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Abstract: A novel ultrasonic vibration enhanced friction stir welding (UVeFSW) was employed to join the third- 
generation 2195-T6 Al−Li alloy, and the effect of ultrasonic vibration on microstructures and mechanical properties of 
the joint was studied. It is revealed that UVeFSW can enhance the plastic material flow to suppress the weld defects. 
The critical welding speed of sound joints is increased in UVeFSW compared with conventional FSW. When ensuring 
that the tensile strength of the joint is 75% that of the base material, the welding speed and efficiency in UVeFSW are 
higher than those in conventional FSW. Superimposing ultrasonic vibration can significantly enhance the mechanical 
properties of 2195 Al−Li alloy FSW joints at a higher welding speed. The maximum tensile strength of the UVeFSW 
joint is 449.5 MPa, which is 83.1% that of the base material. UVeFSW can increase the welding efficiency by 
increasing the critical welding speed and simultaneously ensuring the joint properties. 
Key words: 2195-T6 Al−Li alloy; friction stir welding; ultrasonic vibration enhanced friction stir welding; welding 
speed; grain structure; joint properties 
                                                                                                             

 
 
1 Introduction 
 

The third-generation Al−Li alloy possesses 
high specific strength and specific stiffness, good 
corrosion resistance and excellent low-temperature 
fatigue performance, which shows a promising 
application in the aerospace industry [1−3]. 
Replacing conventional aerospace aluminium alloys 
with Al−Li alloy can reduce the weight of structural 
parts by more than 15% and increase the stiffness 
by more than 10%. Therefore, it has become one of 
the primary lightweight structural materials in the 
aerospace industry [1,2]. However, traditional 
fusion welding is hardly possible to obtain an 
excellent joint since hot cracks, welding porosity 

and even the evaporation loss of Li elements are 
very easy to occur, which seriously reduces the 
performance of joints and affects the reliability of 
structural parts [3]. Friction stir welding (FSW) is a 
solid-phase joining technology [4−7], which has 
become one of the preferred welding methods for 
light metals [8−11]. FSW possesses the advantages 
of low welding temperature and low welding 
distortion, which makes it possible to avoid the 
main drawbacks introduced in conventional fusion 
welding [12−15].  

Many researchers have carried out friction stir 
welding of 2195 Al−Li alloy to explore its welding 
possibility [16−20]. FONDA et al [21] used the 
“emergency stop” method when friction stir 
welding 2195 Al−Li alloy plates with a thickness of 
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25 mm, and used the electron back-scattered 
diffraction (EBSD) technique to observe the 
evolution of the grain structure. They found that a 
large number of rotational shear textures appear in 
the thermo-mechanically affected zone (TMAZ) at 
the advancing side (AS), and the main grain 
refinement mechanisms in this region are 
deformation and dynamic recovery. TAYON     
et al [22] studied the texture in the TMAZ of 2195 
Al−Li alloy FSW joints and revealed that a large 
number of low Taylor factor grains contributed to 
the fracture of joint at the TMAZ. WU et al [23] 
carried out friction stir welding of 2195-T8 plates 
with a thickness of 7.5 mm and achieved the 
highest tensile strength of FSW joints, which     
is 70% that of the base metal. SHUKLA and 
BAESLACK [24] studied distribution characteristic 
of precipitates in different regions of 2195-T8 
Al−Li alloy FSW joint. They found that the θ' 
(Al2Cu) phase was completely dissolved into the 
matrix in the weld nugget zone (WNZ), while the 
length of the T1 (Al2CuLi) phase was reduced and 
part of the θ' phase was coarsened in the 
heat-affected zone. QIN et al [25] studied the 
precipitation phase of the 2195-T8 Al−Li alloy 
FSW joint with a thickness of 5 mm and found that 
significant softening occurs in the WNZ of the FSW 
joints. 

As FSW relies mainly on the frictional and 
plastic deformation heat generation between the 
welding tool and the workpiece to plasticize the 
material, which results in a larger welding force and 
limits the critical welding speed for sound joints to 
a relatively low value [26−29]. To overcome these 
shortcomings of the conventional FSW process, 
various variant FSW technologies with auxiliary 
energy fields have been proposed [30−33]. 
Ultrasonic vibration energy, as a kind of mechanical 
energy, possesses the advantage of reducing the 
plastic deformation resistance of metal materials 
without increasing the welding temperature. 
Therefore, superimposing ultrasonic vibration in 
FSW is a promising method to overcome the 
shortcomings of the conventional FSW [32]. 
TARASOV et al [34] proposed an ultrasonic- 
assisted FSW process by using an extended backing 
plate to support the plate to be welded and 
connecting the ultrasonic vibration tool to the 
extended end of the backing plate through bolts. 
They conducted ultrasonic-assisted friction stir 

welding of 2195 Al−Li alloy by using this 
equipment and found that the application of 
ultrasonic vibration reduced the grain size and 
promoted the formation of the precipitates in the 
WNZ. HU et al [35] studied the effect of ultrasonic 
vibration on the recrystallization process and 
precipitation behaviour of 2060-T8 Al−Li alloy 
FSW joints with a thickness of 2 mm. It was 
revealed that the application of ultrasonic vibration 
shortens the incubation time of dynamic 
recrystallization and lowers the activation threshold 
of plastic deformation for dynamic recrystallization, 
as well as promotes the reprecipitation of nanoscale 
precipitates. ELISEEV et al [36] studied the effect 
of ultrasonic vibration on the microstructure of 
2195 Al−Li alloy FSW joint with a thickness of 
1.8 mm. They found that the application of 
ultrasonic vibration increased the deformation of 
the joint material, which results in a larger number 
of T1 phase precipitates in the WNZ. It is evident 
that there is a little preheating effect in the 
ultrasonic energy assisted FSW compared with 
other external energy assisted FSW. Therefore, 
superimposing ultrasonic vibration energy in FSW 
is promising in controlling the heat transfer and 
plastic deformation to improve joint properties in 
the friction stir welded Al−Li alloy joints. However, 
the influence of superimposing ultrasonic vibration 
in FSW on the microstructure and properties of 
Al−Li alloy friction stir welded joints is still 
unrevealed. 

In this work, the application potential of    
the novel ultrasonic vibration enhanced FSW 
(UVeFSW) process was explored in welding third- 
generation Al−Li alloys. The underlying mechanism 
of ultrasonic vibration on the microstructures and 
mechanical properties of friction stir welded 2195 
Al−Li alloy was studied. This can provide 
experimental data and theoretical support for the 
realization of high-quality and high-efficiency 
joining of the third-generation Al−Li alloys. 
 
2 Experimental 
 

The as-received AA2195-T6 sheets with a 
thickness of 2.0 mm were friction stir welded 
parallel to the rolling direction in a butt joint 
configuration. The chemical composition of the 
base material (BM) is given in Table 1. The 
schematic of UVeFSW is shown in Fig. 1. In the 
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UVeFSW process, an ultrasonic tool with a 
hemispheric endpoint was placed ahead of the  
FSW tool at a distance of 20 mm. The ultrasonic 
vibration tool was inclined by 40° with respect to 
the top surface of the workpiece. The amplitude of 
the ultrasonic vibration was 40 μm. The ultrasonic 
frequency and the output power of ultrasonic 
vibration were 20 kHz and 300 W, respectively. 
 
Table 1 Chemical composition of 2195 Al−Li alloy 
(wt.%) 

Cu Li Mg Ag Zr Fe Ti Al 

4.01 1.02 0.52 0.29 0.11 ≤0.15 ≤0.15 Bal. 

 

 
Fig. 1 Schematic drawing of ultrasonic vibration 
enhanced friction stir welding (UVeFSW) 
 

A tapered tool was employed in the welding 
process. The details of the tool dimensions and 
features are given in Table 2. The tool used for this 
work was made of H13 tool steel, as shown in 
Fig. 2(a). It consisted of a 2° concave shoulder with 
a diameter of 8 mm and a tapered tool pin with 
right-hand thread. The thread pitch of the tool pin 
was 0.36 mm. The length of the pin was 1.8 mm. 
The diameter of the tool pin was 3.2 mm at the root, 
while it was 2.2 mm at the tip. A tilt angle of 2.5° 
was chosen for the tool during the welding process. 
The plunge depth of the tool shoulder was 0.15 mm. 
The surface of the welding region was polished 
with sandpapers to remove the oxide layer and then 
cleaned up with acetone before welding. During 
welding, the FSW tool rotated in the counter- 
clockwise direction. The welding parameters used 
in this study are listed in Table 3. The welding 
speeds investigated varied between 60 and 
570 mm/min at a constant rotation speed of 
600 r/min. 

After welding, joints were cut perpendicular to 
the welding direction using an electrical-discharge 
cutting machine. The dimensions for tensile test 
samples are shown in Fig. 2(b). The tensile test 

samples were polished with sandpapers to remove 
the cutting edges. Then, tensile tests were 
conducted at a constant loading velocity of 
1 mm/min using a WDW−100AE universal testing 
machine. The fracture surfaces of tensile samples 
were observed using a JSM−7800F field emission 
scanning electron microscope (FE-SEM). The 
microhardness of each area of the joint was 
measured using an automatic turret Vickers 
hardness tester (type HVS−1000Z−W) at 0.5, 1 and 
1.5 mm from the upper surface of the weld with a 
load of 2.94 N and a holding time of 10 s. 
 
Table 2 Tool geometry 

Tool geometry Feature or dimension 

Shoulder diameter/mm 8  

Shoulder type Concave 

Pin length/mm 1.8 

Pin root diameter/mm 3.2  

Pin tip diameter/mm 2.2 

Pin type Conical with screw thread 

 

 

Fig. 2 Appearance of welding tool (a) and dimensions of 
tensile sample (b) 
 
Table 3 Process parameters 
Tool rotational 
speed/(r·min−1) 

Weld speed/ 
(mm·min−1) 

Depth of 
penetration/mm 

Tool tilt 
angle/(°) 

600 60−570 0.15 2.5 

 
The metallographic samples were prepared and 

etched using Keller’s reagent (2.5 mL HNO3 + 
1.5 mL HCl + 1 mL HF + 95 mL H2O) and 
examined by optical microscopy. The samples used 
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for electron backscatter diffraction (EBSD) were 
mechanically polished and then electropolished 
using a solution of 15% perchloric acid and 85% 
ethanol at −20 °C under a potential of 15 V for 12 s. 
The corresponding EBSD maps were generated 
using JSM−7800F FE-SEM equipped with a 
NordlysMax3 EBSD system. The inverse pole 
figure (IPF), grain boundary distribution and 
micro-texture (pole figures) were obtained and 
analyzed by HKL−CHANNEL 5 software. 
 
3 Results and discussion 
 
3.1 Effect of ultrasonic vibration on weld macro- 

structures 
Figure 3 shows the macroscopic metallography 

of the weld cross-section at a welding speed of 
570 mm/min for both conventional FSW and 
UVeFSW. It is shown that the volume of WNZ for 
the UVeFSW is larger than that for conventional 
FSW. In addition, a joint line remnant defect (i.e., 
zig-zag line) is seen in the conventional FSW joint. 
This is due to the fact that the low welding 
temperature at a relatively high welding speed of 
570 mm/min would lead to less plastic deformation 
and stirring during the conventional FSW process, 
resulting in a joint line remnant defect [9]. However, 
no joint line remnant defect is observed in the 
UVeFSW joint. This is mainly because the acoustic 
softening enhances the plastic deformation in the 
WNZ during the UVeFSW process, which helps 
break the oxidation film at the joint interface. 
 

 
Fig. 3 Cross-sectional morphologies of 2195-T6 joints 
obtained at welding speed of 570 mm/min: (a) FSW;   
(b) UVeFSW (AS−Advancing side; RS−Retreating side) 
 

Furthermore, a small void defect occurs at the 
AS of the WNZ for both conventional FSW and 
UVeFSW. The corresponding enlarged images of 
void defects for both conventional FSW and 
UVeFSW joints are shown in Fig. 4. Compared to 
the conventional FSW, the void defects in the 

UVeFSW joint is smaller and closer to the bottom 
of the weld. This is mainly due to the fact that the 
acoustic softening effect of ultrasonic vibration 
energy reduces the flow stress of the plastic 
material near the tool, which enhances the plastic 
material flow and makes it easier to flow 
downwards, resulting in a smaller void defect in the 
UVeFSW joint closer to the bottom of the weld. 
Another noteworthy phenomenon is that the 
boundary between the TMAZ and WNZ penetrates 
into the WNZ resulting in a bulge of the interface at 
the AS in conventional FSW joint, while the 
boundary between the TMAZ and WNZ at the AS 
in UVeFSW is smooth. This phenomenon is a 
consequence of better plastic material flow in the 
WNZ with superimposing ultrasonic vibration in 
the UVeFSW process. 
 

 

Fig. 4 Local morphologies of 2195-T6 joints obtained at 
welding speed of 570 mm/min: (a) FSW; (b) UVeFSW 
 

To quantitatively analyze the influence of 
superimposing ultrasonic vibration energy on the 
weld formation, the weld cross-section at the 
welding speed of 120 mm/min was observed using 
a metallurgical microscope, as shown in Fig. 5. It 
can be seen that sound welds with no defect are 
achieved at the welding speed of 120 mm/min in 
both conventional FSW and UVeFSW. Similar 
features of the cross-section of the weld are observed 
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Fig. 5 Morphologies of 2195-T6 joints obtained at welding speed of 120 mm/min: (a) FSW; (b) UVeFSW 
 
for both conventional FSW and UVeFSW. Each 
weld can be divided into the WNZ, TMAZ, heat 
affected zone (HAZ) and BM. In addition,  the 
WNZ can be further subdivided into the 
shoulder-affected zone (SAZ) and pin-affected zone 
(PAZ), depending on deformation characteristics of 
the material. As can be seen from Fig. 5, the shear 
direction of the plastic materials in the WNZ is 
schematically represented by the black arrow. Since 
the tool with right-hand thread is tilted backward 
and rotates in a counterclockwise direction, it is 
evident that the plastic material in the SAZ near the 
boundary of WNZ flows downward under the 
stirring effect of the shoulder. 

Furthermore, the plastic material in the PAZ 
near the boundary of WNZ at the AS flows 
downward and then moves to the retreating side 
(RS), while the plastic materials at the RS flow 
upward and in contact with the downward plastic 
material flow driven by the tool shoulder, and then 
change its flow direction. The TMAZ on the RS 
penetrates into the WNZ which increases the 
maximum width of the TMAZ on the RS. The 
onion ring (shown by the blue arrow in Fig. 5) 
appears in the PAZ for both the conventional FSW 
and UVeFSW, which is attributed to the cyclical 
material flow within the WNZ [37,38]. In addition, 
a small region at the bottom of the conventional 
FSW joint shows the similar microstructures of 
TMAZ (shown by the green arrows in Fig. 5), while 
fully plastic deformation occurs at the bottom    
of the UVeFSW joint resulting in the similar 
microstructures of the WNZ. This indicates that 
superimposing ultrasonic vibration energy promotes 
the plastic material flow and enhances the 

recrystallization process of the plastic material at 
the bottom of the WNZ in the UVeFSW. 

The width of the WNZ at different depths from 
the top surface of the workpiece in Fig. 5 is 
measured and listed in Table 4. It can be seen that 
the width of the WNZ in UVeFSW at different 
depths is larger than that in the conventional FSW. 
It is distinct that the width of the WNZ at the depth 
of 1.0 mm from the top surface of the workpiece 
(i.e., in the middle of the weld) is increased from 
3.48 mm in the conventional FSW to 4.29 mm in 
the UVeFSW. SHI et al [39] proposed an integrated 
UVeFSW model and revealed that the coupling of 
ultrasonic vibration energy with the plastically 
deformed material in front of the tool pre-softens 
the plastic material, which leads to lower flow 
stress and enhanced plastic material flow in the 
WNZ. As a result, the volume of the WNZ in the 
UVeFSW is increased compared with that in 
conventional FSW. 
 
Table 4 Width of WNZ at different depths at welding 
speed of 120 mm/min 

Distance from top 
 surface/mm 

Width of WNZ/mm 

FSW UVeFSW 

0.5 6.2 6.4 

1.0 3.5 4.3 

1.5 2.5 2.6 
 
3.2 Effect of ultrasonic vibration on weld micro- 

structures 
3.2.1 Grain structures 

To analyze the typical grain characteristics of 
the friction stir welded 2195 Al−Li alloy joints, 
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high-resolution EBSD was carried out on the 
typical areas of FSW joints at the welding speed of 
120 mm/min. Figure 6(a) shows the EBSD map of 
the WNZ with the TMAZ at the AS, while Fig. 6(b) 
shows the EBSD map of the TMAZ at the RS. 
There are mainly refined and recrystallized grains 
in the WNZ, while medium-sized deformed grains 
are observed in the TMAZ due to the dynamic 
recovery. By comparing Fig. 6(a) with Fig. 6(b), it 
can be found that the boundary between TMAZ and 
WNZ at AS of the weld is clearer than that at RS. 
This is because the material at AS experiences 
severe shear deformation under the stirring of the 
tool resulting in a severe dynamic recrystallization 
process [40], and the newly formed refined 
recrystallized grains are significantly different from 
the partially deformed grains in the TMAZ. 
However, the plastic materials near the boundary 
between the WNZ and TMAZ at the RS mainly 
experience an extrusion process with a lower strain 
rate. Therefore, the grain structure in the WNZ at 
the RS is similar to that in the TMAZ. Figure 6(c) 
shows that the grain structure in the HAZ is similar 
to that of the parent material (Fig. 6(d)) dominated 

by (001) and (111) crystal orientations. The EBSD 
map of HAZ shows the morphology of the 
originally rolled grains with larger grain sizes. The 
average grain diameter for HAZ is 11.5 μm which 
is larger than that of 9.7 μm for the parent material, 
as shown in Fig. 6(d). 

Since both the conventional FSW and 
UVeFSW joint were fractured at the WNZ, to 
investigate the effect of superimposing ultrasonic 
vibration field on the grain size, morphology and 
orientation in the WNZ, high-resolution EBSD was 
carried out for both conventional FSW and 
UVeFSW in the middle of WNZ at the welding 
speed of 120 mm/min. Figure 7 depicts that a large 
number of refined and recrystallized equiaxed 
grains are distributed in the WNZ for both the 
conventional FSW and UVeFSW. The average grain 
size in the middle of the WNZ of the FSW joint is 
1.01 μm, while the average grain size is slightly 
reduced to 0.98 μm in the WNZ of the UVeFSW 
joint. This indicates that the superimposing 
ultrasonic energy in FSW does not lead to severe 
grain growth in the WNZ, because the acousto- 
plastic effect of ultrasonic energy reduces the flow 

 

 
Fig. 6 High-resolution EBSD maps of FSW joints at welding speed of 120 mm/min: (a) AS-TMAZ; (b) RS-TMAZ;   
(c) HAZ; (d) BM 
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Fig. 7 High-resolution EBSD maps of WNZ at welding speed of 120 mm/min: (a) FSW; (b) UVeFSW 
 
stress of the plastic materials in the WNZ, which 
lowers the plastic deformation heat generation 
while enhancing the plastic deformation in the 
WNZ. The severe plastic deformation can enhance 
the recrystallization process in the WNZ. Therefore, 
similar fine grain is achieved in the WNZ of the 
UVeFSW joint compared with the conventional 
FSW joint. 

Figure 8 shows the grain boundary map, 
misorientation distribution map and recrystallized 
grain distribution map in the middle of the WNZ for 
both conventional FSW and UVeFSW joints at the 
welding speed of 120 mm/min. It is depicted that 
the proportions of high-angle grain boundaries in 
the middle of the WNZ for conventional FSW and 
UVeFSW are both higher than 80%. This is because 
the high heat input and severe plastic deformation 
in the WNZ facilitate the dynamic recovery and 
dynamic recrystallization process. Therefore, the 
low-angle grain boundaries are transformed into 
high-angle grain boundaries through the absorption 
of dislocations [41]. Furthermore, the proportion of 
high-angle grain boundaries in the middle of the 
WNZ of conventional FSW joints is 81.6% which is 
lower than that of UVeFSW joints. In addition, the 
proportion of recrystallized grain for conventional 
FSW is 71.7%, while it is increased to 81.4% when 
superimposing ultrasonic vibration in the UVeFSW 
process. This is because the ultrasonic vibration 
energy enhances the plastic material flow, shortens 
the incubation time of dynamic recrystallization  
and lowers the activation threshold of plastic 
deformation for dynamic recrystallization, which 
promotes the dislocation motion in the WNZ 

resulting in a higher proportion of recrystallized 
grains in the middle of the WNZ for UVeFSW  
joint [34,42]. 
3.2.2 Micro-textures 

Micro-texture represents preferred grain 
orientation in a representative micro-area of 
material. The pole figure is a stereographic 
projection of the grain orientations and intensities. 
To investigate the influence of superimposing 
ultrasonic vibration on the micro-texture of joint, 
the micro-texture analysis was carried out by the 
pole figures of the WNZ for both FSW and 
UVeFSW, as shown in Fig. 9. It is illustrated that 
the recrystallization texture appears in the WNZ of 
conventional FSW and UVeFSW. This is because 
the grain structure in the WNZ experiences severe 
plastic deformation. Furthermore, partial grains 
with the deformed texture still retain the preferred 
orientation after dynamic recovery and dynamic 
recrystallization. It is revealed that there is mainly 
recrystallization texture with the presence of 
{110}〈110〉 components. In addition, the fiber 
texture with the presence of 〈110〉//TD components, 
as well as partial C texture with the presence of 
{001}〈110〉 components are also observed in the 
WNZ. It is noteworthy that the textures in both 
FSW and UVeFSW are strong and similar and the 
maximum peak intensity achieved is ~5 times 
random. It is indicated that superimposing 
ultrasonic vibration in FSW has little influence on 
the type and maximum intensity of micro-texture of 
friction stir welded 2195 Al−Li alloy, which is 
consistent with previous experimental results for 
conventional aerospace aluminum alloy [43,44]. 
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Fig. 8 Grain boundary maps (a, b), misorientation angle distributions (c, d) and recrystallization maps (e, f) in middle of 
WNZ at welding speed of 120 mm/min: (a, c, e) FSW; (b, d, f) UVeFSW 
 
3.3 Effect of ultrasonic vibration on mechanical 

properties 
3.3.1 Tensile properties 

Figure 10 compares the tensile properties of 
FSW and UVeFSW joints at different welding 
speeds. As is observed in Fig. 10(a), the ultimate 
tensile strength of the joints increases by increasing 
the welding speed from 60 to 120 mm/min and then 

decreases by further increasing the welding speed  
to 570 mm/min. The maximum ultimate tensile 
strength of the conventional FSW joint is 
445.8 MPa which is achieved at the welding speed 
of 120 mm/min, while the maximum ultimate 
tensile strength of the UVeFSW joint is 449.5 MPa 
(83.1% that of the base material) which is slightly 
higher than that of the conventional FSW process. 
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Fig. 9 {110} and {111} pole figures in middle of WNZ at 
welding speed of 120 mm/min for conventional FSW (a) 
and UVeFSW (b) 
 

 
Fig. 10 Tensile test results: (a) Ultimate tensile strength; 
(b) Elongation  
 
Furthermore, the ultimate tensile strength of the 
conventional FSW joints at the welding speed of 
570 mm/min is 390.7 MPa, while it increases to 
426.8 MPa when superimposing the ultrasonic 
vibration in the UVeFSW. This indicates that 
superimposing ultrasonic vibration can significantly 
enhance the joint properties, especially at a high 

welding speed, due to a better acoustic softening 
effect at the lower welding temperature [45]. 
Figure 10(b) depicts the elongation of both FSW 
and UVeFSW joints at different welding speeds.   
It is shown that the elongation increases with    
an increase of the welding speed from 60 to 
120 mm/min, and then it decreases with further 
increasing the welding speed. The elongation of the 
UVeFSW joints at different welding speeds is larger 
than that of the conventional FSW joints with the 
same welding parameter. For industry application, 
the tensile strength of the joint is usually required to 
be 75% that of base material (i.e., 405.6 MPa).    
It is evident that tensile strength of conventional 
FSW joint at the welding speed of 330 mm/min is 
394.4 MPa, which is lower than 75% that of the 
base material. However, the tensile strength of the 
UVeFSW joint at the welding speed of 570 mm/min 
is 426.8 MPa, which is about 79% that of the base 
material. Thus, superimposing ultrasonic vibration 
in FSW can significantly increase the critical 
welding speed and welding efficiency, as well as 
ensure the requirement of joint properties for 
industry application. 
3.3.2 Microhardness 

Figure 11 shows the hardness distribution 
profiles on the cross-section of both conventional 
FSW and UVeFSW joints at the welding speed   
of 120 mm/min. Figures 11(a−c) represent the 
hardness distribution profiles at a depth of 0.5 mm 
(top), 1.0 mm (middle) and 1.5 mm (bottom) from 
the top surface of the weld, respectively. It is 
depictd that the geometry of all microhardness 
distribution profiles of the joints is in a typical W 
shape, which is always related to the four distinct 
zones of the joint (i.e., WNZ, TMAZ, HAZ and 
BM). The BM possesses the highest hardness with a 
hardness value of HV 178, while the microhardness 
in the other zones of the joints is decreased 
compared to the BM as significant thermal 
softening occurs. This softening phenomenon of  
the joint is caused by different microstructural 
evolutions in various zones which is a typical 
characteristic of FSW of Al−Li alloys [25]. The 
minimum hardness is located in the HAZ, mainly 
due to the coarsening and dissolution of the 
precipitated phase in the HAZ under the influence 
of the welding thermal cycle [7], as well as the 
coarsening of the grain. In addition, it can be seen 
that the hardness of the WNZ in the upper part of 



Xiang DAI, et al/Trans. Nonferrous Met. Soc. China 34(2024) 80−93 

 

89 

 

 

Fig. 11 Micro-hardness profiles of FSW and UVeFSW 
joints at welding speed of 120 mm/min and different 
depths from top surface of workpiece: (a) 0.5 mm;     
(b) 1.0 mm; (c) 1.5 mm 
 
the weld (Fig. 11(a)) is higher than that in the 
middle and bottom of the weld (Figs. 11(b, c)). This 
is because the materials in the upper part of the 
weld experience a higher peak temperature and 
longer high-temperature dwell time which facilitate 
the nucleation and growth of the precipitated phase, 

resulting in a higher hardness value. Comparing the 
hardness profiles of conventional FSW with the 
UVeFSW joints (Fig. 11) illustrates that the value of 
hardness in the WNZ of UVeFSW is higher than 
that in conventional FSW. This indicates that 
superimposing ultrasonic vibration in FSW can 
increase the hardness value of the WNZ of the joint 
since ultrasonic vibration energy promotes the 
formation of precipitates [35], which in turn 
improves the hardness of the WNZ of the joint.   
In addition, superimposing ultrasonic vibration in 
FSW enhances the plastic material flow, which 
increases the width of the WNZ and reduces the 
width of the HAZ. Therefore, the part with the 
lowest joint hardness is located further away from 
the center of the weld, and the minimum hardness 
of the UVeFSW joint is slightly higher than that of 
the conventional FSW joint. 
3.3.3 Fracture features 

Figure 12 shows the fracture locations of joints 
obtained by conventional FSW and UVeFSW at the 
welding speed of 120 mm/min. It is depicted that 
both the conventional FSW and UVeFSW joints are 
fractured in the WNZ. The relatively low welding 
heat input results in an incompletely recrystallized 
region at the bottom of the WNZ for the FSW joint 
(Fig. 5(a)), which leads to a crack initiating at the 
bottom of the WNZ. As a result, the conventional 
FSW joint fractures in the middle of the WNZ. 
However, superimposing ultrasonic vibration in  
the FSW enhances the plastic deformation and 
suppresses the formation of an incompletely 
recrystallized region at the bottom of the WNZ for 
the UVeFSW joint. Therefore, the crack initiates at 
the boundary of TMAZ and WNZ and then expands 
to the WNZ for the UVeFSW joint. 
 

 
Fig. 12 Fracture locations of joints at welding speed of 
120 mm/min: (a) FSW; (b) UVeFSW 
 

Characteristics on the fracture surface are the 
direct manifestation of the fracture feature of these 
tensile specimens. To clarify the fracture feature  
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in detail and further illustrate the effect of 
superimposing ultrasonic vibration on the tensile 
properties of the joints, the fracture morphologies 
of conventional FSW and UVeFSW joints at the 
welding speed of 120 mm/min were analyzed and 
compared. Figure 13 shows fracture morphology of 
the conventional FSW joint. It can be seen that 
there are many small and shallow dimples in the 
tensile fracture surface of the FSW joint, indicating 
that the tensile specimen of FSW is in a typical 
ductile fracture mode. Figure 13(a) shows the 
macroscopic morphology of the fracture which 
shows clear surface ripples. Figures 13(b−f) show 
SEM maps of fracture surface in the middle of the 
joints. It can be seen that the fracture surface in the 

middle of the weld is dominated by small and 
shallow dimples with a size of ~1 μm. Since the 
dimple size is related to the average grain size of 
the corresponding area, the dimple size is relatively 
small. In addition, a few large and deep dimples 
with obvious tearing edges on their sidewall can  
be seen in Fig. 13(f). This may be because the 
boundary between the precipitated phase particles 
and the surrounding matrix is prone to stress 
concentration and becomes the source of cracks 
resulting in a few large dimples. As a whole, the 
FSW joint has good ductility, as shown in 
Fig. 10(b). 

Figure 14 shows the fracture morphology    
of the UVeFSW joint. It can be seen that there are 

 

 
Fig. 13 Fracture surface morphologies of FSW joint obtained at welding speed of 120 mm/min: (a) Low magnification 
morphology of fracture surface; (b−f) High magnification morphologies of fracture surface in middle of weld 
 

 
Fig. 14 Fracture surface morphologies of UVeFSW joint obtained at welding speed of 120 mm/min: (a) Low 
magnification morphology of fracture surface; (b−d) High magnification morphologies of fracture surface in middle of 
weld; (e, f) High magnification morphologies of fracture surface in bottom of weld 
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many small and shallow dimples in the fracture 
surface of the UVeFSW joint which is similar to 
that of the conventional FSW joint. Based on the 
macroscopic and microscopic features, the tensile 
fracture of the UVeFSW specimens is in the typical 
ductile fracture mode. By comparing Fig. 13(c) 
with Fig. 14(c), it can be seen that the depth of the 
dimples in the fracture surface of UVeFSW is larger, 
which indicates better toughness. In addition, the 
number of local large-sized dimples in the fracture 
surface of the UVeFSW is less than that in the 
conventional FSW joint. Figures 14(e, f) show the 
fracture surface morphologies at the bottom of the 
weld, which depicts obvious layered features with a 
few small dimples and many facets indicating poor 
toughness at the bottom of the weld. 
 
4 Conclusions 
 

(1) Superimposing ultrasonic vibration in FSW 
can improve the joint properties of 2195-T6 Al−Li 
alloy. The ultimate tensile strength of the 
conventional FSW joints at the welding speed of 
570 mm/min is 390.7 MPa, while it increases to 
426.8 MPa when superimposing the ultrasonic 
vibration in the UVeFSW. 

(2) The tensile strength of UVeFSW joints 
increases with an increase in welding speed from 60 
to 120 mm/min and then decreases with a further 
increase in welding speed to 570 mm/min. The 
maximum tensile strength of the UVeFSW joint is 
449.5 MPa, which is 83.1% that of the base 
material. 

(3) UVeFSW can suppress the welding defects 
which are apt to occur in the conventional FSW 
joints at high welding speeds. UVeFSW can 
significantly increase the critical welding speed and 
welding efficiency, while ensuring that the tensile 
strength of the joint is higher than 75% that of the 
base material. 

(4) Superimposing ultrasonic vibration in FSW 
can enhance the recrystallization process in the 
WNZ of the 2195 Al−Li alloy FSW joints and 
increase the hardness values of the joints. The 
elongation of the UVeFSW joint is higher than that 
of the FSW joint with the same welding parameter. 
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摘  要：采用新型超声振动强化搅拌摩擦焊对第三代 2195-T6 铝锂合金进行焊接，研究超声振动对接头显微组织

与力学性能的影响。研究表明，超声振动强化搅拌摩擦焊能够增强塑性材料流动，进而抑制焊接缺陷，提高无缺

陷接头的临界焊接速度。在保证接头抗拉强度达到母材 75%的条件下，超声振动强化搅拌摩擦焊的焊接速度和效

率均高于常规搅拌摩擦焊。施加超声振动能够大幅提升较高焊接速度条件下的接头力学性能。超声振动强化搅拌

摩擦焊接头的极限抗拉强度为 449.5 MPa，达到母材的 83.1%。超声振动强化搅拌摩擦焊接能够在保证接头质量

的前提下提升临界焊接速度和焊接效率。 
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