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Abstract: The influence of ultrasonic vibrations on microstructure and mechanical properties of the AZ91−C magnesium alloy after 
ultrasonic assisted friction stir welding (UaFSW) in comparison with conventional friction stir welding (FSW) was investigated. The 
FSW was applied at the rotational speed of 1400 r/min and welding speed of 40 mm/min and no defects were observed. Using the 
same welding parameters, the process was carried out with inducing ultrasonic vibrations to the weld line at the amplitude of 15 µm. 
The microstructure of the specimens was observed with optical and scanning electron microscopy. The results indicate that a very 
fine microstructure is obtained in UaFSW with respect to that of conventional FSW. Moreover, β-Mg17Al12 coarse dendrites are 
segregated to very fine and partly spherical particles that homogeneously distribute in α-Mg matrix. This remarkably-modified 
morphology of microstructure attributed to severe plastic deformation comes from ultrasonic vibration and friction stirring effect. 
Tensile and hardness tests were performed to evaluate the mechanical properties of the welds. According to the results, the vibration 
greatly improves the mechanical properties of the conventional FSW joint. The tensile strength and hardness are increased from  
195 MPa and HV 79 in conventional FSW to 225 MPa and HV 87 in UaFSW, respectively. 
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1 Introduction 
 

Magnesium is the lightest metal used for 
constructions. Due to its excellent specific strength and 
stiffness, dimensional stability and high damping 
capacity, magnesium has been widely used in 
transportation and aerospace industries [1−3]. However, 
it exhibits low corrosion resistance and cold workability 
at room temperature due to its hexagonal closed-pack 
(HCP) crystal structure [4]. In order to overcome these 
limitations, magnesium must be alloyed with other 
metals for engineering applications [5,6]. Among the 
various magnesium alloys developed, AZ91 magnesium 
alloy is the most widely used [7]. CHEN et al [8] studied 
effects of pressurized solidification and microstructure 
modification on mechanical properties of AZ91 
magnesium alloy. NIE et al [9] investigated the effect of 
multidirectional forging on microstructure and 
mechanical properties of AZ91 magnesium alloy. They 
concluded that the both tensile strength and elongation to 
failure were increased. Improved mechanical properties 
of AZ91 magnesium alloy through extrusion were 

presented by KIM et al [10]. Microstructure and 
morphology of precipitates in magnesium alloys with 
various severe plastic deformation methods have been 
studied in previous reports [11−17]. 

However, relatively little attention has been paid to 
the welding processes of AZ91 magnesium alloy, and a 
reliable welding process is essential for commercial 
application of AZ91 alloy. Conventional fusion welding 
processes such as plasma arc welding, tungsten inert gas 
or laser beam welding obstruct the application of 
magnesium alloys due to hot cracking, porosity, 
oxidation and high residual stress [18]. Friciton stir 
welding (FSW) is a green solid state welding process 
which can eliminate relevant fusion welding defects [19]. 
This technique can improve the mechanical properties of 
the material [20,21]. After FSW, different corrosion 
behaviors [22] and machining characteristics [23] of the 
material were observed. MOTALLEB-NEJAD et al [24] 
studied the effect of pin profile on microstructure and 
mechanical properties of AZ31 magnesium alloy. 
Friction stir spot welding (FSSW) of rare-earth ZEK 100 
magnesium alloy sheets was investigated by RAO     
et al [25]. MIRONOV et al [26] investigated grain 
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refinement during friction stir welding of AZ31 
magnesium alloy. Effect of welding environment on 
microstructure of AZ91 Magnesium alloy was studied by 
ROUHI et al [27]. It is remarkable that eliminating all 
welding defects is not possible. There are relevant 
defects associated with FSW including lack of 
penetration, tunnel defect, worm hole, kissing bound and 
lazy S [28]. Improper welding parameters or inadequate 
temperature resulted in defects on the welds. Therefore, 
researchers mainly have focused on methods to diminish 
the welding defects and increase the mechanical 
properties of the welds [29]. To overcome these 
limitations, several hybrid FSW methods have been 
applied. These methods include the application of laser 
beam, inductive coil or electrical resistance as secondary 
energy source. It is remarkable that using secondary 
energy source leads to other undesirable problems and 
reduces inherent advantages of FSW [30]. Ultrasonic 
vibration improved the material flow in the welding, 
reduced the downward material flow stress without 
notable increase in peak temperature and produced high 
quality welds [31]. GAO et al [32] studied the effect of 
ultrasonic vibration on material flow and mechanical 
properties of AA 2024-T3 and concluded that ultrasonic 
vibration improved the material flow and increased the 
ductility of weld joints. WU et al [33] investigated the 
influence of ultrasonic vibration on fatigue performance 
of friction stir welded AA 2024-T3 and reported better 
fatigue life on ultrasonic assisted friction stir welding 
(UaFSW) specimens. Applying ultrasonic vibration in 
FSW is quite recent and only limited number of studies 
on UaFSW are recently published. These studies are 
mainly focused on aluminum alloys material flow and 
force analysis during UaFSW and inadequate attention 
was paid to microstructure of UaFSW on magnesium 
alloys. Recently, the microstructure and mechanical 
properties of ultrasonic enhanced FSW of Al 6061-T4 to 
Mg AZ31B were investigated by LV et al [34]. Their 
studies revealed that by inducing ultrasonic vibrations to 
the weld line, the mechanical interlocking and tensile 
properties of the weld were improved. The intermetallic 
compound layer completely fragmented and dispersed in 
α-Mg matrix, which results in improvement of the 
morphology of the welds [35]. The present work 
primarily is focused on microstructure, precipitates 
morphology and mechanical properties of UaFSWed 
AZ91 magnesium alloy in comparison with the 
conventional FSW. 
 
2 Experimental 
 
2.1 Materials and method 

In the present investigation, AZ91−C magnesium 
alloy is applied as base metal (BM). The chemical 

composition of the BM is given in Table 1. Ultrasonic 
assisted friction stir welding and conventional friction 
stir welding were carried out on AZ91−C magnesium 
alloy. Plates with dimensions of 6 mm in thickness,  
150 mm in length and 50 mm in width were subjected to 
the welding process in a bead-on-plate configuration [36]. 
 
Table 1 Chemical composition of BM AZ91−C magnesium 

alloy (wt. %) 

Mg Al Zn Mn Cr Fe Si Ni Cu 

90.80 8.20 0.68 0.16 0.10 0.04 0.01 0.003 0.001

 

A heat-treated non-consumable tool made of    
H13 tool steel was applied to UaFSW and FSW 
operations. Due to excellent combination of toughness 
and fatigue resistance, H13 is widely used in FSW 
applications [27,36−38]. Shoulder diameter of the tool is 
18 mm and pin profile is square [32]. The photograph of 
welding tool and its geometry are shown in Fig. 1. 
UaFSW and FSW were carried out on a vertical milling 
machine. Welding process was performed for different 
process parameters based on the literature and also was 
precisely chosen to obtain successful performance of the 
process. Rotational speed was selected between 900 and 
1800 r/min and traverse speed was 20−80 mm/min. The 
tilt angle was kept constant at 2.5° [36,39,40]. 
 

 

Fig. 1 Photograph of welding tool and its geometry (Unit: mm) 

 
2.2 Ultrasonic setup preparation 

Special fixture should be designed to hold the 
welding specimens together with ultrasonic setup in 
UaFSW. Due to the aim of investigating the effect of 
ultrasonic vibration in UaFSW, the vibration should be 
applied in the weld line. To restrict vibration damping 
effect of the fixture, the contact between specimen and 
fixture should be minimal. Figure 2 illustrates the 
designed and fabricated fixture with considering 
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above-mentioned points. As shown in Fig. 2(a), the 
ultrasonic horn and transducer were fixed together and 
the vibration was imposed normal to the weld line. The 
clamping fasteners, welding line and vibrating direction 
are illustrated in Fig. 2(b). The welding plate is tightly 
fastened to the fixture body only from two sides. Due to 
reasonable distance between the fasteners and welding 
area, the welding line can easily vibrate. The vibration 
amplitude of the specimens along the weld line was 
experimentally measured. Due to the large diameter of 
the horn, no significant damping effect was observed and 
the vibration amplitude in the weld line was almost 
constant. The similar welding setup was applied in 
previous works [41,42]. 
 

 

Fig. 2 Ultrasonic assisted and conventional FSW setup:      

(a) Vibration system component and fixture; (b) Clamping 

system and vibration direction 

 
The ultrasonic setup consists of transmitting horn, 

transducer and generator. A 2000 W piezoelectric 
transducer was applied to generating ultrasonic vibration 
in specimens. Power supply covered 50−60 Hz with 
fixed input voltage of 220 V. The variable output voltage 
up to 500 V was used to adjust high frequency electrical 
pulse power. These pulses stimulated the transducer to 
produce mechanical vibration with the same frequency. 
The peak-to-peak amplitude of the vibration was 15 μm. 

The ultrasonic horn was designed considering the 

transducer longitudinal resonance frequency. Due to high 
strength and ease of manufacturing, a cylindrical shape 
was designed. The dimensions of the horn were selected 
such a way that it could have resonance near 20 kHz. 
Modal analysis was performed by means of ANSYS 14.0 
software. In the modal analysis, totally 3327 nodes and 
1722 elements were used and the suitable horn length 
was obtained to be 131 mm. The natural resonance 
frequency of horn was equal to19795 Hz. Figure 3 
illustrates the longitudinal mode shape of horn natural 
resonance frequency. 
 

 

Fig. 3 Longitudinal mode shape of horn natural resonance 

frequency 
 
2.3 Microstructure and mechanical properties 

analyses 
The specimens were cut normal to welding direction 

and mechanically ground with Sic abrasive paper. 
Polishing of the specimens was performed on 20 N and 
120 r/min using 3 µm diamond paste for 3 min and   
0.5 µm diamond paste until a mirror-like surface was 
obtained. Specimens were etched with the acid mixture 
including 60 mL ethylene glycol, 20 mL citric acid, 1 mL 
HNO3 and 20 mL distilled water [39]. The optical 
microscope (OM), OLYMPUS-BX57M, was used to 
capture the microscopic images of specimens and the 
grain size was determined by microstructural image 
processing (MIP). The scanning electron microscope 
(SEM), Ziess sigma HD, was used to study the 
microstructure and precipitates morphology of the weld. 
Tensile test was implemented based on ASTM: EM08 at 
constant strain rate of 1×10−5

 s−1 and to obtain high 
accuracy results the test was repeated three times for 
each welding method. Specimens were cut with wire cut 
electro discharge machine in the direction of friction stir 
welding line. Vickers hardness test was performed on 
Reicherter UH250 hardness testing machine. The 
hardness test positions were chosen in the center of the 
weld. The specimens were cut across the weld line and 
hardness measurements in 10 s under 980 N load were 
carried out on 4 regions including BM, heat-affected 
zone (HAZ), thermomechanically-affected zone (TMAZ) 
and stir zone (SZ) [43]. 
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3 Results and discussion 
 
3.1 Welding parameters 

The photographs of bead-on-plate weld with 
different process parameters are presented in Fig. 4 and 
post weld observations are summarized in Table 2. The 
results show the crucial role of rotational speed and 
traverse speed on successful welding. By increasing the 
rotational speed to the limit of 1600 r/min, the generated 
heat is increased and excessive material flush is noticed 
along the weld. When the tool traverse speed is greater 
than 40 mm/min, the poor material flow causes groove 
and cracks in the weld line. Successful and sound welds 
are obtained at 1400 r/min rotational speed and       
40 mm/min traverse speed. So, UaFSW and conventional 
FSW were performed on specimens at 1400 r/min 
rotational speed and 40 mm/min traverse speed. The 
welding fixture is the same for both processes and the 
only difference is ultrasonic vibration. 
 

 

Fig. 4 Photographs of weld obtained at different tool rotational 

speeds and traverse speeds: (a) 900 r/min and 80 mm/min;   

(b) 1200 r/min and 80 mm/min; (c) 1200 r/min and 40 mm/min; 

(d) 1400 r/min and 40 mm/min; (e) 1400 r/min and 60 mm/min; 

(f) 1600 r/min and 20 mm/min 

 
3.2 Microstructure characterization 

Figure 5 illustrates the optical micrographs of the 
BM and different welding areas of AZ91 magnesium 
alloy obtained at 1400 r/min and 40 mm/min. As shown  

Table 2 Weld joint status at different process parameters 

No.
Rotational 

speed/(rꞏmin−1)
Traverse speed/ 

(mmꞏmin−1) 
Observation 

1 900 80 
Insufficient heat, 

wide groove 

2 1200 80 
Insufficient heat, 

linear crack 

3 1200 40 
Insufficient heat, 

narrow crack 

4 1400 40 Sound weld 

5 1400 60 
Excessive flush, 

crack 

6 1600 20 
Excessive heat and 

flush, poor weld 

 

in Fig. 5(a) and Fig. 5(b), the BM has coarse grain α-Mg 
matrix surrounded with β-Mg17Al12 dendrite or β+α 
phases. Similar microstructure for as-cast magnesium 
AZ91 alloy was reported in other works [43−45]. The 
backscattered scanning electron (BSE) micrographs  
(Figs. 6(a, b)) of base metal confirm the optical 
micrographs results. The EDX point analysis results of 
Fig. 6 are summarized in Table 3. The dark areas in the 
BM are mainly α-Mg grains and the amount of Al is 
determined to be (3.3±0.1) wt.% which is higher than the 
equilibrium maximum solid solubility of Al (1.5 wt.%) in 
Mg at room temperature [46]. It has been shown that Al 
slightly supersaturates in α-Mg. The gray dendritic areas 
are determined as β-Mg17Al12 which include Zn solute 
atoms. It has been reported that in Mg−Al−Zn alloys, Zn 
mainly substitutes Al and forms a new intermetalic Mg17-

Zn12 phase [47,48]. For FSW and UaFSW specimens, 
α-Mg matrix presents an increase in Al content. The 
average content of Al in FSW and UaFSW is obtained by 
sampling four testing point which is equal to 6.4 and  
7.7 wt.%, respectively, which is much higher than the Al 
content for BM. Therefore, it is inferred that the particles 
of β-phase have been resolved again in α-Mg during 
FSW and UaFSW. 

The optical micrographs of welded specimens are 
presented in Figs. 5(c, d). Three characteristics of FSW 
areas are distinguishable in both welding methods. The 
grains are refined and dynamic recrystallization (DRX) 
takes place in stir zone of FSW and UaFSW. As shown in 
Figs. 5(e, f), the stir zone in both methods has smaller 
grain size in comparison with BM but UaFSW specimen 
has finer grain structure in comparison with FSW 
specimen. The average grain size of BM is 80 µm, that of 
SZ of FSW is 4 µm and that of SZ of UaFSW is 1.8 µm. 
The reason behind this could be the dynamic 
recrystallization in the stir zone [49]. During the welding 
process, the material in the weld region is subjected to 
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Fig. 5 Optical micrographs of different AZ91 samples: (a) Base metal; (b) High magnification of BM precipitates; (c) FSWed sample; 

(d) UaFSWed sample; (e) Stir zone of FSW; (f) Stir zone of UaFSW 

 
severe plastic deformation and density of dislocations in 
the stir zone increases significantly. Due to the high 
temperature, dislocations in the structure create low 
angle grain boundaries (LAGB) for the purpose of 
reducing the free energy of the material. By increasing 
the amounts of deformation, the sub-grains are converted 
into high angle grain boundaries (HAGB), and as a result, 
new grains form within the initial grains and fine grain 
structure is obtained [49]. During the UaFSW, due to the 
vibration of weld, the material in the SZ has higher strain 
than the material in the SZ of conventional FSW. There 
is a direct relation between the strain and the dislocation 
density of the strained material [49]. Hence, the density 

of dislocation in the stir zone of the UaFSW is greater 
than the density of dislocation in the conventional FSW, 
and therefore, during the dynamic recrystallization in 
UaFSW, more HAGBs form and the weld zone with finer 
grain size is obtained. 

UaFSW specimens illustrate homogenous ultrafine- 
grained microstructure without apparent dendrite β phase. 
Highly magnified BSE images of α-Mg phase for 
conventional FSW and UaFSW are presented in Figs. 6(c) 
and 6(d), respectively. The β-phase fragments into fine 
particles that homogenously distribute in α-Mg matrix. 
Better distribution and finer particle are obtained    
with UaFSW. This remarkably modified morphology of  
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Fig. 6 BSE micrographs of different AZ91 samples: (a) Base metal; (b) High magnification of BM precipitates; (c) Precipitates in SZ 

of FSWed sample; (d) Precipitates in SZ of UaFSWed sample 
 
Table 3 Chemical compositions of BM, FSW and UaFSW 

specimens (wt.%) 

Point Mg Al Zn 

A (α-Mg) 96.7±0.9 3.3±0.1 − 

B (β-Mg17Al12) 63±0.4 31.3±0.5 5.7±0.4

SZ of FSW 92.9±0.3 6.4±0.6 0.7±0.1

SZ of UaFSW 91.5±0.3 7.7±0.5 0.8±0.1

 
microstructure attributed to severe plastic deformation 
comes from ultrasonic vibration and friction stirring 
effect. 
 
3.3 Mechanical properties 

Figure 7 illustrates the comparison of Vickers 
hardness profiles for UaFSW and FSW. As shown in  
Fig. 7, there is the same manner for hardness diagrams in 
both welds. Due to the severe plastic deformation and 
dynamic recrystallization, the hardness of SZ is higher 
than that of other areas. The friction stir welding 
enhanced with ultrasonic vibration yields higher value  
of hardness compared to the conventional friction    
stir welding. The reason could be the finer grain  
structure, better distribution of β-phase, and hardening 
effect of intense stirring action in the welding area and 
mechanical work originated from ultrasonic vibration. 

 

Fig. 7 Hardness profiles of UaFSW and FSW joints 
 

Figure 8 shows the yield strength (YS), ultimate 
tensile strength (UTS) and elongation (ELG) for BM, 
conventional FSW and UaFSW. The YS values of BM, 
FSW and UaFSW are 75, 115 and 130 MPa, respectively. 
Due to similar strengthening effect, the YS values for 
specimens correspond well with their average hardness 
values. The BM exhibits the lowest UTS of 125 MPa and 
ELG of 2%. After FSW, the UTS and ELG are increased 
to 195 MPa and 4%, respectively. It is shown that 
UaFSW specimens exhibit UTS of 225 MPa and ELG of 
5% which is much higher than the values of BM. After 
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UaFSW, the average size of the grains decreases to   
1.8 µm and eutectic network and rough precipitates 
segregate to ultra-fine and homogenously-distributed 
particles. The large number of β-phase particles increases 
the strength of the material and their sub micron size 
diminishes cavitations and micro-cracks at the interface 
between α-Mg and β-phase [50]. The fine-grain structure 
and homogenously-distributed particles result in stress 
dispersion and delay stress concentration to a large 
extend. By reducing grain size, the volumetric 
component of the grain boundaries increases. Since the 
grain boundaries act as barriers to the motion of 
dislocations, the strength increases. In such a fine-grain 
structure, non-basal slip planes can be activated in favor 
of harmonized deformation and consequently the 
ductility is improved [51]. The fine-grain structure and 
dispersed particles significantly increase the strength and 
toughness of the material. By using ultrasonic vibration 
on FSW, notable improvements in tensile properties are 
obtained. 
 

 

Fig. 8 Comparison of yield stress (YS), ultimate strength (UTS) 

and elongation (ELG) for BM, FSW and UaFSW joints 

 

4 Conclusions 
 

(1) AZ91−C magnesium alloy was successfully 
welded by UaFSW and no defects were found by 
applying tool rotational speed of 1400 r/min and traverse 
speed of 40 mm/min. 

(2) FSW can refine the grains of AZ91 Mg alloy 
from 80 to 4 µm in the stir zone, but further refinement is 
obtained via UaFSW with average grain size of 1.8 µm. 

(3) In FSW, dendrite β-phases are segregated to fine 
particles homogenously distributing in α-Mg, and finer 
particles and better morphology are obtained by UaFSW. 

(4) In comparison with BM, significant 
improvements in the tensile properties are achieved in 
the FSW due to fine grain structure and better β-phase 
distribution. The UaFSW leads to higher tensile strength, 
elongation and hardness values. 

(5) Ultrasonic vibration plays an important role in 
microstructure evolution during UaFSW. 
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超声辅助搅拌摩擦焊对 AZ91−C 镁合金 
显微组织和力学性能的影响 
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摘  要：将超声辅助搅拌摩擦焊(UaFSW)与传统搅拌摩擦焊(FSW)相比，研究超声振动对 AZ91−C 镁合金显微组

织和力学性能的影响。当 FSW 的转速为 1400 r/min、焊接速度为 40 mm/min 时，没有观察到缺陷。在相同条件

下，引入振幅为 15 μm 超声振动，用光学显微镜和扫描电镜观察样品的显微组织。结果显示，与传统 FSW 相比，

UaFSW 焊缝的显微组织更细小，原先粗大的 β-Mg17Al12 枝晶被分离成非常细小、部分球形的颗粒，且均匀分布

在 α-Mg 基体中。在超声振动和搅拌摩擦的共同作用下，材料产生严重的塑性变形，使显微组织发生明显的变化。

焊缝拉伸和硬度测试的结果显示，超声振动大大提高传统 FSW 接头的力学性能，UaFSW 焊缝的抗拉强度和硬度

分别从 195 MPa 和 HV 79 提高到 225 MPa 和 HV 87。 
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