can be accomplished [2]. Aluminum alloys are characterized by corrosion 
resistance, lightweight and high strength that make them used in ferrous structures. Hybridizing the aluminum 
alloys together with the steel requires suitable welding or joining techniques. Different welding techniques are 
used for welding the aluminum alloys with steel. The welding techniques occur by fusion the joint due to 
differences in melting point, cooling rate, and thermal and mechanical properties between the welded materials, 
which reduces the joint's efficiency [3]. Brittle intermetallic compounds are formed during the welding process, 
which weakens the joint's quality [4].  

Welding of aluminum alloys with the steel structures has been carried out using various welding 
techniques, such as cold metal transfer [5], surface activated bonding [6], ultrasonic plus resistance spot 
welding (RSW) [7], laser penetration [8], barrel nitriding [9], friction welding [10], friction stir welding (FSW) 
[11], and friction stir spot welding (FSSW) techniques [12]. Nowadays, the most common techniques used in 
welding aluminum alloy with steel are FSW, FSSW, and RSW methods. The FSW is a solid-state technique 
[13], while the RSW is a fusion technique [14].  

The FSSW technique is used for welding similar and dissimilar materials with a lap joint configuration 
by stirring the two materials with the aid of a rotating tool [15]. A steel alloy St-12 was welded with aluminum 
alloy AA5083 using the FSSW technique. A cross-section of the welded joint exhibited continuous and non-
continuous intermetallic compounds (IMCs). The intermetallic compounds determined the mechanical properties 
of the joint [16]. The FSSW was used to weld aluminum alloy AA6063 with galvanized low carbon steel. Process 
parameters of the FSSW such as the rotating speed, plunging depth and design of rotating tool determine the 
joint’s properties. Keyhole and hook formations were the main observation on the microstructure of the joint. 
Moreover, an IMC of Zn was formed at the interface line between the welded materials [17]. AC 170 PX 
aluminum alloy was welded together with T06 Z hot-dip galvanized steel using the FSSW. The welded materials 

 
* To whom correspondence should be addressed 



68 Friction spot lap joining of aluminum alloy AA6061 to pre-holed… 

exhibited a formation of IMC of ZnO of a width of 0.68 μm at the interface line of the welded materials. 
Microstructure of the fractured surface revealed the presence of inter-granular and cleavage brittle fractures [18].  

On the other hand, RSW was used for welding the aluminum alloys with the steel by melting welded 
materials at a fusion zone under the tip of the RSW machine [19]. Different welding parameters and electrodes 
were used to weld AA6063-T6 to 16Mn high-strength steel using RSW. Microstructure examination indicated 
the formation of IMCs of type Fe-Al at the weld line of the welded materials, which reduced joint strength 
[20]. Mechanical properties, the failure mode of RSW of aluminum to steel depended on properties and 
dimensions of the IMCs layer. The thickness of IMCs is the most effective factor affecting mechanical 
properties and failure mode of welded materials [21]. Growth of IMCs during RSW of aluminum to steel was 
numerically simulated. The simulation indicated that the IMCs growth occurred over 900°C [22]. Previous 
studies showed that the formation of IMCs, keyholes at the interface line of welded materials reduced the 
joint’s strength. To prevent the formation of IMCs in welding of dissimilar materials, the friction spot joining 
(FSJ) technique was used to join materials without the formation of IMCs [23].  

This work describes joining AA6061 together with pre-threaded carbon steel AISI 1006 using the 
friction joining technique. The joining process was carried out by a rotating tool by extruding aluminum metal 
through the pre-hole of the steel, with the aid of heat generation by friction between the tool and the aluminum. 
The effect of process parameters on joint performance was examined. The joining mechanism between the 
materials was investigated with the aid of microstructure examination. 
 
2. Experimental setup 
 
2.1. Materials and dimensions of specimens and tool 
 

Two types of materials were used in this work to achieve the joining process: aluminum alloy AA6061 
and carbon steel AISI 1006. The mechanical properties are listed in Table 1. The joining process was carried 
out by a non-consumable tool of a high-speed steel type (HSS).  

 
Table 1. Mechanical properties of the materials. 
 

Material Reference Tensile strength (MPa) Yield strength (MPa) 

AISI 1006 ASTM 330 285 
Measured 337 294 

AA6061 ASTM B209 289 241 
Measured 317 251 

 

The two materials specimens were prepared with a dimension of 225 100mm× . The steel and aluminum 
specimens were 1.5 and 2 mm thick, respectively. The steel specimens were machined with a hole of 5 mm in 
diameter. The steel specimens hole was machined with an internal thread of M6 with 0.75 pitch, as shown in 
Fig.1. The tool was designed and manufactured with a shoulder diameter of 10 mm, as shown in Fig.2. 
 

 
 

Fig.1. Steel and aluminum specimens. 
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Fig.2. HSS tool dimension. 
 
2.2. Process parameters 
 

Three joining process parameters which affect the joint properties were taken into account, namely: 
preheating time, rotating speed and plunging depth of the tool. The main aim of the process is to heat the 
aluminum metal under the tool shoulder to a solid state and extrude it through the steel hole. The first two 
parameters (preheating time, rotating speed) generate frictional heat at the joint surface of the shoulder and 
aluminum specimen. In order to extrude the metal of the aluminum through the steel hole, an applied pressure 
of the rotating tool is required. So, the third parameter (plunging depth of the tool) was used to assess the 
extruding process. Values of those parameters affect the amount of heat generation and the extruded aluminum 
through the steel hole, affecting the joints' quality. So, for each parameter, three values were selected to study 
the effect of each parameter on the joint properties. The experiments were designed based on the design of the 
experiment's method (DOE). A Taguchi approach was used to design the levels of each parameter for each 
experiment. Table 2 lists the value of each parameter used for each joining experiment. According to the 
statistical analysis (Taguchi approach), sixteen experiments were designed with the aid of the Minitab software 
program. 

 
Table 2. Taguchi design of joining process parameters. 
 

Sample No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Rotating speed (RPM) 900 1120 1400 1800
Pre-heating time (sec) 15 20 25 30 15 20 25 30 15 20 25 30 15 20 25 30
Plunging depth (mm) 0.15 0.30 0.45 0.60 0.30 0.15 0.60 0.45 0.45 0.60 0.15 0.30 0.60 0.45 0.30 0.15

 
2.3. Friction spot joining process 
 

The friction spot joining process was accomplished using a vertical milling machine with special 
fixtures to prevent the specimens from slipping during the process. The specimens' lap joint was put through 
the fixtures' internal slot, as shown in Fig.3a. The tool rotates and moves down until it reaches the upper 
surface of the aluminum specimens. For a specific time (pre-heating time), the tool stays in contact with the 
aluminum surface. At this stage, the aluminum specimen is heated and softened. The rotating tool penetrates 
the upper surface of the aluminum specimen with a particular plunging depth. The primary aim of this stage 
is to extrude the softened aluminum metal through the steel specimen hole with the aid of applied pressure 
during the plunging stage. The amount and characteristics of extruded aluminum depend on the pressure 
applied and generated heat by friction between the surface of the aluminum and the shoulder. Depending on 
the process parameters, the extruded metal can flow continuously until it meets the flat backup plate (lower 
die) of the machine base. On the other hand, the extruded aluminum can move transversally between the 
steel threads to fill the thread slot depending on the applied pressure. Figure 3b illustrates joined samples of 
aluminum and steel. 
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Fig.3. a) Lap joint configuration. b) Joined samples. 
 

3. Results and discussion 
 
3.1. Surface features of joints 
 

Figure 4 shows the bottom view of the joined samples. Approximately all the joined samples indicated 
that the extruded aluminum fully filled the steel hole. This shows that the applied pressure and generated heat 
during the friction process were sufficient to extrude the aluminum with a uniform filling through the steel 
hole. Most of the joined samples exhibited the trace of the flat backup plate on the extruded aluminum metal 
due to high applied pressure and temperature [23]. Samples 1, 6, 11 and 16 exhibited a noticeable gap between 
the extruded aluminum and the inner surface of the steel hole compared with the other joined samples. Those 
samples were joined with the minimum plunging depth of the rotating tool (0.15 mm). Increasing the plunging 
depth of the tool resulted in decreasing the gap between the extruded aluminum and the inner surface of the 
steel hole, as shown in the samples of the highest plunging depth (sample No. 4, 7, 10 and 13). Those samples 
were joined with a maximum value of the plunging depth (0.6 mm). The operation of plunging was to apply a 
required pressure from the rotating tool on the aluminum specimen to extrude the heated aluminum through 
the steel hole. Increasing the plunging depth resulted in increased pressure, which led to the rise of the amount 
of extruded aluminum passing through the steel hole. So, the plunging depth of the tool has the greatest impact 
on the amount of extruded aluminum through the steel hole. 

 

 
 

Fig.4. Extruded aluminum through steel hole. 
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3.2. Joint’s shear force 
 

The shear force test was carried out to investigate the mechanical properties of the joined materials at 
the lap joint region. The joined samples were tested by applying an axial force until they reached the final 
fracture. The shear force of the samples was recorded at the fracture point, representing the maximum shear 
force value during the shear test for each sample. This force can be considered as an ultimate value of shear 
force of the joint. This test revealed that the tested samples failed by shearing the extruded aluminum at the 
lap joint. Figure 5 illustrates a variation of the joint’s shear for the joined samples. The recorded data indicated 
the shear force of the joints ranged from a minimum value of 2000 N in samples No.1, 6, and 11 to a maximum 
value of 2500 N in samples No.7 and 9. The samples of minimum shear force were joined with a minimum 
plunging depth of the tool (0.15 mm), while samples No. 7 and 9 were joined with a plunging depth of 0.6 and 
0.45 mm, respectively. This indicates that the joint’s shear force has a significant effect on the plunging depth 
of the tool [24]. The first sets of the joined samples No.1, 2, 3 and 4 exhibited a uniform increase in the shear 
force, while the last group (samples No. 13, 14, 15 and 16) demonstrated a uniform decrease in the shear force. 
The first and last sets were joined by increasing and decreasing the plunging depth of the tool, respectively. 
With the small value of the plunging depth, a small amount of the aluminum metal can be freely extruded. A 
higher value of the plunging depth can result in applying a higher pressure on the extruded metal of the 
aluminum, which can assist in penetrating it through the inner threads of the steel hole and reducing the 
extruding defects. All of these factors can increase the joint’s shear force. 
 

 
 

Fig.5. Joint’s shear force of sample. 
 

In order to explain the effect of the joining process parameters and process temperature on the joint’s 
shear, the main effect was used by analyzing the experimental data, as shown in Fig.6. The maximum process 
temperature value was recorded for each sample. It ranged between a minimum value of 106.5°C in sample 
No.1 and a maximum value of 169.6°C in sample No.16. So, the samples were joined with a temperature 
(approximately) equal to a quarter of the melting point of the aluminum specimen. The results indicated that 
the increased rotating speed (more than 1120 RPM) decreased the joint’s shear force. Increasing the plunging 
depth of the tool increased the joint’s shear force. The pre-heating time and process temperature exhibited a 
small or varying effect on the joint’s shear force. This can be explained by the fact that the heating effect during 
the joining process has a small effect on the metallurgical properties of the extruded aluminum (the temperature 
reached 0.25 T melting of the aluminum). 
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Fig.6. Main effect plot of joint’s shear force. 
 

Moreover, the Pareto chart shows that the plunging depth of the tool is the most influential factor 
followed by the rotating speed, process temperature and the pre-heating time, as shown in Fig.7. 

 

 
 

Fig.7. Pareto chart of joint’s shear force. 
 

Figure 8 illustrates the fractured surfaces of the joined samples at the aluminum and steel sides, 
respectively, for samples No. 2, 3, 7 and 8. The tested samples indicated that the joints failure was caused by 
two types of mode failure: shearing and pulling out the extruding aluminum. The aluminum metal was partially 
pulled out. It can be explained as follows. First, the second steel hole contained an extruded aluminum metal 
which acts as a cap-like rivet to resist the pullout of the aluminum. Secondly, the inner threads of the steel 
specimen, also resist the pullout of the aluminum metal from the steel hole. And finally, the mechanical 
interlock between the extruded aluminum and the inner surface of the steel hole. The joined samples exhibited 
the presence of part of the sheared aluminum on the steel specimen at its inner hole. This part of the aluminum 
resisted the pullout during the tensile test and is only sheared under the effect of the applied load during the 
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test. As a result, the effect of the stepped steel hole, steel threads and the mechanical interlock acted as factors 
to resist the joint pullout and improved the mechanical properties of the joints. 

 

 
 

Fig.8. Fractured surfaces of joints. 
 

3.3. Joint’s macro-scope 
 

During the joining process, the aluminum metal softens under the effect of heating process parameters. 
Softening of the extruded aluminum depends mainly on the process temperature. Two factors affect the process 
temperature: the rotating speed (RPM) and the preheating time (t). The preheating time will be the main factor 
in the process temperature for the same rotating speed value. For this case, increasing the softening-ability of 
the extruded aluminum depends on increasing the process temperature and/or the preheating time [25]. Figure 
9a is a comparison of macroscopic images of joints cross-section joined with the same rotating speed and at 
different preheating time. It is observed that the joined samples with a higher preheating time (30 sec.) 
exhibited a smooth and full penetration of the extruded aluminum through the steel threads without deforming 
it. The joined samples with a smaller preheating time (15 sec.) exhibited a partial filling or penetration of the 
extruded aluminum through the steel threads, deforming the steel threads. When the preheating time is longer 
the process temperature rises, thus increases the softening-ability of the extruded aluminum. A higher softening 
of the extruded aluminum results in smooth penetration through the steel hole. During the penetration 
mechanism, the extruded aluminum exerts pressure on the steel thread. Samples No.4, 12 and 8 exhibited a 
smooth and full penetration of the extruded aluminum through the steel threads without deforming then. 
Samples No.1, 9, and 13 were joined with a short preheating time and/or process temperature. In this case, the 
extruded aluminum is not softened enough. A minor softening of the extruded aluminum reduces the 
penetration through the steel threads and increases the applied pressure from the extruded aluminum on the 
steel threads. So, the steel threads of samples No.1, 9, and 13 are highly deformed.  

Two samples of maximum and minimum plunging depth were selected from each set of the rotating 
speeds to investigate the effect of the plunging depth (P) on the amount of extruded aluminum which penetrated 
the steel threads, as shown in Figure 9b. The images indicated that the higher plunging depth (0.6 mm) in 
samples No. 4, 7 and 10 resulted in a greater amount of extruded aluminum which penetrated the steel threads. 
A small amount of the extruded aluminum penetrating the steel thread was observed in samples No. 1, 6 and 
11 due to a small plunging depth of the tool (0.15 mm). The samples of deep aluminum penetration exhibited 
a higher joint’s shear force compared to those of small aluminum penetration. 
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Fig.9. Joint’s microscope: a) effect of pre-heating b) effect of plunging depth. 
 
3.4. Joint’s scanning electron microscopic and X-ray diffraction tests 
 

Three samples (No. 4, 7 and 11) were selected to investigate the joining mechanism and the interface 
width between the two materials, with the aid of SEM examinations, as shown in Fig.10. The SEM results 
indicated that the joining between the two materials occurred by extruding the aluminum metal through the 
steel threads without the presence of defects such as voids, cracks or gaps. The extruded aluminum successfully 
penetrates pores (of micron size) of the inner surface of the steel hole. The two materials were joined by a 
micro-scale mechanical interlock mechanism between the extruded aluminum and the steel [26]. The interface 
line between the two materials is clearly observed. The width of the interface line ranged between (0.7 to ~ 
2.5) μm. 
 

 
 

Fig.10. SEM of joint cross-section, samples No. 4, 7 and 11. 
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Moreover, the interface line between the joined materials was examined by X-ray diffraction tests for 
the sample 1 and 13, as shown in Fig.11. 

 

 
 

Fig.11. X-ray diffraction test, samples No. 1 and 3. 
 
4. Conclusion 
 

Aluminum alloy AA6061 was joined to a pre-holed and threaded carbon steel AISI 1006 by friction 
spot technique. The following conclusions can be drawn: 

1) The two materials are joined by extruding the aluminum metal through the hole and the threads of the 
steel without visual gaps, voids or other defects. 

2)  A micro-scale mechanical interlock occurred between the joined materials at an interface line. 
3) The plunging depth of the tool has the most significant effect on the amount of extruded aluminum 

through the steel hole. 
4) The joined samples exhibited an ultimate shear force in the range of 2000-2500 N. 
5) The joint’s shear force increased by increasing the plunging depth and decreasing the rotating speed of 

the tool, respectively. 
6) The plunging depth of the tool has the strongest effect on the joint’s shear force, followed by the rotating 

speed, process temperature and pre-heating time. 
7) The joint failed by mixing two types of failure modes: shearing and pull-out of the extruded aluminum. 
8) The compound effect of the mechanical interlock between the extruded aluminum and steel, stepped 

hole and threads of the steel specimen improved the mechanical properties of the joints. 
9) Increasing the plunging depth and process temperature increased the penetration of the extruded 

aluminum through the steel threads. 
10) The joint’s shear force increased by increasing the penetration amount of the extruded aluminum through 

the steel threads. 
11) Increasing the softening-ability of the extruded aluminum reduced the steel thread deformation and 

increased the joint's shear force. 
 

Nomenclature 
 
 AA − aluminum alloy 
 AISI − American Iron and Steel Institute 
 °C − temperature degree (Celsius) 
 DOE − design of experiments 
 FSW − friction stir welding 
 FSSW − friction stir spot welding 
 HSS − high-speed steel 
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 IMCs − intermetallic compoundsheat 
 mm − millimeter 
 MPa − megapascal 
 N − Newton 
 RPM − revolutions per minute 
 RSW − resistance spot welding 
 sec − second 
 SEM − scanning electron microscopic 
 t − time 
 Zn − zinc 
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