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ABSTRACT 

Sound joints of a far apart property, pure aluminum and mild steel, and dissimilar materials were obtained by 
friction stir spot welding (FSSW) solid state joining process. Sheets of 2 mm thickness were overlapped and fixed 
with a fixture device then welded. Welding parameters that produced the sound joint were identified. Joints 
microstructure and mechanical properties were investigated. A microstructural investigation has revealed a creation 
of mechanical interlocking and discontinuous formation of the intermetallic compounds found at the interface. The 
intermetallic compound (IMC) layer thickness ranged from 6 μm to 17 μm with the optimum condition specimen, 
800 rpm and 5 Sec dwell time. Tensile-shear test showed that failure load has increased with increasing tool plunge 
depth and rotational speed. After the optimum value of rotational speed, the shear failure load decreased. The 
maximum shear failure load of 2.15 KN was attained at 800 rpm and 2.4 mm plunge depth.  
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INTRODUCTION 

Dissimilar materials, for example, aluminum and steel, have both different physical and mechanical properties. 
Automotive industry used aluminum with steel hybrid constructions, such as transportation vehicles, to offer 
combined benefits of strength and light weight (Reza-E-Rabbya et al., 2020). Butt joining these disparate materials 
with conventional fusion welding is a challenge and it requires other welding innovations. Friction stir welding (FSW) 
is presented as problem solving technology for such applications (Khodir et al., 2016; Ahmed et al., 2016; Hoziefa 
et al., 2016). Recently, friction stir spot welding (FSSW) is noted to be one of the best alternatives in industry (Ahmed 
et al., 2016) for the currently used resistance spot welding (Ataya, 2014a). FSSW provides great advantages for 
dissimilar materials joining, compared to typical fusion welding processes (Ahmed et al., 2016; Figner et al., 2009). 
FSSW has three main steps which are illustrated in Figure 1. In the first step, a rotating nonconsumable tool with a 
pin is plunged into the two sheet plates, which are in a lap configuration. Also, there is a backing strip, or anvil, that 
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contacts the lower sheet from th  bottom  and supports  the  axial  load  made  by  the welding tool during the welding 
cycle (Bozzi et al., 2008). 

 
Feasibility of FSSW to weld aluminum to steel was shown by Piccini and Svoboda (2015) who joined AA6063 

with galvanized low carbon steel by FSSW, and studied the effect of tool configuration on the joint interface features 
(Ahmed et al., 2019). Fereiduni, Movahedi, and Kokabi (2016) attempted a joining of AA5083 and St-12 steel alloy 
sheets by an alternate FSSW and found that the shear strength decrease is due to the formation of intermediate phases. 
Also, Mahto et al. (2016) studied the FSSW parameters effect on the mechanical properties of AA 6061-T6 and 
stainless steel spot joints and observed the presence of intermetallic compounds at the interface through metallurgical 
bonds. Welding time and rotational speed are main factors for increasing friction heating resulting in formation of a 
brittle intermetallic compound (IMC) by interface reaction between aluminum and ferrous metals (Aota, Takahashi, 
and Ikeuchi, 2010; Abd et al., 2020). So, it is very important to control and decrease the welding time to a few 
seconds. Thus, the aim of this work is to investigate the effect of FSSW dwelling time (t) and plunge depth (Pd) on 
the joint strength and microstructure of the dissimilar friction stir spot welded aluminum and steel. 

 

 

Figure 1. Schematic of the FSSW process stages:  
(a) FSSW tool rotating; (b) plunging and dwelling step; (c) retraction (Yang, Fu, and Li, 2014). 

 

EXPERIMENTAL PROCEDURE 

Materials and FSSW 

The materials used in this work were sheets of commercial pure aluminum alloy (AA 1050) and low carbon 
steel (mild steel) with chemical composition presented in Table 1. Two work-pieces of 2 mm thickness were cut with 
dimensions of 150 mm length × 30 mm width. Figure 2 shows the schematic of the lap joint configuration. The two 
sheets were overlapped with 30 mm by 30 mm overlap area. The upper and lower sheets were aluminum alloy 
AA1050 and mild steel, respectively. Figure 3 shows the special fixture that was designed and manufactured to be 
used in the FSSW process to assure the lap joint alignment and to conduct a series of spots sequentially to reduce 
welding setting time. Clamps’ screw bolts were tightened to prevent the work-piece from pulling up. The FSSW were 
carried out using a computerized (EG-FSW-M1) at Suez University. The used rotating tool was cylindrical tool with 
a semispherical pin made of H13 tool steel type. The cylindrical tool consists of shoulder with diameter of 20 mm 
and probe of 4 mm diameter and 0.4 mm length and no tilting angle was applied to the tool. FSSW was performed at 
three rotation rates of 400rpm, 800rpm, and 1200rpm, and five dwelling times of 2.5s, 5s, 7.5s, 10s, and 12.5s were 
applied. Also two plunge depths of 1.4 mm and 2.4 mm as nonpenetrating and penetrating of lower mild steel were 
used. The plunge rate of 0.1 mm/sec used in all experiments was constant. The FSSW conditions used in this work 
are presented in Table 2. 
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Table 1. Chemical composition in weight % of aluminum and low carbon steel sheet. 
 

 
AA 

1050 

Si Fe Mg Mn Ti V Cu Cr 
Other 

Impurities Ni, 
Zn, and Sn 

Al 

0.228 0.268 0.82 0.077 0.015 0.011 0.009 0.0005 Single < 0.001; 
total 0.003 Balance 

 
Low C 
steel 

C Mn Cu Si W Al V Nb P S 
Zr, B, Sn, As, 

Pb, Mo, Co, Ti, 
Ni, and Cr 

Fe 

0.105 0.78 0.084 0.042 0.040 0.038 0.038 0.036 0.033 0.018 Single < 0.0109; 
total 0.106 Balance 

 

Table 2. FSSW parameters applied in this work and nomenclature. 
 

Welding 
condition 

Rotational speed 
(rpm) 

Dwell time 
(Sec) 

Plunge depth 
(mm) 

400-2.5 400 2.5 1.4 

400-5 400 5 1.4 

400-5-2 400 5 2.4 

400-7.5 400 7.5 1.4 

800-5 800 5 1.4 

800-5-2 800 5 2.4 

800-7.5 800 7.5 1.4 

800-10 800 10 1.4 

1200-5 1200 5 1.4 

1200-5-2 1200 5 2.4 

1200-10 1200 10 1.4 

1200-12.5 1200 12.5 1.4 
 

 
Figure 2. Schematic of the FSSW configuration with dimensions of the lap joint. 
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Figure 3. An image of the FSSW setup that allows a series of spots that can ran automatically. 
 

Joints Evaluation 

After FSSW, the joints are examined longitudinally using tensile shear test. For this purpose, two backing sheets 
were used to ensure the axial loading during the tensile shear test. Tensile shear was carried out using an INSTRON 
4210 universal testing machine at room temperature. Gauge length ranges from 199 to 220 mm) and loading rate 0.1 
mm/sec. Fracture surfaces were examined to show the failure modes. For the hardness testing and optical microscope 
investigations, the FSSWed joints were sectioned across the spot using a wire electrical discharge machining 
(WEDM), cold mounted, then grinded, and polished according to the standard metallographic procedures. Vickers 
microhardness tests were performed on the transverse cross-section of FSSWed samples. Hardness measurements 
were carried out using a Qness Vickers hardness testing machine, model ‘Q10 M’. The hardness profile was generated 
according to the ASTM E-384 test method using a load of 1000 gf on the sample lower and upper sections of the 
mild steel and AA1050, respectively. Microstructural examination was carried out using ‘Olympus DP73’ optical 
microscope. The mild steel was etched by 2% HNO3 in distilled water (nital 2% solution), and then it  was washed 
and dried for optical microscopy (OM) investigation. 

 

RESULTS AND DISCUSSION 

Downward Force History along Plunge Distance 

Figure 4 shows the typical downward plunge force curve, which can be roughly divided into four regions among 
five points of tool plunge distance values. The force peak value was at point 5 (Pd = 2.4mm); that is, tool penetrates 
0.4 mm into steel. At point 1, the tool pin plunged into the upper sheet, and aluminum stirred around the pin (Hamada 
et al., 2015). More deformed material requires more downward plunge force. From point 1 to point 2, the tool pin 
plunged deeper, so high heat generated from both friction and plastic deformation which causes softening and results 
in a decreasing plunge force. At point 2, the tool shoulder begins to penetrate, causing the downward plunge force to 
increase. At point 3, the rotating shoulder moves deeper into aluminum and squeezes it out, causing more aluminum 
to deform under its area and the downward force became higher. At point 4, the tool pin touches the lower steel sheet, 
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Figure 2. Schematic of the FSSW configuration with dimensions of the lap joint. 
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and the squeezed aluminum is further suppressed by shoulder and steel sheet. Therefore, plunge force increases 
rapidly. Finally, after point 5, the dwell period decreases the force and then tool retracts out of the two sheets (Chen, 
Liu, and Ni, 2017). 

 

Figure 4. Downward plunge force history curve for specimen 800-5-2. 
 

Effect of Welding Parameter on Downward Force 

Downward forging force is the reaction of the tool pin and shoulder penetration into upper and lower plates. The 
main dominant welding parameters which have significant effect on downward forging force are the rotational speed 
and dwell time. Figure 5 (a) shows that the maximum plunging force values rapidly decrease with increasing the 
rotational speed at different dwell time values. Also, downward force decreased with increasing dwell time at 
different rotational speeds as shown in Figure 5 (b). Longer dwell time or higher rotational speed results in higher 
heat input which raises the temperature distribution (Ahmed et al., 2021a) and more material plasticization that 
facilitates the forging process and leads to significant reduction in forging force (Mahgoub et al., 2015). The effect 
of both rotational speed and dwell time is shown in Figure5 (c). 
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(c) 

 
Figure 5. Effect of welding parameters on downward plunging force: a) rotational speed, b) dwell time, and c) 

both rotational speed and dwell time effects. 
 

Joint Appearance and Weld Structure 

The rotation speed and dwell time affect the softening of the welded material and the welding downward force 
enhances the stirring action (Jordon et al., 2019). Figure 6 shows the FSSWed lap joint specimen typical appearances 
at different welding conditions. Figure 6 (a-c) is for specimens 400-5-2, 800-5-2, and 1200-5-2 lap joints. Figure 6 
(d) is for specimen (1200-5). The top view, illustrated in Figure 6 (e-h), shows the shape of the joint spot, which is 
circular indentation with small ring shaped projection along its outer edge. Figure 6 (e-h) shows same specimens 
back view, which has an unblemished surface and darker hot spot as a result of heat effect. Figure 6 (i-l) shows side 
view image of lap joint alignment which is assured by the special fixture to obtain sound joint. Sound FSSWed joints 
were successfully produced at optimum combination of rotational speed and dwell time. Other weak bonded 
specimens have visual macroscopic separation at the interface observed by visual inspection, as can be seen in Figures 
7 (b), (d), and (f). AA1050/mild steel FSSW joint cross-sectional macrographs show an indentation profile of the 
joint which reflects the shape of semispherical pin and cylindrical shoulder of the tool as extruded material flashed 
to the sides of the welding line. When dwell time increased, the sound joint was obtained. However, with highly 
excess dwell time, the joint was weakly bonded and easily detached by very low exerted force. Dwell time optimum 
value was found to be 5 sec. 
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Figure 6. Welded lap joint specimens shapes 400-5-2, 800-5-2, 1200-5-2, and 1200-5. Hence (a), (b), (c), and 
(d) are top view. And (e), (f),(g), and (h) are back view. And (i), (j), (k), and (l) are side view of specimens 1200-

5-2 and 1200-5. One can see (i), (j) and (k), (l) without fixture device application. 
 
 

 
 

Figure 7. Cross-sections of welded FSSW specimens at conditions (a) 1200-5; (b) 1200-12.5; 
(c) 400-7.5; (d) 800-7.5; (e) 800-5; and (f) 400-2.5. The separations are marked with yellow dots. 
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Optical Microstructure 

The optical microstructure was examined or the sound FSSWed lap joints specimens welded at 400-5-2 and 
800-5-2. One of the obvious features that can be seen at the nugget zone is the ‘formation of hook’ from steel into 
aluminum. A similar hook feature was reported by Bozzi et al. (Bozzi et al., 2010). Figures 8 (c), (d), (p), and (q) 
show an upward hook which is a characteristic feature of the weld boundary of the FSSW joint. The hook is a partially 
metallurgical bond (Chen, Liu, and Ni, 2017) between the two different materials. In the present work, the hook 
feature was detected at all penetrating (Pd = 2.4 mm) joint conditions. Other researchers reported this phenomenon 
in the FSW and FSSW lap joints (Babu et al., 2012). 

 
At the upper side of the hook, the swirl structures of grains can be observed in Fig. 8 (e-f), presenting an enlarged 

view of the hook upper side. It can be observed that the hotter steel flows upward and extruded due to the downward 
squeezing motion of the pin. After a while, the steel upward flow is restrained by the tool shoulder surface larger 
compression force resulting in both bending steel  as hook and as more layers of steel grains are extruded, a periodic 
vortex morphology, swirl structure, can be observed at the top side of the hook (Chen, Liu, and Ni, 2017). 
Discontinuous intermetallic compounds (IMCs) formation at both the interface and the top of the hook is another 
feature that can be observed. The embedded aluminum particles react with the steel under a certain temperature and 
pressure, which results in the formation of IMC within a very short welding time (Abd et al., 2020). As observed in 
Fig. 8 (i-n), there is a formation of IMCs in continuous and discontinuous morphology at the Al/mild- steel interface. 
Some authors represented that the metallurgical bonds are formed as a result of atomic diffusion across the joint 
interface (Fereiduni, Movahedi, and Kokabi, 2016). Al/Fe intermetallic compounds will be formed as a consequence 
of the atomic diffusion if enough energy is provided at the joint interface (Fereiduni, Movahedi, and Kokabi, 2016). 
Fig. 8 (l) shows a high IMC thickness measured at the top of the hook. High rotational speeds make the very hot steel 
to flow upwards into the upper aluminum film at the interfacial area which could explain why high IMC quantity is 
in areas where the penetration depth increases, and the hooks extend with longer IMC (Fereiduni, Movahedi, and 
Kokabi, 2016; Jordon et al., 2019). 
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Figure 7. Cross-sections of welded FSSW specimens at conditions (a) 1200-5; (b) 1200-12.5; 
(c) 400-7.5; (d) 800-7.5; (e) 800-5; and (f) 400-2.5. The separations are marked with yellow dots. 
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Figure 8. (a,b) Optical macrographs of the FSSWed Al-Steel penetrating joints 400-5-2 and 800- 5-2, 
respectively. (c-q) Optical microstructures for joint in (b) as follows: (c) left hook, (d) right hook, and (e-f) 

enlarged swirl structure.(g-h) IMCs at hook.(i) Thin continuous IMCs; (j-k) discontinuous IMCs; (l-m) thick 
continuous IMCs; (n) thickness of the two phases of IMCs; (h) the hook IMCs. Optical microstructure for joint 

in (a) microstructure showed as follows: (p) left hook; (q) right hook; and (o) nugget interface.  
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Tensile-Shear Test Results 

Tensile-shear test is used to evaluate the FSSW joint strength. The average tensile-shear load for each joint was 
evaluated based on two tested specimens. Fig. 10 (a) and 10 (b) show the average fracture loads of the welds processed 
at different welding conditions. It can be observed that the rotation speed and plunge depth have a significant effect 
on the values of tensile-shear failure load. The tensile shear test results show a significant improvement in the failure 
load and fracture energy with increasing the plunge depth. These results are in agreement with the reported results 
(Babu et al., 2012; Masaki et al., 2015). Figure 10 (c)  shows maximum tensile strength load carrying capacity varying 
at different welding conditions (Ataya, 2014b). According to the bar chart in Figure 10 (d), at optimum dwell time, 
the average failure loads at 400 r.p.m were 1.3 KN and 1.973 KN, and then, at 1200 r.p.m, they were 839 N and 1.188 
KN at Pd= 1.4 mm and Pd= 2.4 mm, respectively. The maximum average failure load increased to 2.15 KN when 
rotational speed was 800 RPM and Pd= 2.4 mm at which the specimen has maximum joint strength value. It can be 
noted that with increasing the rotational speed, the joint strength increases till optimum value after which the failure 
load decreased. Also, increasing the penetration depth increases the joint strength. Lathabai et al., Tozaki et al. 
(Tozaki, Uematsu, and Tokaji, 2010) reported that both the cross-tension and tensile-shear strengths decreased with 
increasing the tool rotational speed (Mohamed et al., 2021). As the rotational speed increases, the heat input will 
increase which subsequently gives rise to the grain growth and thereby joint strength decreases (Fereiduni et al., 
2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Tensile shear testing of the FSSWed Al/St. showing the different fracture modes in samples 

welded at conditions 800-5-2 (a, b) and 1200-5 (c, d). (b), (d) are the initial fracture position; (a),(c) are 
aluminum appendage, where the final fracture occurred. 
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Figure 8. (a,b) Optical macrographs of the FSSWed Al-Steel penetrating joints 400-5-2 and 800- 5-2, 
respectively. (c-q) Optical microstructures for joint in (b) as follows: (c) left hook, (d) right hook, and (e-f) 

enlarged swirl structure.(g-h) IMCs at hook.(i) Thin continuous IMCs; (j-k) discontinuous IMCs; (l-m) thick 
continuous IMCs; (n) thickness of the two phases of IMCs; (h) the hook IMCs. Optical microstructure for joint 

in (a) microstructure showed as follows: (p) left hook; (q) right hook; and (o) nugget interface.  



274 Effect of dwelling time and plunge depth on the joint properties of the dissimilar friction stir spot welded aluminum and steel 

 

 
 

Figure 10. Typical loading curves of joint at different rotational speeds and 5 sec dwell time with 
(a) nonpenetrating Pd= 1.4 mm and (b) penetrating Pd= 2.4 mm conditions.(c) Average failure load for each 

rotational speed for penetrating (Pd = 2.4 mm) and nonpenetrating (Pd =1.4 mm) conditions at optimum dwell 
time of 5 Sec. 

 

Fractured Mechanism and Failure Mode 

The fracture of the specimens 800-5-2 and 1200-5, which presents the highest and lowest tensile-shear loads, 
during tensile test, is shown in Fig 9 (a), (b) and Fig. 9 (c), (d), respectively. The fracture surfaces showed two regions. 
Initial interfacial fracture in Fig. 9 (b) is along the joint interface. Hence, shear surface is shown in Fig. 12 (a), and 
final shear fracture within aluminum sheet (i.e., the weaker member) is mating appendage surface Fig. 9 (a); elongated 
appendage designates a suitable bonding between both sheets. The other specimens with (Pd= 2.4 mm) observed the 
same features in all fractured joints. They exhibited a skewed surface, shear surface, around the pin projection 
(Ahmed et al., 2013). The joints welded at (Pd= 1.4 mm) have completed the separation of the sheets and an attached 
aluminum was exhibited at the pin key-hole as shown in Figure 12 and Table 3. The dominant of the initial and final 
fracture surfaces at mild steel side is a broken IMC composed of a near-continuous layer with cracks and cleavage-
type features (Niroumand-Jadidi and Kashani-Bozorg, 2018). 
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Figure 12. The initial and final fracture points of FSSW Al/St. joints at conditions: 800-5 
[Pd= 1.4 mm] for (a), (b), and (c); and 800-5-2 [Pd= 2.4 mm] for (d), (e), and (f). 

 

Table 3. Joints fracture morphology views from upper and lower sides of mild steel and AA 1050. 
 

 
 
According to the literature of FSSW joints, there are two common failure modes, including nugget pull out 

which is also called plug fracture (PF) and cross nugget failure (Chen, Liu, and Ni, 2017). The former mode is 
considered as a ductile fracture which experienced a nugget at aluminum appendage where the initial fracture was 
generated in the cracks that propagate at shoulder interfacial area (weld nugget). The other failure mode is considered 
as a relatively brittle fracture where the fracture happens across the weld nugget that is why it is called interfacial 
fracture (IF) (Bozkurt and Bilici, 2013). In this study, the plug fracture failure mode was observed in all specimens 
with nonpenetrating conditions and (IF) failure mode was observed in penetrating condition specimens, as shown in 
Table 3. As shown in Figure 13, the plug fracture (PF), which revealed with penetration in the lower steel sheet, has 

 

 

 
 

Figure 10. Typical loading curves of joint at different rotational speeds and 5 sec dwell time with 
(a) nonpenetrating Pd= 1.4 mm and (b) penetrating Pd= 2.4 mm conditions.(c) Average failure load for each 

rotational speed for penetrating (Pd = 2.4 mm) and nonpenetrating (Pd =1.4 mm) conditions at optimum dwell 
time of 5 Sec. 

 

Fractured Mechanism and Failure Mode 

The fracture of the specimens 800-5-2 and 1200-5, which presents the highest and lowest tensile-shear loads, 
during tensile test, is shown in Fig 9 (a), (b) and Fig. 9 (c), (d), respectively. The fracture surfaces showed two regions. 
Initial interfacial fracture in Fig. 9 (b) is along the joint interface. Hence, shear surface is shown in Fig. 12 (a), and 
final shear fracture within aluminum sheet (i.e., the weaker member) is mating appendage surface Fig. 9 (a); elongated 
appendage designates a suitable bonding between both sheets. The other specimens with (Pd= 2.4 mm) observed the 
same features in all fractured joints. They exhibited a skewed surface, shear surface, around the pin projection 
(Ahmed et al., 2013). The joints welded at (Pd= 1.4 mm) have completed the separation of the sheets and an attached 
aluminum was exhibited at the pin key-hole as shown in Figure 12 and Table 3. The dominant of the initial and final 
fracture surfaces at mild steel side is a broken IMC composed of a near-continuous layer with cracks and cleavage-
type features (Niroumand-Jadidi and Kashani-Bozorg, 2018). 
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a higher energy absorption than the interfacial fracture (IF). As in case of penetration, a more progressive failure 
results from tearing of the Al sheet around the nugget which manifests itself in a larger displacement (Chen, Liu, and 
Prangnell, 2014). 

 
Figure 13. Absorbed energy for nonpenetrating and penetrating area under load displacement curves. 

 

Microhardness Profile 

The Vickers hardness (HV) tests were carried out on the cross-section of the welds lowest and highest joint 
strength specimens: (a) 1200-5 and (b) 800-5-2, respectively. Microhardness values were taken across the aluminum 
and mild steel at mid thickness center lines, respectively. From the HV variation profile, it is observed that hardness 
increased near the joint and then decreased gradually as one moved away to base materials. This is due to the increased 
stirring action near the joint nugget which influenced more grain refinement as compared to the regions away from it 
(Swamy and Kiran, 2016; Ahmed et al., 2017; and Ahmed et al., 2021b). As shown in Figures 14 (a), (b), each 
distribution of hardness values was found to be symmetric with respect to the center of the keyhole. 
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Figure 14. Microhardness profile for joints specimens: (a) 1200-5 and (b) 800-5-2. 

 

CONCLUSION 

Dissimilar joining using friction stir spot welding (FSSW) technique for 2mm thickness AA1050 and mild steel 
has been carried out and the following conclusions have been found. 
1. Sound FSSWed joints between AA1050 and mild steel are produced in both nonpenetrating (Pd =1.4 mm) 

and penetrating (Pd =2.4 mm) cases at optimum dwell time (5 sec) and rotational speed (400rpm, 800 rpm, 
and 1200 rpm). 

2. Microstructural investigation has revealed that the hook feature with swirl structure of the steel grains in case 
of penetrating condition, formed mainly due to hook mechanical interlocking, gave high joint strength. 

3. As the rotational speed and dwell time increase, the forging effect enhanced the joint interlocking and resulted 
in strongly bonded joint.  

4. The penetration of FSSW tool in the lower sheet changed the fracture mode from interfacial to plug mode. 
5. Maximum joint strength is obtained at conditions of rotational speed (800 rpm), dwell time (5 sec), and 

penetrating condition (Pd = 2.4 mm). 
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