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Abstract: Friction stir keyholeless spot welding (FSKSW) using a retractable pin for 1.0 mm thick galvanized mild steel and 3 mm 
thick AZ31B magnesium alloy in a lap configuration was investigated. The process variables were optimized in terms of the joint 
strength. The effects of the stacking sequence on joint formation and the joining mechanism of FSKSW AZ31B-to-mild steel joints 
were also analyzed. It shows that the process window and joint strength are strongly influenced by the stacking sequence of the 
workpieces. While the process window is narrow and unstable for FSKSW of a magnesium-to-steel stack-up, a desirable process was 
established for the steel-to-magnesium stacking sequence, a desirable process and higher strength joint can be got when the 
steel-to-magnesium stacking sequence. XRD phase and EPMA analyses of the FSKSW joint showed that the intermetallic 
compounds are formed at the steel-to-magnesium interface, and the element diffusion between the mild steel and AZ31B magnesium 
alloy revealed that the joining methods for FSKSW joints is the main mechanical joining along with certain metallurgical bonding. 
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1 Introduction 
 

Magnesium alloys have a low density and high 
specific strength and are being considered for automotive 
components. Currently, steel accounts for the majority of 
the vehicle structure. VALANT et al [1] pointed out that 
the joining of magnesium alloy and steel during 
assembly appeared to be a key to widen the application 
of magnesium for reducing mass in vehicle structures. 
Therefore, the development of reliable magnesium-to- 
steel joints is important. 

As a solid-state welding technology, friction stir 
welding (FSW) process provides a potential method to 
weld the dissimilar materials. HE et al [2] studied the 
friction stir welding of dissimilar metals of copper and 
stainless steel and got the good lap joints. CHEN et al [3] 
investigated the interface characteristics of lap joints of 
TC1 Ti alloy and LF6 Al alloy by friction stir welding. 
Dissimilar friction stir welding between 5052 Al alloy 
and AZ31 Mg alloy with the plate thickness of 6 mm was 
investigated by YAN et al [4]. WANG et al [5] examined 

the flow pattern of the welded material by observing the 
microstructural distribution of friction stir welded joints 
between dissimilar 2024 and 1060 aluminum alloy. 

Some have been done on the welding of the Mg 
alloys and steel and high quality joints were produced 
compared with fusion welding technologies by FSW. 
WATANABE et al [6] studied the FSW weldability of 
AZ31 magnesium alloy/SS400 steel, and reported that 
the rotation speed and the position of the pin axis had a 
significant effect on the strength and the microstructure 
of the joint. THOMAS et al [7] demonstrated the 
feasibility of FSW of steel, and confirmed that the 
mechanical properties of low carbon steel joints by FSW 
can compare well with properties of parent metal 
compared well with parent metal properties. CHEN and 
NAKATA [8] studied the effect of tool geometry on the 
microstructure and mechanical properties of Mg to steel 
FSW welded joints. 

Currently, two different friction stir keyholeless spot 
welding (FSSW) techniques have been developed. The 
first was invented by Japan Mazda motor company,   
the basic principle was shown by MERZOUG et al [9]. 
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FUJII et al [10] first fundamentally established the FSJ 
equipment, and investigated various properties of the 
friction spot joint. While this method left a keyhole on 
the spot weld after the welding was completed. It had the 
advantages of high welding speed and simple welding 
equipment and control system. In order to avoid the 
presence of the keyhole, GKSS of Germany invented the 
second method which was able to completely fill the 
keyhole [11]. It was referred to as the “Refill” FSSW 
process. The “Refill” FSSW process was performed 
using a three pieces tool system consisting of a clamp 
ring, outer shoulder and inner pin by LATHABAL [12].  
Assuming no material loss, this process sequence left the 
hole completely “refilled” with minimal or no surface 
indentation. The stationary clamping ring held the upper 
and lower sheets firmly in contact during the process and 
prevented sheet lifting, separation, and expulsion and 
spitting of material. TIER et al [13] investigated the 
influence of refill FSSW parameters on the 
microstructure and shear strength of 5042 aluminium 
welds, and found that the most significant variables were 
plunge depth and tool rotational speed. This method 
fitted the light metals with high plastic and low melting 
point of extrusion weld metal, but was poor for high 
strength and high melting point steel to backfill the 
keyhole. So the new FSKSW process was developed. 
SHEN et al [14] investigated the microstructure and 
mechanical properties of 7075-T6 aluminum alloy joints 
by refill friction stir spot welding (RFSSW) and found 
that the hook played a crucial role in determining the 
mechanical properties. LI et al [15] investigated 
friction-stir welded defects and weld repair process of 
thick aluminum plates with telescopic stir-pin. 

Although some studies have been done on FSW of 
Mg-to-steel, little work has been reported on FSSW of 
Mg-to-steel without a keyhole. Since the cosmetic 
appearance is critical for the exterior panels of vehicle 
structures, it is essential that friction stir keyholeless spot 
welding (FSKSW) of dissimilar materials can be 
obtained. The present study undertakes the task to 
experimentally develop a process to avoid leaving a 
keyhole in FSKSW of 3.0 mm thick AZ31B−1.0 mm 
thick galvanized mild steel. 

 
2 Experimental 
 

3.0 mm thick AZ31B sheet and 1.0 mm thick zinc 
coated mild steel (i.e., Q235) were used in this study. The 
chemical compositions and mechanical properties of 
these materials are listed in Tables 1 and 2, respectively. 

The lap-shear joint configuration, as shown in Fig. 1, 
was selected for this study.  The joints were fabricated 
from 200 mm×50 mm sheets. A spot weld was located in 
the center of an overlap distance of 50 mm. A fixture was 
used to ensure consistent weld placement. 

Figure 2 shows the schematics of FSKSW process.  
At the start of welding, the rotating tool is moved 
downward, and the pin is plunged into the workpiece to a 
desired depth, as shown in Fig. 2(a). When the rotating 
pin abuts against the steel, frictional heat is generated 
which softens the steel. As the shoulder is moved 
downward, it will contact the surface of the surface of 
the steel workpiece at which point the pin is inserted into 
the materials, as shown in Fig. 2(b). After a short time of 
welding, the rotating tool moves forward and 
simultaneously the pin is retracted slowly, as shown in 
Fig. 2(c). In the process, as the rotating tool moves 
forward, a joint without keyhole is gradually developed. 
The keyhole is filled by the plastic flow of the materials, 
which is driven by the shoulder rotation. When the 
distance of the rotating tool forward reaches to half 
shoulder diameter, the tool is stopped, and the pin is 
retracted and extracted from the weld, as shown in Fig. 
2(d). 

The design-of-experiment (DOE) on FSKSW of 3 
mm thick AZ31−1 mm thick galvanized mild steel was 
conducted to optimize the process variables in terms of 
the joint strength. An orthogonal test matrix over a range 
of rotation speed, pin diameter, and shoulder plunge 
depth was designed. Table 3 lists the orthogonal 
factors-level of the process parameters. The experiments 
described in this study were performed using the tools 
made of WC−Co alloy by the powder metallurgy. The 
tools have a flat shoulder with a diameter of 18 mm and 
a cylindrical pin with the diameters of 5, 5.5 and 6.0 mm, 
respectively. 

 
Table 1 Chemical compositions and mechanical properties of AZ31B magnesium alloys 

Chemical composition (mass fraction, %) Mechanical property 
Alloy 

Al Zn Mn Fe Si Cu Ni Mg Strength/MPa Elongation/% 

AZ31B 3.18 1.02 0.34 0.002 0.022 0.002 0.05 Bal. 293 13 

 
Table 2 Chemical compositions and mechanical properties of mild steel (i.e. Q235) 

Chemical composition (mass fraction, %) Mechanical property 
Alloy 

C Si Mn P S Fe Strength/MPa Elongation/% 

Mild Steel 0.14−0.22 0.3 0.30−0.65 0.045 0.05 Bal. 235 26  
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Fig. 1 Specimen geometry and dimensions of friction stir spot 
welded joint 
 

 
Fig. 2 Schematics of FSKSW process: (a) Plunging; (b) Stirring; 
(c) Retracting pin while moving forward; (d) Pin retraction 
 
Table 3 Experimental factors and levels 

Level 
Rotation 

speed/(r·min−1) 
Shoulder plunge 

depth/mm 
Pin 

diameter/mm
1 1500 0.5 6.0 

2 1200 0.3 5.5 

3 1100 0.1 5.0 
The pin plunging speed is fixed at 7.75 mm/s and the steel sheet is 
positioned on the top of the magnesium sheet 
 

Quasi-static tests were performed by loading each 
specimen to failure in a WE-100 universal tensile tester 
according to the standard ASTM D1002-2001 for the 
determination of joint strength. To examine the 
microstructure of the welds, the specimens were etched 
first by 3% nitric acid solution to reveal the steel 
microstructure, and subsequently by 3% nitric acid 
aqueous solution to reveal the aluminum microstructure.  
The cross-section of the welded samples was examined 
by optical microscopy and scanning electron microscopy. 
The XJP-200-type inverted metallurgical microscope 
was used to obtain the micrographs. 6700F SEM was 
applied to observe the microstructure, and 1600 EPMA 

was applied to the composition analysis. XRD analysis 
was facilitated using D/Max-2400 X-ray powder 
diffraction. 
 
3 Results and discussion 
 
3.1 Friction stir keyholeless spot welded joints 

To investigate weld formation in friction stir 
keyholeless welding (FSKSW) of 3 mm thick AZ31 Mg 
alloy−1 mm thick galvanized mild steel, a design-of- 
experiments (DOE) was performed , as listed in Table 3. 
For the purpose of comparison, friction stir spot welding 
(FSSW) of AZ31B Mg alloy−mild steel joints was also 
conducted. Lap joints were fabricated where the steel 
workpiece was placed on the top of the AZ31B Mg alloy 
workpiece. Figures 3(a) and (b) show the weld 
appearances of FSSW and FSKSW joints, respectively. 
While there is a keyhole on the FSSW sample, it is filled 
with metal for the FSKSW joint. To examine the weld 
quality, the cross-sections along the longitudinal 
direction (i.e. parallel to the long axis of the coupon) of 
FSSW and FSKSW joints were prepared, and the results 
are shown in Figs. 4(a) and (b), respectively. 
As shown in Fig. 4(a), a keyhole was formed on the top 
 

 
Fig. 3 SEM images of FSSW of 3.0 mm thick AZ31B Mg 
alloy−1.0 mm thick galvanized mild steel with a keyhole (a), 
and FSKSW of 3.0 mm thick AZ31B Mg alloy−1.0 mm thick 
mild steel without a keyhole (b) 
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Fig. 4 SEM images of longitudinal section of FSSW (a) and 
FSKSW of 3 mm thick AZ31B−1mm thick mild steel (b) 
 
workpiece (steel) of FSSW joint. Careful examination of 
the photograph shows that a block of steel fragment is 
stuck down at the bottom of the weld. These results 
indicate that the steel workpiece is severely stirred by the 
pin during the process. As the pin rotates, it heats up the 
steel directly beneath it. As the pin continues to plunge 
down, it is essentially acting as a punch (note as the 
thinning of “hook” 1) whereby the steel fragment is 
caught beneath the pin, the fragment eventually yields 
(leaving hooks 1 and 2) and ends up in the bottom of the 
keyhole. The joining of AZ31B Mg alloy−steel is by the 
deformed steel hooks 1 and 2. Similar weld formation is 
also observed for FSKSW joints shown in Figs. 3(b) and 
4(b) except that the keyhole is filled with mushy steel by 
the pin shoulder toward the end of the joining process. At 
the end of the FSKSW process, the pin starts to retract 
and move forward after the interruption. With the pin 
rotating and the pressing of the shoulder, the mushy 
metal backfills the keyhole, as shown in Fig. 4(b). 
Furthermore, there is a significant flow from the moving 
side to the keyhole side. As a result, although there is a 
mixing of the material, it is not the mixing of the steel 
and Mg. Rather the Mg is plasticized and flowing around 
the steel, it is the movement which causes the steel 
fragment to move off-center. 
 
3.2 Effect of stacking sequence on joint formation 

One of the critical variables in this study is the part 
stacking sequence, as shown in Fig. 5(a). Figures 5(b) 
and (c) show the effect of the part stacking sequence on 
the weld formation of FSKSW joints. As shown in Fig. 
5(b), although it is difficult to stir the steel fully when the 
steel is placed on the top of the magnesium, a mechanical 
bond is formed at the interface. This mechanical bond is 
likely attributed to the characteristics of the steel and 
magnesium alloy. JANA et al [16] found the similar 
results on their study of dissimilar FSW of AZ31 to steel 
in a lap configuration. On the other hand, if the AZ31B is 
placed on the top of the steel, significant amount of the 
frictional heat is produced at the magnesium sheet. Since 

the AZ31B has better thermal conductivity and lower 
yield strength than the steel, the generated frictional heat 
softened and plasticized the magnesium workpiece. As 
the welding time increases, most of frictional heat 
dissipates to the magnesium instead of the steel. As a 
result, the temperature of the steel workpiece is still 
relatively low to get the steel plasticized. Consequently, 
the joint with poor quality is produced. 
 

0 
Fig. 5 Schematic illustration of stacking sequence (a), effect of 
part stacking sequence on weld formation of FSKSW mild 
steel−AZ31B (b) and AZ31B−mild steel (c) 
 
3.3 Process development 

Extensive tests were performed to optimize the 
welding variables for FSKSW of 3.0 mm thick 
AZ31B−1.0 mm thick galvanized steel. A quadratic 
regression analysis of various variables was conducted.  
The peak load to fracture of the joints (i.e., joint strength) 
was the metric used for process optimization. As shown, 
nine experimental trials were pre-designed according to 
the mixed-level L9 (3×4) array, and the corresponding 
porosity ratio Xk was obtained and listed in Table 4, 
where Ki is the sum of output response Xk for certain 
factor at level i; ki is the mean value of Xk; R is the range 
of each factor, R=max{ki}–min{ki}. R reflects the effect 
of each factor on the joint strength. When all joint 
attributes are considered (i.e., appearance, discontinuity, 
and strength), the optimal process window for FSKSW 
of 3.0 mm thick AZ31B and 1.0 mm thick steel is the 
combination of a rotation speed of 1200 r/min, a 
shoulder plunge depth of 0.3 mm and a pin diameter of 
5.5 mm. 

A process window in a graphical representation of 
various combinations of the rotation speed and pin 
diameter that produce satisfactory friction stir 
keyholeless welds is shown in Fig. 6. A combination of a 
rotation speed in the range of 1200−1400 r/min, a pin 
diameter in the range of 5.5−7.0 mm, and a shoulder 
plunge depth of 0.3 mm produces sound FSKSW welds.   
However, when the rotational speed is less than 1200 
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Table 4 Orthogonal design for process optimization 

No. 
Rotation 
Speed, 

A/(r·min−1) 

Shoulder 
pressing depth, 

B/mm 

Pin 
diameter, 

C/mm 

Joint 
strength, 

Xk/kN 
1 1500 0.1 6.0 7.5 

2 1500 0.3 5.5 8.4 

3 1500 0.5 5.0 8.0 

4 1200 0.1 6.0 7.3 

5 1200 0.3 5.5 8.7 

6 1200 0.5 5.0 7.7 

7 1000 0.1 6.0 5.9 

8 1000 0.3 5.5 7.2 

9 1000 0.5 5.0 8.1 

K1 23.9 20.7 22.4  

K2 23.7 24.3 23.8  

K3 21.2 23.8 22.6  

k1 7.967 6.900 7.467  

k2 7.900 8.100 7.933  

k3 7.067 7.933 7.533  

Rank 0.900 1.200 0.466  

Impact 2 1 3  
Optimized

level A1B2C2 

 

 
Fig. 6 Process window for FSKSW of 3.0 mm thick AZ31B− 
1.0mm thick galvanized mild steel 
 
r/min, a wormhole at the retreating side of the      
weld nugget is observed. LAKSHMINARAYANAN and 
BALASUBRAMANIAN [17] concluded that it was due 
to insufficient heat generation and insufficient metal 
transportation. This may be attributed to insufficient 
frictional heat and metal transportation. On the other 
hand, when the rotational speed is greater than 1500 
r/min, the oxidation of the steel becomes apparent due to 
excessive frictional heat, and the magnesium powder 
stirred by the pin is burned out as the temperature 
exceeds approximately 550 °C. As a result, little material 
is left to fill the keyhole, and consequently an apparent 
tunnel is left on the surface of the workpiece. Similarly, 

when the pin diameter is greater than 7.0 mm, the 
keyhole discrepancy is observed. This is likely caused by 
insufficient metal flow to refill the keyhole. When the 
pin diameter is less than 5.5 mm, the wormhole at the 
interface of the AZ31B and steel is observed, which is 
likely due to insufficient heat generation caused by 
inadequate flow of the AZ31B at the bottom side of the 
joint. 
 
3.4 Effect of process variables on joint strength 

Figure 7 shows the effect of the process variables on 
the strength of the FSKSW joints. It is found that the tool 
rotation speed essentially determines the frictional heat.  
When the bottom AZ31B is properly stirred, and the 
frictional heat is moderate, the weld surface appearance 
is sound. Furthermore, the pin diameter affects the 
materials flow during the stirring. The selection of the 
suitable pin diameter results in better material flow and 
hence produces joints with few discrepancies. 
 

 
Fig. 7 Effect of process variables on strength of FSKSW of 3.0 
mm thick AZ31B−1.0 mm thick galvanized mild steel 
 
3.5 Microstructure of FSKSW weld 

After the FSKSW process was optimized, the 
microstructure of the weld was examined. Figure 8 
shows the microstructures of various locations in an 
optimized steel/Mg weld along the pin moving-forward 
direction, the process variables are rotation speed 1200 
r/min, plunge depth 0.3 mm, pin diameter 5.0 mm and 
distance of tool forward 2.5 mm. As shown in Fig. 8(a), 
Zone A, located underneath the pin, exhibits elongated 
grains within the steel fragment directly beneath the full 
penetration of the pin. The deformed grains result from 
the high compressive stirring force. While the pin is 
stirring, significant frictional heat is generated, and 
consequently the dynamic recrystallization of the grains 
occurs at Zone B, as shown in Fig. 8(b). As the results of 
the stir force and high temperature, fine grains are 
generated at the boundary of the original grains. The 
stirring force is low as in Zones C and F, which refer to  
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Fig. 8 Microstructures in a longitudinal section of FSKSW 1.0 mm thick galvanized mild steel−3 mm thick AZ31B at pin 
moving-forward stage: steel at Zones A (a), B  (b), C (c), and AZ31B at Zones D (d), E (e), F (f), and macroscopic view (g) 
 
Figs. 8(c) and (f), respectively, the grain size is relatively 
uniform. However, significant overheating develops at 
Zone D which represents the AZ31B under the pin, as 
shown Fig. 8(d), and as a result the AZ31B is heated 
severely and likely becomes molten near the steel.  
Zone E represents the thermo-mechanical affected zone 
where dynamic recrystallization occurs under the stir 
force and high temperature, and consequently the 
magnesium grains near the steel become fine and 
uniform, as shown in Fig. 8(e). At Zone F, the AZ31B is 
mainly affected by the frictional heating under the 
shoulder and the grains of the AZ31B have grown 
homogeneous, as shown in Fig. 8(f). The mixture of the 
steel and AZ31B can be seen at the position of the pin 
insert, as shown in Fig. 8(g). 
 
3.6 Bond mechanism 

To identify the bonding mechanism in FSKSW of 3 
mm thick AZ31B and 1 mm thick steel, line scan 
analyses along the longitudinal sections of the joints 
shown in Fig. 9(a) are performed, and the results are 
shown. Figs. 9(b) and (c) which show the scan analysis 
results for Zones G and H, respectively. As shown in Fig. 
9(b), the diffusion between the steel and AZ31B is 
apparent. Many islands consist of Fe with Mg elements, 
indicating that both Fe and Mg elements are stirred and 

mixed with each other, and form a mechanical bond. 
Furthermore, the diffusion of Al and O elements is 
observed in the weld nugget zone, and there is also some 
oxygen element dissolved in the weld zone. While the 
diffusion of O, Fe and Mg elements occurs at Zone G, it 
is not apparent at Zone H, as shown in Fig. 9(c). These 
results suggest that the mixing of the magnesium alloy 
and steel during FSKSW is different from that of FSSW 
which is formed only by the material flow around the 
cylindrical pin because of the movement and draw back 
of the pin. The material flow leads to the hook formation 
near the pin boundary. BADARINARAYAN et al [18] 
studied that the hook formation and top sheet thinning 
were the key geometric characteristics of the FSSW joint, 
and the geometry of the hook can be used as a basis to 
explain the failure mechanism observed in the spot welds. 
The aforementioned results indicate that while a 
mechanical mixture of the magnesium and steel is 
formed, there is a significant diffusion between the Mg 
and Fe in FSKSW joints. 
 
3.7 Formation of intermetallic compounds 

To identify the compounds formed in the layered 
structure, the cross sections along the transverse and 
longitudinal directions of the FSKSW joints are analyzed 
by XRD, and the results are shown in Figs. 10(a) and (b),  
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Fig. 9 SEM image of joint (a) and main element analysis in 
cross-section of FSKW 3.0 mm thick AZ31B and 1.0 mm thick 
steel at various stages around zones G (b), and H (c) during pin 
moving-forward stage 
 

 
Fig. 10 XRD analysis along transverse (a) and longitudinal (b) 
cross-section of FSKSW 3 mm thick AZ31B sheet to 1.0 mm 
thick zinc-coated mild steel 

respectively. While the intermetallic compounds Fe3Al, 
and MgFeAlO4 are detected from the transverse cross- 
section, intermetallic compounds Fe3 Al, and MgFeAlO4, 
MgZn2 and Al2Mg are detected along the longitudinal 
cross-section. The intermetallic compounds are 
composed of Fe and Al elements, and Mg and Zn 
elements or Zn and Al elements. These occurred at the 
cross sections along the transverse and longitudinal 
sections, respectively. These results suggest that certain 
metallurgical reactions occur at the interface between the 
AZ31 and galvanized mild steel. 
 
4 Conclusions 
 

1) Friction stir keyholeless spot welding (FSKSW) 
of 3 mm thick AZ31B sheet to 1.0 mm thick zinc-coated 
mild steel (i.e., Q235) was developed using a special 
power unit with a retractable pin tool.  To obtain a 
sound joint, it is necessary to place the steel workpiece 
on the top of the magnesium as the stacking sequence is 
suitable for metal plasticized and heat distribution. 

2) The process variables of FSKSW were optimized 
in terms of the joint strength. Statistical analyses of the 
test results indicated that the pin diameter is found to be 
the most influential process parameter followed by the 
rotation speed and shoulder pressing depth in turn. 

3) Interfacial phenomenon of FSKSW AZ31B− 
coated mild steel was analyzed. Both steel and AZ31 
were stirred and fully mixed, resulting in the formation 
of thick intermetallic compounds at the steel-to- 
magnesium interface along with elemental diffusion. 

4) The optimal process parameters for FSKSW of 
3.0 mm thick AZ31B and 1.0 mm thick steel is the 
combination of a rotation speed of 1200 r/min, a 
shoulder plunge depth of 0.3 mm and a pin diameter of 
5.5 mm. 
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镁钢无匙孔搅拌摩擦点焊 
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摘  要：采用可回抽针的搅拌摩擦点焊装置，对 1 mm 厚镀锌钢板和 3 mm 厚 AZ31 镁合金板进行搅拌摩擦点焊。

利用正交优化法以剪切力作为评价指标进行工艺优化，研究搭叠位置的影响及无匙孔搅拌摩擦点焊的连接机理。

结果表明：搭叠方式对接头力学性能有很大影响，钢上镁下方式大大优于镁上钢下方式。XRD 和 EPMA 线扫描

分析发现在镁钢接头形成 Fe3Al 和 MgFeAlO4等金属间化合物，同时存一定的扩散行为，接头连接方式主要是以

机械结合为主，同时存在冶金结合。 

关键词：无匙孔搅拌摩擦点焊；异种材料；力学性能 
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