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A B S T R A C T

Integration of aluminum (Al) and titanium (Ti) alloys offers an effective approach to sustainable and high-quality 
development of the automotive and aviation industries. However, challenges arise when welding Al alloys to Ti 
alloys due to the formation of detrimental intermetallic compounds at the interface. With the implementation of 
ultrasonic vibrations, the temperature and strain rate were both increased during Al/Ti friction stir welding 
(FSW), leading to the formation of an amorphous interlayer, instead of intermetallic compound (IMC), at the 
interface. The interfacial microcracks were eliminated in the ultrasonic vibrations assisted friction stir welding 
(UVFSW). There were Ti particles separated from the Ti substrate and dispersed in the Al alloy, thereby resulting 
in a more gradual and moderate evolution of the interfacial microstructure. Due to the improved interfacial 
microstructure with ultrasonic vibrations, the lap shear strength was almost twice that of the conventional FSW 
welds within same welding conditions. Meanwhile, ultrasonic vibrations also improved the fabrication efficiency 
with a higher optimal traversing speed. The failure mode shifted from interface separation of FSW welds to a 
shear dimple fracture of the UVFSW welds, demonstrating the better plasticity and reliability of the UVFSW Al/Ti 
dissimilar joints.

1. Introduction

Joining different materials allows components to achieve favorable 
mechanical properties while maintaining cost-effectiveness and light
weight design. As a result, dissimilar joining techniques has gained 
increasing significance in automotive and aviation industries for 
enhancing product viability and promoting environmental sustainability 
[1]. The proliferation of electric vehicles and drones emphasizes the 
urgent necessity for the components with better specific mechanical 
properties and corrosion resistance [2]. Al/Ti hybrid structures offer 
ultimate specific strength and corrosion resistance at a reasonable cost, 
making them widely applicable [3–5]. However, challenges arise when 
welding Al alloys to Ti alloys, due to their vastly different physical 
properties and the formation of intermetallic compounds, which cause 
undesirable residual stress and cracks, weakening the joint [6,7]. Studies 
on Al/Ti fusion welding, including arc welding [8], laser welding [9], 

and electron beam welding [10], have highlighted the challenge of 
suppressing the formation of Al-Ti IMC during the fusion process. In Al/ 
Ti welding, the excessive formation of IMC is caused by the significant 
variation of mutual solubilities during liquid–solid transition and cool
ing process, which consequently contributes to the relatively low 
strength and the propagation of cracks along the interface [11]. There
fore, a high-quality Al/Ti joining method is necessary to control the 
thickness of interfacial IMC layer at an optimal, thereby improving the 
strength and reliability of Al/Ti hybrid structures/components.

Friction stir welding (FSW) is a solid-state joining technique that 
materials are joined through severe plastic deformation with less heat, 
compared to fusion welding processes [12]. Due to the small diffusivity 
and solubility in solid state, and as the less heat/energy for IMC nucle
ation, the formation of interfacial IMC is limited in dissimilar FSW 
[13–15]. Therefore, Al/steel dissimilar FSW has been deployed in 
automotive industry, leading to a 25 % reduction of the car body weight 
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[16]. Researchers shifted to investigate Al/Ti FSW for superior specific 
strength and lower density. The excessive interfacial IMC, such as TiAl3 
and TiAl, was also reported as the primary cause for the fracture of Al/Ti 
FSW welds [17–19], although their overall strength surpassed that of the 
conventional welds. The optimal thickness for the interfacial IMC layer 
was identified to be within 50 nm to 100 nm [20,21]. However, re
searchers could hardly fabricate the Al/Ti FSW weld with an evenly 
distributed interfacial layers within this narrow thickness range [22]. 
Notably, in the FSW Al-Ti welds, TiAl was formed after TiAl3 as a sec
ondary reaction, and required more energy than the formation of TiAl3 
[21], suggesting that suppression of the secondary reactions could be a 
potential approach to controlling the thickness of the IMC layer. More
over, the tool abrasion not only undermined the cost-effectiveness of Al/ 
Ti FSW, but also damaged the even thickness of IMC layer [23], resulting 
in the heterogeneous interfacial microstructure and mechanical prop
erties [24]. In an effort to avoid tool abrasion, researchers introduced 
interlayers between Al and Ti substrates during the FSW process 
[25–27]. However, interlayer-assisted FSW necessitated additional 
preparatory work prior to welding, thereby increasing the costs and time 
in practical fabrication [28]. Considering these challenges, there is an 
urgent need for a welding process that can fabricate reliable Al-Ti welds 
and avoid tool wear simultaneously.

Ultrasonic vibrations assisted friction stir welding (UVFSW) is an 
innovative approach for the fabrication of dissimilar joints with desir
able strength, but no additional preparation [14,29–31]. This technique, 
which emerged in the late 2010s, conducted ultrasonic vibrations on the 
welding plates to improve material deformation and weld formation 
during the FSW process [32]. The introduction of ultrasonic vibrations 
during the FSW process exhibited several beneficial effects as follows. 
Firstly, the acoustic softening effect of ultrasonic vibrations was 
demonstrated in UVFSW [33], resulting in the elimination of inner 
defect [34], expanded welding area [35], and reduction on spindle 
torque [36]. Secondly, the ultrasonic vibrations lowered the peak 
welding temperature [37], resulting in the smaller grain sizes of weld 
zones [38]. Specific to welding of dissimilar materials, UVFSW exhibited 
better welding strength due to the suppression on the formation IMC 
[39]. Not only was the overall volume of IMCs diminished, but the 
species of IMC were also reduced during dissimilar UVFSW [40–42], 
leading to the improved weld integrity. Additionally, UVFSW was re
ported to mitigate tool abrasion [43], which was a common challenge in 
Al/Ti FSW.

Notwithstanding aforementioned promising advancements, the 
existing studies on Al/Ti UVFSW remains far from systematical. Present 
studies have primarily focused on numerical simulation of material flow, 
identification of interfacial phases, and evaluation of mechanical prop
erties, while the underlying improvements on the bonding mechanism 
facilitated by ultrasonic vibrations remain unclear. Further in
vestigations are necessary to fully elucidate the relationship between the 
interfacial microstructure and the resulting weld strength. Moreover, 
comprehensive studies on the influence of key welding parameters, such 
as traversing speed, on the corresponding microstructural evolution and 
mechanical performance are required. In the present study, the ultra
sonic vibrations were used to improve the metallurgically bonding of the 
Al/Ti lap welds without stirring Ti substrate. The welding temperature 
profiles have been recorded, providing critical insights into the 
ultrasonic-induced amorphization by which ultrasonic vibrations 
improve the bonding process. Furthermore, the welding parameters 
have been optimized based on the resultant lap shear strength, and the 
relationship between interface evolution, mechanical properties, and 
fracture behavior of the joints has been proposed. The experimental 
findings from this study offer a scientific foundation for understanding 
the beneficial impacts of incorporating ultrasonic vibrations into the 
friction stir welding of dissimilar metals. The ultrasonic-induced 
amorphization and the proposed correlations between microstructure 
and mechanical properties serve as a valuable knowledge base to drive 
further investigation and industrial adoption of this innovative joining 

technique.

2. Materials and experimental procedure

UVFSW have been conducted on the AA6061 and Ti6Al4V plates 
with the dimensions of 75 mm × 250 mm × 3 mm and 75 mm × 250 mm 
× 2 mm, respectively. The chemical compositions of the base materials 
(BM) are listed in Table 1. During welding, the Al plate was placed on the 
Ti plate at the retreating side (RS), as depicted in Fig. 1. This configu
ration was reported achieving superior performance compared to the 
alternative of placing the Ti plate on top [44,45]. The traversing speed 
(v) was varied from 60 mm/min to 140 mm/min with an interval of 20 
mm/min, whereas the rotational speed was constant at 1000 rpm. The 
stirring tool was composed of a 12.0 mm wide shoulder and a 2.9 mm 
long pin. The stirring tool was thus supposed not to touch the Ti sub
strate, as the thickness of Al plate equaled to the sum of pin length and 
shoulder plunging depth. Furthermore, type-K thermocouples were 
positioned at the bottom of Al plates to record the temperature history at 
the advancing side (AS) with a distance of 2.0 mm from the weld center. 
In UVFSW, the ultrasonic vibrations were remained at 20 kHz with an 
amplitude of 10 μm and pressure of 0.3 MPa, which was reported as the 
preferable choice in Al/Ti welding [43]. The ultrasonic horn was placed 
30 mm ahead of the stirring tool with a tilting angle of 30◦, and the 

Table 1 
Chemical compositions of the base materials.

Base materials Elements (At. %)

Al Mg Si Ti V

AA6061 Bal. 1.43 0.62 − −

Ti6Al4V 9.93 − − Bal. 3.91

Fig. 1. Configuration of the AA6061/Ti6Al4V UVFSW.

Table 2 
Welding conditions in this work.*

No. FSW parameters Ultrasonic parameters

Traversing 
speed 
(v, mm/min)

Rotational 
speed 
(ω, rpm)

Amplitude 
(μm)

Pressure 
(P, MPa)

Tilt 
angle 
(θ, deg.)

1 60 1000 10 0.5 30
2 80
3 100
4 120
5 140

* In each of the selected welding conditions, the welding process was repeated 
without ultrasonic vibration as a control.
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detailed welding parameters were listed in Table 2. In each of the 
selected welding conditions, welding process was repeated without ul
trasonic vibrations as a control.

Following the welding processes, specimens were cut perpendicular 
to the welding direction by an electrical discharge machine (DM-Cut 
6531), for subsequent metallographic analysis and mechanical tests. The 
microstructure characteristics were observed via optical microscopy 
(OM, DSX 510), scanning electron microscopy (SEM, MERLIN Compact), 
and transmission electron microscopy (TEM, JEM-2100). The metallo
graphic specimens intended for optical observation were etched using 
Keller’s etchant (1.0 ml HF+1.5 ml HCl + 2.5 ml HNO3 + 95 ml H2O). 
Meanwhile, the energy-dispersive X-ray spectrometry (EDS, OCTANE 
PLUS), X-ray diffractometer (XRD, D/max-2500), and selected area 
electron diffraction (SAED) were employed to analyze chemical com
positions and phase identification. The metallographic specimens 
intended for optical observation were etched using Keller’s etchant (1.0 
ml HF+1.5 ml HCl + 2.5 ml HNO3 + 95 ml H2O). Lap shear tests were 
conducted via a universal testing machine (Instron 5967), referring to 
the standard ASTM D1002-10. The lap shear tests were repeated three 
times for each weld at a crosshead speed of 1 mm/min, using the 10.0 
mm wide specimens.

3. Results and discussion

3.1. Welding temperature and cross-section

Temperature variations in UVFSW and FSW are shown in Fig. 2, as a 
function of time. The temperature history of Al/Ti UVFSW includes ul
trasonic heating period and friction heating period, which were attrib
uted to the different heating sources. The interfacial temperature was 
firstly increased over 500 K due to the heating effect of ultrasonic vi
brations, and then further increased to a peak temperature around 700 K 
due to the friction heat generated by stirring process. As the traversing 
speed changed, the increase of traversing speed led to the reduction of 
peak temperatures. At 60 mm/min, the peak temperature was 570 K at 
ultrasonic heating period, whereas 762 K at the friction heating period. 
When the traversing speed was increased, the peak temperatures were 
decreased to 527 K and 715 K at 100 mm/min, and to 511 K and 690 K at 
140 mm/min, respectively. This was because an increase of traversing 
speed resulted in a decrease of heat input, which was the welding energy 
supplied per millimeter and inversely proportional to the traversing 
speed (ω2/v) [12]. Compared to the conventional FSW, UVFSW has an 
additional heating process before reaching the highest temperature, 
namely the ultrasonic heating mentioned above. But the maximum 
temperature was decreased by ~5 % in UVFSW, because the acousto
plastic effect of ultrasonic vibrations improved the flowability of weld 

metals, reduced friction heat, and finally led to the decrease of 
maximum temperature [33].

Fig. 3 shows the appearances and cross-sections of the FSW and 
UVFSW Al/Ti welds at 100 mm/min. Flashes only formed on the 
retreating side of the FSW weld. But there were continuous flashes 
formed on both sides of the UVFSW, because the flowability of weld 
metal was promoted by ultrasonic vibrations. As for the cross sections, 
the Al/Ti welds were composed of heat affected zone (HAZ), thermos- 
mechanically affected zone (TMAZ), stir zone (SZ), and interface. 
Compared to the conventional FSW weld, there were additional flow 
patterns formed at the interface of the UVFSW weld, which indicates 
that ultrasonic vibrations improved the flowability of titanium alloy and 
enhanced intermixing of matrixes during welding.

Fig. 4 listed the metallographic images and grain sizes of the weld 
zones within various welding conditions. The grain sizes were measured 

Fig. 2. Temperature histories of Al/Ti welding: (a) UVFSW temperature at various traversing speeds, (b) FSW and UVFSW temperature (v = 100 mm/min).

Fig. 3. Appearance and cross-sections of Al/Ti welds (v = 100 mm/min): (a) 
FSW weld, (b) UVFSW weld.
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by Average Grain Intercept method referring to ASTM E112. The HAZ 
grains were subjected to a thermal cycle but is not deformed during 
either FSW or UVFSW. Therefore, the microstructure was recognizably 
that of the base metal, but coarsened. The grain size of the HAZ of 
UVFSW weld was smaller than that of the FSW weld, due to the lower 
temperature with ultrasonic vibrations mentioned above. The TMAZ 
was formed as a transition zone between the SZ and HAZ. In this region, 
material experienced both thermal cycle and deformation during 
welding, and the grains were significantly deformed and rotated, 
judging from the morphology of the base metal. The metals in SZ 
experienced heavily deformation and recrystallization during FSW or 
UVFSW. As a result, the SZ was composed of equiaxed grains with a 
smaller size than that in the base metals. According to the variation of 
grain size, the influence of ultrasonic vibrations was most significant in 
TMAZ, whereas least in SZ. The ultrasonic enhancement on the flow
ability of weld metal in UVFSW led to higher strain rate in TMAZ and 
recrystallization on some grains, resulting the smaller grain size. How
ever, the influence of ultrasonic vibrations was almost eliminated in SZ, 
because the grains were fully recrystallized after welding, and, thereby, 
the grain size was mainly affected by temperature. In addition, differ
ence between the grain sizes of UVFSW and FSW was reduced with the 
decreasing traversing speed, suggesting that influence of ultrasonic vi
brations on the microstructure was more significant at higher traversing 
speed.

The grain size (d) of the welded aluminum alloy was closely related 
to the deformation and heat depending on the Zener-Hollomon param
eter (Z): 

d− 1 = AlnZ+B = Aεexp
(

Q
RT

)

+B (1) 

where A and B are empirical constants, ε is the strain rate of deforma
tion, Q is the activation energy for deformation, R is gas constant, and T 
is temperature. The empirical constants A and B were referred to pre
vious study [46], and the activation energy for the deformation of base 
material was 236 kJ/mol [47]. Therefore, the strain rate could be 
expressed by the following equation. 

ε =
(
d− 1 − B

)
A− 1exp(

RT
Q
) (2) 

The strain rates were calculated and shown in Fig. 5, basing on the 
aforementioned grain and the average temperature of stirring period, 
which was duration after the peak temperature with a lasting time 
equaled to the tool diameter divided by welding speeds. The strain rate 
of UVFSW was increased by 3.39 s-1at 60 mm/min, which was equiva
lent to 4.01 % of that in FSW. When the traversing speed was increased 
to 140 mm/min, the variation of strain rate between UVFSW and FSW 
was increased to 7.03 s− 1, and the relative change was increased to 
30.67 %. These results indicated that ultrasonic vibrations enhanced the 
flowability of weld metal during FSW. Furthermore, it was observed that 
as the traversing speed was increased, the promoting effect induced by 
the ultrasonic vibrations became more pronounced.

Fig. 4. Metallographic images and grain sizes in various welding conditions.

Fig. 5. SZ strain rates in various welding conditions.
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3.2. Interfacial microstructure

Interface evolution and element distribution with increasing 
traversing speed in UVFSW are shown in Fig. 6, including the SEM im
ages, and EDS maps of aluminum and titanium. According to the 
element distributions at 140 mm/min, the Ti alloy was broken partly at 

the UVFSW interface, and Ti fragments were observed in the Al alloy. 
The Ti fragments could cause the initiation of cracks in mechanical tests, 
while enhancing the grain refinement during dynamic recrystallization. 
The presence of Ti fragments in Al alloy was also observed at 100 mm/ 
min, while exhibiting a trend of being farther away from the interface. 
As the traversing speed further decreased to 60 mm/min, the Ti 

Fig. 6. UVFSW interfaces at various traversing speeds: (a) SEM image, (b) Al map, and (c) Ti map at 60 mm/min; (d) SEM image, (e) Al map, and (f) Ti map at 100 
mm/min; (g) SEM image, (h) Al map, and (i) Ti map at 60 mm/min.

Fig. 7. Comparison between the FSW and UVFSW interfaces: (a) SEM image, (b) Al map, and (c) Ti map of FSW interface; (d) SEM image, (e) Al map, and (f) Ti map 
of FSW interface.
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fragments almost disappeared from the interface, which could be 
attributed to the farther dispersion caused by the promoted material 
flow at low traversing speed. This indicated that, in UVFSW, the ultra
sonic vibrations broke the surface of Ti substrate at first, and, then, the 

stirring and friction process from the FSW tool moved the fragments 
away from the substrate, resulting in the formation of Ti fragments in Al 
alloy.

Fig. 7 exhibits the interfacial microstructure and element 

Fig. 8. SEM and XRD results of FSW and UVFSW interfaces (v = 100 mm/min) with high magnification: (a) SEM image, (b) linear EDS, and (c) XRD spectrums of 
FSW interface; (d) SEM image, (e) linear EDS, and (f) XRD spectrums of UVFSW interface.

Fig. 9. TEM results of the FSW and UVFSW interfaces (v = 100 mm/min): (a) bright field image and (b) high resolution image of FSW interface, (c) bright field image 
and (d) high resolution image of UVFSW interface, (e) elemental composition of line 1, (f) elemental composition of line 2.
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distribution of the FSW and UVFSW Al/Ti welds at 100 mm/min. There 
was no visible mixture of Al and Ti alloys, but welding defects formed at 
the FSW interface, including micro-cracks and voids, which would 
weaken the welds remarkably [48]. In the UVFSW weld, ultrasonic vi
brations eliminated the voids and micro-cracks at the interface. The 
elimination of interfacial defects indicated the improvements not only 
on the flowability of Al alloy, but also on the atomic migration and 
intermixing, which could result in a better bonded interface. Moreover, 
ultrasonic vibrations induced Ti fragments and cavities in the Al alloy. 
The formation of Ti fragments was resulted from the collapse of the 
ultrasonic cavities, which could emit shock waves and thereby break the 
surface of Ti substrate [43], and the Ti fragments were intermixed into 
the Al alloy due to the stirring process from the FSW tool following the 
ultrasonic horn. Once the strain rate and temperature rapidly dropped 
before the cavity collapse, the unclosed cavities were remained in the Al 
alloy, leading to the formation of unexpected cavities or pores in the SZ, 
as marked in the SEM image.

Fig. 8 shows the magnified images, EDS linear results, and XRD 
spectrums of the FSW and UVFSW interfaces welded at 100 mm/min. 
According to the high-magnification SEM image, the cracks and voids 
were formed not only along the FSW interface, but also in the aluminum 
alloy. According to the SEM image and EDS linear results, there was no 
visible intermetallic compound at the FSW interface, whereas diffraction 
peaks of the intermetallic compound, TiAl3, were shown on the XRD 
spectrums. As for the UVFSW interface, the interfacial crack and void 
were eliminated, but more cavities were formed in the Al alloy. Ac
cording to the EDS linear result, no visible intermetallic compound was 
formed at the interface, but the composition around Ti fragment was 
close to that of TiAl3. The diffraction peaks of TiAl3 were also found on 
the XRD spectrums of UVFSW interface, whereas the intensity was lower 
than that of the FSW interface.

3.3. Formation of interfacial phases

Fig. 9 shows the bright field and higher resolution TEM images, and 
EDS liner results of the FSW and UVFSW interfaces welded at 100 mm/ 
min. At the FSW interface, the Al and Ti alloys were metallurgically 

bonded via the formation of IMC layer with an approximate thickness of 
10 nm. Upon the application of ultrasonic vibrations during welding, the 
Al and Ti alloys were metallurgically bonded through an amorphous 
layer formed at the interface, replacing the IMC layer, due to the reduced 
peak temperature. In addition, the Ti alloy adjacent to the interface was 
restructured, forming the nanocrystalline titanium, and partly frag
mented, since ultrasonic vibrations were applied during FSW. According 
to the EDS linear results, the amorphous layer was mainly composed of 
aluminum, titanium, silicon (Si), and magnesium (Mg), and the Si 
composition was relatively higher, as compared to the IMC layer. The 
diffusion distances of the titanium atoms within the aluminum alloy was 
significantly greater than that observed at the FSW interface, which was 
attributed to the enhanced atomic migration facilitated by ultrasonic 
vibrations and severer deformation during the UVFSW. These results 
indicated that the ultrasonic vibrations had a promoting impact on the 
atom migration and intermixing, leading to the formation of amorphous 
layer. Concurrently, the ultrasonic effects were confined primarily to the 
immediate vicinity of the interface, likely due to the excellent elasticity 
inherent to the metallic glass [40].

Detailed interfacial microstructure of the FSW interface welded at 
100 mm/min was shown in Fig. 10, and the chemical composition of the 
selected areas are listed in Table 3. There were dislocations blocked 
around the interface with no visible formation of intermetallic products, 
according to the bright field image. However, as shown in the high- 
resolution images and energy dispersive spectrums, an intermetallic 

Fig. 10. High magnification TEM results of TEM interface: (a) bright field image; (b) overview and (c) EDS spectrums of areas A-C; high magnification images and 
electron diffraction patterns of (d) area A, (e) area B, and (f) area C.

Table 3 
Elemental compositions of the selected areas in Figs. 10 and 11.

Areas Elements (At. %)

Al Ti V Mg Si

A 13.5 83.1 3.3 0.1 0.1
B 72.6 23.6 1.3 08 1.8
C 98.3 0.0 0.0 1.3 0.4
D 13.0 80.6 4.7 1.4 0.3
E 70.5 22.3 1.7 0.3 5.3
F 87.8 8.7 0.8 1.1 1.6
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layer of TiAl3 was formed at the interface, bonding the Al and Ti sub
strates metallurgically. The interfacial orientation relations were 
revealed from the high-resolution TEM image, suggesting the lattice 
plane <01_10> of titanium parallel to the planes <1_10> of TiAl3 and 
<01_1> of aluminum. Accordingly, the lattice mismatches at the 
interface were 6.95 % between the Ti alloy and TiAl3 layer, and 4.91 % 
between the TiAl3 layer and the Al alloy, which were much smaller than 
the theoretical mismatch of 11.85 % between the Ti and Al planes. This 
indicated that the formation of the TiAl3 layer could reduce the lattice 
mismatch at the Ti/Al interface, which could relieve the lattice distor
tion and related stress at the incoherent interface [49]. However, the 
formation of intermetallic compounds just reduced, rather than elimi
nating, the lattice distortion at the interface. Therefore, the ultrasonic 
vibrations were applied to assist the Al/Ti FSW, in order to eliminate or 
further reduce the lattice distortion, and thereby improve the welding 
strength.

Further magnified TEM results of the UVFSW interface welded at 
100 mm/min was shown in Fig. 11, and the chemical composition of the 
selected areas are listed in Table 3. Since influenced by the promoted 
deformation in UVFSW, the Ti alloy was partially restructured, forming 
the fairly equiaxed nanograins and nanotwins at the interface beside the 
amorphous layer. Therefore, the substrates were metallurgically bonded 
through the Ti/nano-Ti/amorphous/Al interface in UVFSW instead of 
the aforementioned Ti/TiAl3/Al interface in FSW. In the nanostructured 
titanium area, the {10_11} twins were found roughly parallel to the 
interface, which could simultaneously enhance the ductility and 
strength of the weld during bearing the shear loads parallel to the 
interface [50]. The formation of amorphous layer could further reduce 
the interfacial lattice distortion, due to the absence of lattice structure, 
and improve the stress tolerance of the interface, as the amorphous 
metals commonly exhibited higher strength and elastic modulus than 
the polycrystalline metals with similar compositions [51]. Moreover, as 

Fig. 11. High magnification TEM results of UVFSW interface: (a) overview image, and (b) EDS spectrums of selected areas D-F; high magnification images and 
electron diffraction patterns of (c) area D, (d) area E, and (e) area F.

Fig. 12. Thermodynamics in Al-Ti system: (a) formation enthalpy curves, (b) temperature–time-transformation curves.
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shown in the high-resolution images, homogeneous nucleation of TiAl3 
was observed in the amorphous layer, suggesting that the IMC at the 
UVFSW interface could be formed through the homogeneous nucleation 
in the amorphous layer rather than the heterogeneous nucleation be
tween the base metals. As mentioned in the EDS linear results, excessive 
Ti atoms were diffused into the Al alloy. Therefore, in proximity to the 
interface, the Ti content exceeded the solubility within the Al alloy, 
leading to a state known as oversaturation. Tiny TiAl3 precipitates were 
formed in the oversaturated Al alloy, lowering the Ti content of the Al 
matrix. The intermetallic precipitates impeded the movement of lattice 
defects, such as dislocation, in the base alloy, which could enhance the 
interfacial strength and hardness [52].

Formation of amorphous phase at Al-Ti interface was further inves
tigated using the enthalpy-composition curves and temperature–time- 
transformation (TTT) curves shown in Fig. 12. According to the Mie
dema’s semi-empirical model, the elastic enthalpy (ΔHela) and structural 
enthalpy (ΔHstru) are absent, whereas there is topology enthalpy 
(ΔHtopo), in the formation of amorphous phases [53]. Therefore, the 
formation enthalpies of amorphous alloys (ΔHamor), solid solution 
(ΔHss), and intermetallic compounds (ΔHinter) can be calculated via 
following equations. 

ΔHamor = ΔHchem(amor)+ΔHtopo (3) 

ΔHss = ΔHchem(ss)+ΔHela +ΔHstru (4) 

ΔHinter = ΔHchem(inter) (5) 

where ΔHchem(amor), ΔHchem(ss), and ΔHchem(inter) are the chemical 
mixing enthalpies of amorphous phase, solid solution and IMC, respec
tively. The elastic enthalpy and topology enthalpy can be expressed as 
[53]: 

ΔHtopo = 3.5
∑n

i=1
xiTm,i (6) 

ΔHela =
2μj

(
Vi − Vj

)2

Vj

(
3 + 4μjKi

) (7) 

where xi represents the mole fraction of component i, and Tm,i is the 
melting temperature of component i. μj is the shear modulus of the 
solvent, Vi and Vj are the molar volumes of the solute and the solvent, 
respectively, and Ki is the compressibility of the solute. The formation 
enthalpies in Al-Ti system were calculated at 700 K, as shown in 
Fig. 12a. According to the calculated formation enthalpies, the forma
tion enthalpy of amorphous phase was lower than that of the solid so
lution or IMC within the Al fraction range of 15 % to 60 %, which 
corresponded to the experimental results in previous studies [54]. 
Moreover, the differences between the interfacial formation in UVFSW 
and FSW were explored using the time–temperature-transformation 
(TTT) curves. The time (t) needed to for a volume fraction X of the 
transformed crystalline phase in an undercooling system can be given by 
the following expression [55]. 

t ≈
9.3η
kT

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

a9
0X

f3Nv
•

exp
(

ΔG*

kT

)

[

1 − exp
(

− ΔGm
RT

)]3

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

1
4

(8) 

where T is the temperature, η is the viscosity, a0 is the atomic diameter, f 
is a structural constant, Nv is the number of atoms per unit volume, ΔG* 
is the Gibbs energy barrier to nucleation and ΔGm is the driving force for 
nucleation, R is the gas constant. Referring to the previous studies 
[55–57], the TTT curves with a Ti fraction of 20 %, corresponding to the 
interface, was shown in Fig. 12b, accompanied with cooling curves of 

FSW and UVFSW processes. The FSW cooling curve developed into the 
TiAl3 area at the nose of the TTT curve, indicating the formation TiAl3. 
Due to the lower peak temperature, the UVFSW cooling curve had a 
lower start, and developed out of the TiAl3 area until 15 s. Therefore, the 
intermetallic compounds were formed after a 15-second experience of 
amorphous formation in UVFSW, which was in accordance with the 
TEM results above.

Driving forces with Ti fraction, as shown in Fig. 13, were utilized to 
investigate the nucleation of the IMC at the interface and in the over
saturated Al alloy. The driving force (ΔGm) represented the free energy 
required to form the IMC per mole, which could be calculated from 
partial mole free energies of the Al-Ti system as follows [21]: 

ΔGm =
∂Gm(xe)

∂xe

(
xIMC

e − xe
)
+
[
Gm(xe) − G0

IMC
]

(9) 

where ∂Gm(xe)
∂xe 

is the partial derivative of the free energy of the solution 
(Gm) with respect to the mole fraction of the limiting element (xe) at 
interface, xIMC

e is the mole fraction of the limiting element in the 
nucleating IMC, and G0

IMC is the integral free energy of the nucleating 
IMC. The free energy of the solution (Gm) can be expressed by the 
following equation [58]. 

Gm =
∑n

1=1
xiG0

i +RT
∑n

1=1
xilnxi + zNA

[

uAl− Ti −
(uTi− Ti + uAl− Al)

2

]

•
∏n

i=1
xi

(10) 

where xi and G0
i are the mole fractions and the integral free energies of 

elements in the solution, respectively. z is the coordination number; NA 
is the Avogadro constant. uAl− Al, uAl− Ti and uATi− Ti are the bonding en
ergies of Al-Al, Al-Ti and Ti-Ti bonds, respectively. The effective driving 
force (ΔGe

m) could be derived from the standard driving force and the 
interfacial composition as follow: 

ΔGe
m = ΔGm •

xe

xIMC
e

(11) 

The calculation of the driving forces was conducted using the data listed 
in Table 4. The driving force of the formation of TiAl3 surpassed the 

Fig. 13. Driving forces of Al-Ti intermetallic compounds.

Table 4 
Free energies and bonding strengths in Al-Ti system (725 K, kJ/mol) [58].

G0
Al G0

Ti uAl− Ti uTi− Ti uAl− Al

− 92.44 − 99.71 263.4 138.8 264.3
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energy barrier with a Ti fraction over 8.6 %, whereas for TiAl and Ti3Al, 
the corresponding thresholds are 14.5 % and 15.2 %, respectively. In 
view of that the interfacial reactions during FSW are transient and non- 
equilibrium, there was no sufficient energy the second-set reactions, 
which used TiAl3 as reactant [21]. Therefore, TiAl3 should be the pri
mary product at the UVFSW and FSW interfaces. The energy barriers 
were calculated from the experimental results in previous studies [59], 
using the Arrhenius equation. 

k = A • exp
(
− Ea

RT

)

(12) 

where k is the growth rate, A is the pre-exponential factor, and Ea is the 
activation energy, which is also known as energy barrier or activation 
barrier.

The schematic illustration shows the formation processes of the Al/Ti 
interfaces during FSW and UVFSW in Fig. 14. During FSW, the TiAl3 
nucleated and grew at the Al/Ti interface heterogeneously, as well as 
coalesce into adjacent TiAl3 grains, forming a non-isopachous IMC layer 
at the FSW interface. As ultrasonic vibrations applied during welding, an 
amorphous layer was formed and the Al alloy was partially over
saturated adjacent to the interface, before the formation of IMC. Sub
sequently, TiAl3 nucleated in the amorphous layer and the Al alloy, 
forming TiAl3 precipitates. Once the heating time lasted longer, a more 
isopachous TiAl3 layer could be formed at the UVFSW interface, which 
was in accordance with previous studies [40–42].

3.4. Mechanical properties

Microhardness was shown with the grain size in Fig. 15, and tested 
along the middle lines parallel to the Al/Ti interfaces of the UVFSW and 
FSW welds. In the HAZ, the hardness variation was closely related to the 
grain growth, which was caused by the welding heat. The welding 
temperature field was that the closer to the SZ, the higher the temper
ature, resulting in the coarser grains and lower hardness. Therefore, 

Fig. 14. Schematic diagrams of the interface evolution in FSW and UVFSW.

Fig. 15. Microhardness tested along the middle line parallel to the Al/Ti 
interface of the UVFSW and FSW welds.

Fig. 16. Results of lap shear tests: (a) Load-displacement curves (v = 100 mm/ 
min), (b) lap shear strength at various traversing speeds.
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along the HAZ, the hardness was declined to the ~52 HV at the TMAZ 
side from ~100 HV at the BM side. According to the hardness variation, 
the width of the HAZ of UVFSW was thinner than that of the FSW, which 
was attributed to the aforementioned lower welding temperature. As for 
the TMAZ, the microstructure consisted of large deformed grains and 
small recrystallized grains. Due to the strain rate gradient, the closer to 
the SZ, the higher the fraction of recrystallized grains. As a result, the 
hardness increased to ~70 HV at the SZ side of the TMAZ, due to the 
increase of the recrystallized grains. Due to the improvement of ultra
sonic vibrations on the deformation of weld metal during welding, the 
hardness in the TMAZ of UVFSW was 2 HV higher than that of the FSW 
at the AS, and 4 HV higher at the RS. In the SZ, although the micro
structure was completely recrystallized, the hardness was 71 HV±2 HV, 
which was ~30 HV lower than that of the BM due to the dissolution of 
the precipitates during welding. There was no obvious difference in SZ 
hardness between the UVFSW and FSW, since the grain sizes were also 
similar in Fig. 4.

Fig. 16 shows the lap shear tests of the Al/Ti UVFSW and FSW welds, 
and the shear load and displacement were recorded once per second 
during the tests. With the influence of ultrasonic vibrations, the 
maximum load of the Al/Ti welds was increased to 4.17 kN from 2.16 kN 
of the conventional FSW weld, with an improvement of 93.06 %. 
Meanwhile, the maximum displacement was improved to 1.45 mm from 
0.21 mm, indicating the better plasticity of UVFSW welds. As traversing 
speed changed, the optimal strengths of UVFSW and FSW welds were 
obtained at 100 mm/min and 80 mm/min respectively, suggesting that 
ultrasonic vibrations could improve the welding efficiency and strength. 
In addition, at 140 mm/min, only one FSW sample was tested with an 
extremely low shear load of 0.07 kN, as the other samples were fractured 

during fixture gripping. The lap shear strength of UVFSW was 2.50 kN 
±0.24 kN at 140 mm/min, which was much higher than that of con
ventional FSW. Therefore, there were opportunities to further improve 
the welding efficiency via UVFSW.

Fig. 17 shows the fractographic images and XRD spectrums of the 
FSW and UVFSW samples with maximum shear strength, and the com
positions of the selected areas are listed in Table 5. Fracture surface of 
the FSW sample was composed of TiAl3 in area I and Al alloy in area II. 
Area I was predominated by cleavage characteristics, suggesting the 
brittle fracture. This indicated that crack was propagated in the IMC 
layer, which was composed of TiAl3 and formed at the interface as 
illustrated in Fig. 14. Moreover, facet was the dominant characteristic in 
area II, indicating that this area was fractured via interface separation. 
As for the UVFSW sample, fracture surface was composed of Al alloy and 
TiAl3, while dominated by shear dimples. This indicated that the crack 
was propagated in the Al alloy due to the amorphous strengthened 
interface and the presence of Ti fragments as illustrated in Fig. 14. 
Compared to the cleavage fracture and interface separation, the dimple 
fracture would exhibit higher energy absorption as well as better 
ductility and plasticity, which was in accordance with the 
load–displacement results in Fig. 16. In addition, as compared to the 
conventional FSW, the Al (111) diffraction peak was expanded by 0.27◦

in UVFSW, due to the formation of the amorphous layer at Al/Ti 
interface.

4. Conclusion

Dissimilar joints of AA6061 and Ti6Al4V alloys were fabricated by 
UVFSW and FSW at various traversing speeds. The welding temperature 
and strain were analyzed. providing critical insights into the bonding 
mechanism of UVFSW. In addition, an interlayer, consisting of amor
phous phase, was formed at the UVFSW interface, replacing and sup
pressing the formation of IMC. Correspondingly, the lap shear strength 
was improved with the improved interfacial microstructure Based on the 
present study, the following conclusions can be drawn.

(1) The application of ultrasonic vibrations on the substrates resulted 
in a reduction of the peak welding temperature, while increasing 

Fig. 17. Microstructure and XRD spectrums of the fracture surfaces: (a-c) fractographic images of FSW sample (v = 80 mm/min), (d-e) fractographic images of 
UVFSW sample (v = 100 mm/min), (f) XRD spectrums.

Table 5 
Elemental compositions of the selected areas in Fig. 17.

Areas Al Ti V Mg Si

I 96.5 0.5 0.1 2.2 0.6
II 26.7 70.2 2.1 0.5 0.6
III 85.6 11.2 0.7 1.9 0.7
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the strain rate simultaneously. The influence of ultrasonic vi
brations was more pronounced at higher traversing speeds, and it 
became less significant as the traversing speed was decreased.

(2) The dissimilar substrates were metallurgically bonded in UVFSW 
via the formation of the interfacial amorphous layer, which also 
suppressed the formation of IMC layer. Meanwhile, a more 
gradual and moderate evolution of the interfacial microstructure 
was formed in the UVFSW, due to elimination of microcracks and 
dispersion of Ti fragments at the interface.

(3) Due to the variation of the interfacial microstructure, the ultimate 
lap shear strength of UVFSW welds was increased to 4.17 kN, 
with an improvement of 93.1 %, compared to that of the con
ventional FSW welds in same welding condition. Meanwhile, 
ultrasonic vibrations also improved the fabrication efficiency 
with higher lap shear strength at high speeds.

(4) The failure mode shifted from interface separation of FSW welds 
to a shear dimple fracture of the UVFSW welds, demonstrating 
the better plasticity and reliability of the UVFSW Al/Ti dissimilar 
joints.
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