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Abstract: DP600 steel and AA7075-T6 aluminium alloy plates were joined using the friction stir spot welding process. The effects 
of  different tool rotational speeds on the mechanical properties, intermetallic compound formation and interface microstructure 
of  welded joints were investigated. The highest lap shear tensile load was obtained from the samples joined at a rotational speed of  
1040 rpm (6.5 kN). It was determined that the tensile load of  the welded joint decreased with increasing tool rotational speed. XRD 
analysis performed on broken surfaces, the intermetallic phase was determined to be Al13

Fe
4
. As a result of  Vickers microhardness 

tests, the samples joined at 1320 rpm and 1500 rpm, in the structure of  which intermetallic compounds were determined by 
XRD analysis, displayed higher hardness values. In addition, when scanning electron microscope images were examined, it was 
determined that the cracks observed in the samples and the porosity both increased with increasing tool rotational speed.
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method with low distortion, fewer welding defects, and 
good mechanical properties, as it is a process that takes 
place below the melting temperature [8-18]. Using this 
process, it is possible to successfully join materials with 
very different properties [19-21]. An application of FSW 
process to one-point joint is known as friction stir spot 
welding (FSSW) [22,23]. The FSSW technique, which 
is a joining method that consists of three stages, was de-
rived from FSW process. After a rotary tool is immersed 
in overlapping plates at a certain depth, it is allowed to 
dwell for the specified time and then retracted without 
horizontal movement [24-26]. FSSW is now recognized 
as one of the most successful methods for joining of dis-
similar metals [27,28]. In addition, due to the advantages 
of the FSSW method such as low energy requirement and 
low cost, the FSSW technique has been replacing RSW 
in the automotive industry [29].  

In the FSSW process, despite the relatively low heat input 
The presence of various intermetallic phases was observed 
at the weld interface [30]. Hsieh et al. [31] determined 
that Fe2Al5 and Fe4Al13 intermetallic compounds were 
formed at the interface in the joining of SS400 steel and 
AA6061 aluminum alloy. Although the parameters of 

1. Introduction  
Improving passenger safety, reducing fuel consumption, 
and decreasing carbon emissions are issues of priority for 
the automotive industry. Although weight reduction is 
possible by using light materials such as Al alloys, join-
ing different types of materials has come to the fore as 
a method to provide sufficient strength values. For this 
reason, the joining of high-strength steel and light alu-
minium materials became a critical subject for the auto-
motive industry [1,2]. The dissimilar welding of Al and 
steel materials comes to the fore due to the combination 
of lightness and high strength properties. However, the 
application of the traditional resistance spot welding 
(RSW) process, which is used extensively in the indus-
try [3], is not efficient in dissimilar Al-steel joining. As 
a result of its very different physical and metallurgical 
properties, it is prone to the formation of brittle interme-
tallic compounds. In addition the fusion welded joints 
of dissimilar materials have welding defects like cavities, 
porosities, and cracks [4]. Therefore, solid-state welding 
methods are preferred in joining different types of Mate-
rials [5-7]. Friction stir welding (FSW), developed by The 
Welding Institute (TWI) in 1991, is a solid-state welding 
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pin and shoulder design, tool rotational speed and dwell 
time are considered as basic FSSW parameters, the plunge 
depth of the tool is also considered as an important weld-
ing parameter.  Haghshenas et al. [32], by plunging the 
tool into the steel material below, determined that a lower 
intermetallic layer was formed and the bonding was bet-
ter. However, materials such as carbides or cubic boron ni-
tride, which are more durable than steel, should be used as 
tool materials for this method. On the other hand joining 
can be performed by diffusion without plunging materi-
als into the plate at the bottom [28]. Also the diffusion 
joint is mostly preferred due to the limited plunging in 
thin sheets. The method of joining by diffusion has come 
to the fore as tools require lower strength with the con-
tact of the tool to the softer material at the top, and, as 
a result, tools produced with less costly material can be 
used. Fereudini et al. [33] investigated the technique of 
diffusion bonding using a 2.8-mm-long pin for welding 
3-mm-thick Al-5083 and 1 mm thick St-12 sheets. It was 
determined that the plates joined with rotational speed of 
900 rpm had better bond strength than the plates joined 
with rotational speed of 1100 rpm. In this study, due to 
the use of thin steel plates and to prevent excessive wear of 
the tool, diffusion bonding was preferred. Also the effects 
of various tool rotational speeds (1040 rpm, 1320 rpm, 
1500 rpm) on welding defects and mechanical properties 
in joining AA7075-T6 Al alloy plates with DP600 steel 
plates using FSSW were investigated.  

2. Materials and Methods
Aluminium alloy (AA7075-T6) sheets of 100 × 30 × 
3 mm and steel (DP600) sheets of 100 × 30 × 1.2 mm 
were used for the FSSW process. The experiments were 
carried out under room conditions, with an overlapping 
area of 30 mm × 30 mm, with an aluminum plate were 
placed on top of the steel plate. The chemical composi-
tions of AA7075-T6 alloy and DP600 steel were given in 
Table 1 and Table 2 respectively, mechanical properties of 
AA7075-T6 alloy and DP600 steel used in the study were 
given in Table 3. The FSSW of the plates was made using 
a vertical spindle type 2.8 kW FIRST LC20VGN milling 
machine. FSSW is a joining method that entails three dif-
ferent stages. After a rotary tool is plunged into plates at a 
certain depth, it is left to dwell for the specified time and 
is then retracted without horizontal movement (Fig. 1).

A stirring tool made of hot work tool steel (H13) was used 
in the FSSW processes. The tool is manufactured with a 

shoulder diameter of 20 mm, a conical pin diameter of 
4-6 mm and a pin length of 2.8 mm. Fig. 2a shows the 
schematic diagram of the tool. The plates were joined ac-
cording to various rotational speeds, namely 1040, 1320, 
and 1500 rpm. In order to determine the effect of tool 
rotational speed on welding performance, the dwelling 
time was kept constant for 10 s and the tool was turned 
clockwise. The plunging amount of the rotating tool was 
adjusted by the movement of the milling table in the ver-
tical direction followed by waiting for 10 seconds. The 
joint performance was determined by conducting me-
tallographic analysis (i.e. scanning electron microscopy, 
X-ray diffraction analyses), microhardness measurements, 
and tensile tests. For the preparation of the metallography 
samples shown in Figure 2d, the wire EDM technique 
was used. Then samples were sanded with silicon carbide 
papers of 400, 600, 1200, and 2000 grade and polished 
with alumina suspensions. Cross sectioned samples were 
etched with a solution of 2 mL of HF, 3 mL of HCl, and 
15 mL of HNO3 in distilled water for metallographic 

Table 1. Chemical composition of AA7075-T6. 

Si Fe Cu Mn Mg Cr Ni Zn Ti Zr Al

0.07 0.14 1.6 0.06 2.7 0.19 60 ppm 5.8 0.02 0.01 89.4
 
Table 2. Chemical composition of DP600.  

C Mn Si S Al P
0.092 1.912 0.147 0.003 0.031 0.014

 

Figure 1. Schematic illustration of the FSSW process (a) plunging 
stage  (b) stirring stage c) retracting stage.

Figure 2. (a) Schematic diagram of the tool used in the FSSW process 
(b) Dimensions of the friction stir spot welded joint c) pictorial image 
of the as welded sample. d) pictoral image of the metallographic 
analysis sample
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analysis (Fig. 2d).

In addition, microhardness measurements were per-
formed on the cross section of the welded plates to de-
termine the hardness changes in the stir zones. For mi-
crohardness measurements, Vickers hardness test (Bulut, 
Microbul) method was used with a load of 100 grams with 
a loading time of 10 seconds. Fig. 2c and Fig. 2d shows a 
pictorial image of the as-welded sample that was used for 
the tensile shear tests and metallographic analyses respec-
tively. For tensile shear test, a minimum of three tensile 

specimens for each parameter were tested using a loading 
speed of 1 mm/min (Fig. 2b).

3. Results and discussion
3.1. Microstructural investigations
The cross-sectional views of Al plates and steel plates 
joined using different tool rotational speeds are shown in 
Fig. 3. According to the SEM images, there was no appar-
ent weld defect in the samples joined at 1040 rpm (Fig. 
4a) and 1320 rpm (Fig. 4b). In the sample joined at 1500 
rpm (Fig. 4c), the presence of cracks in the area below the 
shoulder was observed. The presence of liquation cracks, 
whereby cracks occur during the formation of partially 
melting regions with the heat generated by friction and 
solidification of those regions, can be seen in Fig. 4c. 

Gerlich et al. [34] determined that during the dwell 
time, reverse flow occurs as a result of the downward force 
acting on the material under the shoulder of the tool. Ya-
mamoto et al. [35] determined that this reverse flow caus-
es the material to move upwards following the stir zone 
boundary, and they explained this as the cause of liqua-
tion cracks. 

It was observed in the SEM images of the region near 
the pin gap below the shoulder that the sample joined at 
1040 rpm (Fig. 4d) did not have significant weld defects, 
but there were thin cracks in the sample joined at 1320 
rpm (Fig. 4e). In addition, the sample joined at 1500 rpm 
(Fig. 4f) had more prominent and dense cracks, and it 
was determined that the cracks increased with the tool 
rotational speed. Since more heat is produced at high tool 
rotational speed, it is thought that the partially melted re-
gions, which are in higher-temperature liquid form, cause 
larger cracks during solidification.

When the SEM images of the weld interface according to 
various tool rotational speeds were examined, it was ob-
served that with the increase of the tool rotational speed, 
the porosity in the interface microstructure increased 
(Figs. 5a, 5b, 5c). It was determined that there were small 
gaps in the microstructure of the sample joined at 1040 
rpm, there were dimples and gaps in the sample joined at 
1320 rpm, and there were large gaps in the sample joined 
at 1500 rpm (Figs. 5d, 5e, 5f). This result is thought to 
have occurred due to the higher heat input when high 
tool rotational speed was used. Mahto et al. stated that 
as a result of low heat input, the porosity and intermetal-
lic compound layer formation decreased. However, it was 

Table 3. Mechanical properties of the DP600 and AA 7075-T6. 

Material
Tensile Strength 

(MPa)
Yield Strength 

(MPa)
Elongation Rate (%) Modulus of Elasticity (GPa) Hardness (HV)

DP 600 630 370 24 20 170

AA 7075-T6 572 503 11 71 175
 

Figure 3. Cross-sectionol views of welded joints according to various 
tool rotational speeds, (a) 1040 rpm, (b) 1320 rpm, and (c) 1500 rpm.

Figure 4. SEM images of welded joints according to various tool rota-
tional speeds, (a-d) 1040 rpm, (b-e) 1320 rpm, and (c-f ) 1500 rpm.
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stated that due to the high heat input, aluminium softens 
more than steel, and that leads to an inhomogeneous mix-
ing process and creates porosity in the welding zone [36].

When the cross sectional micrograph of the sample joined 
at rotational speed of 1040 rpm were examined (Fig. 6d), 
cracks and cavity-like weld defects were not observed, and 
a thin intermetallic layer formation was observed at the 
interface. Also, the crack line and seperate zone were ob-
served in samples joined at 1320 rpm and 1500 rpm tool 
rotational speeds, respectively (Fig. 6e-6f). Sun et al. [27] 
In their study on the joining of Al and mild steel sheets 
with FSSW, determined that intermetallic layer forma-
tion took place at the Al/Fe interface as a result of the 
high temperature during the welding process. Esmaeili et 

al. [37], in their study on joining Al and Cu plates with 
FSW, determined that when low tool rotational speed 
is used, the intermetallic layer does not form. They also 
stated that the intermetallic layer formation begins as the 
tool rotational speed increases and the thickness of the 
intermetallic layer increases at a higher tool rotational 
speed. They concluded that the formation of a thin inter-
metallic layer increases the tensile strength, whereas the 
thickening of the intermetallic layer decreases the tensile 
strength. Bozzi et al. [38], in their study on the joining 
of Al and steel sheets with FSSW, reported that FeAl3, 
Fe2Al5, and FeAl2 intermetallic compounds were formed 
depending on the welding parameters.

When the results of XRD analysis were examined (Fig. 

Figure 6. Cross sectional micrograph of samples, (a-d) 1040 rpm, (b-e) 1320 rpm, and (c-f ) 1500 rpm.

Figure 5. SEM images of weld interface according to various tool rotational speeds, (a-d) 1040 rpm, (b-e) 1320 rpm, and (c-f ) 1500 rpm.
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7) on  the fractured steel sides of the tensile test samples, 
it was determined that there was mostly an iron phase, 
in addition to the Al and Zn peaks in the structure, and 
no apparent intermetallic compound was detected in the 
sample obtained using 1040 rpm as the tool rotational 
speed.

When the rotational speed of the tool was chosen as 1320 
rpm or 1500 rpm, the presence of peaks similar to those 
mentioned in the above paragraph was determined. The 
phases were determined to be mostly Fe and Al, as well as 
peaks of the Al13Fe4 intermetallic compound.

In studies in the literature on joining pure Al with 
Zn-coated steel [39], pure Al with low carbon steel [40] 
and 6063 Al alloy with Zn coated steel [41], it was report-
ed that an Al13Fe4 intermetallic compound was formed. 
Jiang and Kovacevic [42] reported that Al-Fe interme-
tallic compounds were formed by reacting with steel as a 
result of Al melting during the welding process. Lee et al. 
[43] reported that the first phase that began to nucleate 
at the Al-Fe interface was the Al13Fe4 phase. As a result of 
the reaction between Al13Fe4 and Fe, they reported that 
the Al5Fe2 phase occurred, but it was also said that the 
presence of this structure was not actually detected due 

to the short dwell time. In the study that we conducted, 
it was thought that the Al5Fe2 phase did not occur due 
to the joining of the tool without plunging into the steel 
plate through diffusion. Das et al. [44] reported that the 
formation of the Al13Fe4 phase increased when a high 
rotational speed was used, and this was explained by the 
lower rate of cooling at high rotational speed.

3.2. Tensile shear force 
Fig. 8 shows the top surfaces of the DP 600/AA7075-T6 
joints obtained under various FSSW process parame-
ters. The materials used during the FSSW process were 
exposed to friction and downward force by the tool. For 
this reason, the steel material was transported towards the 
plasticized aluminum material side. Increasing the tem-
perature in the stir zone (SZ) leads to the transfer of more 
materials from one to the other in the joined samples due 
to diffusion. When the surface of the Al plates at the top 
in the welding process was examined, it was determined 
that a similar appearance formed for various rotational 

Figure 7. XRD analysis results of shear fracture surface on steel side.

Figure 8. View of stir zones of Al plates (a), (b), (c), and DP600 plates 
(d), (e), (f ) after the tensile test.

Figure 9. Lap shear fracture load of FSS-welded sheets according to 
various tool rotational speeds.   

Figure 10. Force-elongation curves of welded joints according to 
various tool rotational speeds.
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speeds (1040, 1320, and 1500 rpm), and, as a result of ma-
terial transfer, shoulder and pin pits formed.

The fracture load values and force-elongation curves 
for the welded parts according to various tool rotation-
al speeds are given in Fig. 9 and Fig. 10, respectively. It 
was determined that there was a decrease in the fracture 
loads due to the increasing tool rotational speed, and the 
highest fracture load of 6.5 kN was obtained from the 
sample joined at the rotational speed of 1040 rpm. The 
lowest fracture load of 3.5 kN was obtained from the sam-
ple joined with rotational speed of 1500 rpm (Fig. 9). The 
reason for the decrease in the fracture load determined at 
high tool rotational speed (1500 rpm) is thought to be the 
fragile intermetallic compounds that formed as a result of 
increased temperature in the welding zone. Choi et al. [45] 
reported in their study on the joining of Al and Mg sheets 
with FSSW that the tensile strength was decreased with 
the increase of the tool rotational speed. They explained 
this reduction in tensile strength with the thickness of the 
layer formed by the reaction and the cracks found.

3.3. Vickers microhardness​​
Vickers hardness values for each of the joints produced 
by FSSW at different rotational speeds are given in Fig. 
11. The Vickers hardness measurements were carried out 
on the top plate 1 mm above the overlap line. As seen in 
Fig. 11, the sample joined with rotational speed of 1040 
rpm had lower Vickers hardness values, while the sam-
ples joined at 1320 rpm and 1500 rpm showed similar 
hardness values. This change of hardness values obtained 
by moving away from the welding centre was similar for 
various rotational speeds, and with the distance away 
from the welding centre, the hardness values were first 
decreased and then increased. It is thought that the de-
crease in hardness values occurs in the heat-affected zone. 
Venukumar et al. [46] explained this situation with the 
coarsening of the grains as a result of excessive aging. A 

hardness value of approximately 160 HV was obtained for 
various rotational speeds at the exit hole of the pin. In the 
heat-affected zone, a hardness value of approximately 140 
HV was measured for the sample joined at a rotational 
speed of 1040 rpm, and similar values for samples joined 
at rotational speeds of 1320 rpm and 1500 rpm were mea-
sured as approximately 150 HV.

4.  Conclusions
In this study, DP600 steel and AA 7075-T6 al alloys were 
welded by FSSW method. The effects of various tool ro-
tational speeds (1040 rpm, 1320 rpm, 1500 rpm) on joint 
performance were investigated.  

 The SEM examinations of the dissimilar spot welds fabri-
cated by FSSW using different rotational speeds revealed 
that the sample joined using rotational speed of 1040 rpm 
did not exhibit any obvious cracks while cracking in the 
welding area of the samples joined at 1320 rpm and 1500 
rpm was present. It was also determined that the crack-
ing and porosity increased with increasing tool rotational 
speed. As a result of the XRD analysis of the fractured 
steel sides after the tensile testing, it was observed that 
the parts joined at 1320 rpm and 1500 rpm included the 
intermetallic Al13Fe4 phase. When the Vickers hard-
ness values of the welded samples were compared, it was 
observed that the samples joined at 1320 rpm and 1500 
rpm had hardness values close to each other, with hard-
ness of approximately 150 HV, and the sample joined at 
1040 rpm had the lowest hardness with a hardness value 
of 140 HV. It was determined that there was a decrease in 
the tensile shear force due to the increase in the tool rota-
tional speed. The lowest tensile shear force was obtained 
as 3.5 kN from the sample joined at rotational speed of 
1500 rpm. The highest tensile shear force was obtained as 
6.5 kN from the sample joined using rotational speed of 
1040 rpm.
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