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A B S T R A C T   

Superelastic NiTi alloy and 304 stainless steel (304 SS) were joined with a Cu interlayer by ultrasonic spot 
welding (USW) using different welding energy inputs. The surface morphology, interfacial microstructure, me-
chanical properties, and fracture mechanisms of the dissimilar NiTi/304 SS USWed joints were studied. The 
results showed that the surface oxidation intensified with increasing ultrasonic welding energy due to mutual 
rubbing between tools and sheets. The weld interface microstructure exhibited voids or unbonded zones at low 
energy inputs, while an intimate contact was established at the joining interface when applying a higher energy 
input of 750 J. With increasing energy input to 750 J, the weld interface shows two interfaces due to the behavior 
of plastic flow of Cu interlayer. The lap-shear load of the joints first increased, achieving a maximum value of 
~690 N at an energy input of 750 J, and then decreased with further increase in welding energy. Interfacial 
failure was observed at NiTi/Cu interface at all energy inputs, and no intermetallic compounds were found on the 
fracture surfaces of both the NiTi/Cu and Cu/304 SS interfaces.   

1. Introduction 

During the last few decades, NiTi shape memory alloys have received 
extensive attention due to their unique functional properties (shape 
memory effect (SME) and superelasticity (SE)), excellent mechanical 
properties, high corrosion resistance, and good biocompatibility. They 
have been widely used in the automotive, aerospace, microelectronics, 
civil engineering and biomedical fields [1,2]. However, with the 
advancement in science and technology, NiTi-based alloys are required 
to exhibit superior performance to meet the more demanding re-
quirements. Consequently, it is difficult for a single monolithic NiTi 
structure to meet the performance requirements for different parts of a 
product at the same time. Also, the high cost of NiTi alloys greatly limits 
their scope of application. Therefore, joining NiTi alloys to other dis-
similar materials is an effective way to overcome these challenges and 
exploit the advantages of different materials for the products. As a low 
cost material, stainless steels (SS) also possess excellent corrosion 
resistance and biocompatibility, which have been employed as an 

important structural material in several fields for decades [3]. 
As a result, the components with NiTi and SS dissimilar joints often 

possess the inherent advantages of a good combination of both func-
tional, structural properties and lower cost. For instance, composite 
orthodontic wires and medical occluders can be made from NiTi and SS 
through the welding process, thereby combining the super-elasticity and 
rigidty of these alloys [4,5]. It has also been reported that a composite 
torsional actuator made of NiTi alloy and 304 SS tubes would increase 
the system integrity [6,7]. However, several challenges were encoun-
tered when joining these two dissimilar alloys together due to the sig-
nificant differences in their physical and chemical properties. NiTi 
alloys, sensitive to temperature changes, exhibit poor weldability, and 
the deterioration of the SME and SE makes the welding process even 
more challenging [8,9]. 

In recent years, attempts have been made to develop reliable pro-
cesses for joining NiTi to SS. Fusion-based welding processes, including 
laser welding [10–16], TIG [7,17], plasma welding [18], and resistance 
welding [19] were employed to join NiTi to 304 SS. It was revealed that 
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traditional fusion welding processes would result in the formation of 
brittle intermetallic compounds (IMCs) in the welds, such as TiFe2, 
TiCr2, deteriorating the mechanical properties of the joints [8,16]. 
Because of this, filler metals have been used to restrict the formation of 
brittle IMCs in traditional fusion welding processes. For example, a Ni 
filler metal was found to effectively restrain the formation of the brittle 
TiFe2 phase and increase the amount of ductile γ-Fe phases instead, 
thereby improving greatly the performance of joints [6,7,10]. According 
to Asadi et al. [5], joints with more homogenous weld composition 
would be obtained when Ni powder was used as filler metal. However, 
the weld configuration using the filler metals during the fusion welding 
processes is more complicated, which limits its application in industry. 

Recently, solid-state welding processes have been shown to be suit-
able for jointing NiTi alloy to SS, as no solid-liquid-solid phase transition 
will occur. Belyaev et al. [20] used explosion welding to fabricate NiTi- 
SS joints and obtained good joints without any defects or IMCs. How-
ever, the phase transformation was suppressed due to the impact 
loading. Friction welding was also employed to join NiTi-SS dissimilar 
alloys with/without a Ni interlayer [21]. Brittle TiFe2 and TiCr2 IMCs 
were generated when no interlayer was used. With the Ni interlayer, the 
brittle phases were converted into ductile γ-Fe phases and Ni3Ti phases, 
thereby improving the joint mechanical performance. Other processes, 
such as laser brazing [9] and impact butt welding [22] were also used. 
However, the inevitable grain coarsening in the NiTi heat affected zone 
could reduce the superelasticity of the joints. 

As a promising solid-state joining method, ultrasonic spot welding 
(USW) is a process in which ultrasonic energy, combined with moderate 
clamping pressure and amplitude, is transmitted to the materials 
through the sonotrode to produce solid-state bonding. USW is a reliable 
technique for dissimilar materials joining, in which the formation of 
brittle IMCs commonly formed in fusion welding process can be avoided. 
The process also possesses many other advantages such as low energy 
consumption and ease of operation [23–25]. Moreover, USW has been 
proved as a reliable welding method to join NiTi alloys using soft metal 
interlayers, such as copper. The soft behavior of the interlayer can 
effectively accommodate the high strain imposed during the USW pro-
cess. Thus, adding an interlayer with higher plasticity can alleviate the 
local stress concentration generated during welding process, and pro-
duce severe plastic deformation near the bonding interface to obtain a 
well-bonded joint. Cu is a soft metal with lower hardness than NiTi and 
SS. As such, it is easy to induce plastic deformation and promote bonding 
with the base metals during the USW process. Furthermore, no brittle 
IMCs would be formed between Cu and NiTi/SS interfaces during the 
USW process according to the literature [14]. Zhang et al. [26–28] re-
ported that a Cu interlayer could improve the bonding strength of 
similar NiTi USWed joints due to the increase of the friction coefficient 
and the compensation of the thermal stresses generated during USW. In 
addition, brittle IMCs were not observed at the joining interfaces during 
USW process with the addition of Cu interlayer. Therefore, to develop a 
reliable method of joining NiTi/SS for potential practical applications, a 
Cu interlayer can be promising solution via USW. 

To the best of the author’s knowledge, there are no reports on the 
weldability and mechanical behavior of dissimilar NiTi/SS USW joints 
with Cu interlayer yet. To develop a reliable method of joining NiTi/SS 
for potential practical applications, a detailed investigation on the 
joining of dissimilar NiTi and SS with Cu interlayer by USW is carried 
out in this present work. 

2. Experimental 

2.1. Materials and methods 

Superelastic NiTi shape memory alloy (fully austenitic at room 
temperature) and commercial AISI 304 SS sheets (γ-Fe) with both di-
mensions of 60 mm × 15 mm × 0.15 mm were used as the base materials 
(BM). A 20 μm-thick pure Cu foil with dimensions of 15 mm × 15 mm 
was used as an interlayer to improve the joint performance. The 
chemical compositions and mechanical properties of the BM are listed in 
Table 1 and Table 2, respectively. The as-received NiTi alloy sheets were 
subjected to cold rolling, followed by stress relief annealing. Before 
welding, NiTi alloy specimens were immersed in a solution of 7.5% HF, 
20% HNO3 and 72.5% H2O (in volume) for one minute to remove the 
oxide layer, and finally cleaned with alcohol and dried. 

The welding workpieces were assembled with an overlapping of 15 
mm, and the Cu interlayer was placed between the NiTi and SS sheets, as 
schematically illustrated in Fig. 1. During USW, the interfacial temper-
ature was measured using a type-K thermocouple of 0.08 mm in diam-
eter embedded in the weld center of the interfaces. Although the 
thermocouple was subjected to the severe plastic deformation and 
ruptured sometimes, the real thermal history in weld region would be 
detected. To properly determine the temperature at the interface during 
the USW process, the average interfacial temperature values were ob-
tained from five specimens conducted at each welding energy. A SONICS 
ultrasonic welding system (MSC4000-20), shown in Fig. 2 (a), was used 
to produce the welds at the center of the overlap area. The welding 
system was operated at a frequency of 20 kHz. A normal clamping 
pressure of 0.4 MPa and vibration amplitude of 55 μm were used, while 
the input energy varied in the range of 500 J to 1000 J. The sonotrode 
horn was a square with 8 mm sides and the detailed dimensions of the 
sonotrode tip and anvil are shown in Fig. 2 (b)-(c). During the USW 
process, the vibration direction was parallel to the sheets rolling 
direction. 

2.2. Microstructure characterization and mechanical testing 

For microstructure characterization, the welding joints produced 
under 500, 750 and 1000 J were sectioned across their weld centerline 
along the vibration direction using wire electrical discharge machining, 
and then ground and polished according to standard metallography 
procedures. The surface morphology of the joints was observed with a 
digital microscope (VHX-2000C, KEYENCE, Osaka, Japan). The micro-
structures were characterized by a scanning electron microscope (SEM; 
SU1510, HITACHI, Tokyo, Japan) equipped with an energy dispersive 
spectrometer (EDS). Tensile-shear tests were conducted at room tem-
perature using a Micro Tester 5848 (INSTRON, Norwood, America) at a 
constant displacement speed of 0.5 mm/min. The loading direction was 
set perpendicular to the vibration direction. Three samples were tested 
for each energy input to ensure statistical accuracy, and the mechanical 

Table 1 
Chemical composition of the materials used in this study (wt%).  

Material Ni Ti Cu Fe Cr Mn Si C + S + P 

NiTi  55.87  44.13  –  –  –  –   
304 SS  9.40  –  –  70.10  18.40  1.40  0.63  0.06 
Cu  –  –  99.99  –  –  –  –  –  

Table 2 
Mechanical properties of the materials at the room temperature.  

Material Yield strength (MPa) Tensile strength (MPa) Hardness (HV0.2) 

NiTi 517  707  245 
304 SS 269  705  190  

S.S. Ao et al.                                                                                                                                                                                                                                     
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performance was expressed as the average value of the failure loads. 
After the tensile test, the fracture surfaces were observed by digital 
microscope, SEM and EDS. To identify the phases generated during 
USW, X-ray diffraction analysis (XRD; D8 Advanced, BRUKER, Karls-
ruhe, Japan) was carried out on the fracture surfaces. The XRD analysis 

was performed at 40 kV and 40 mA with Cu-Kα radiation. The diffraction 
angle (2θ) ranged from 20◦ to 100◦ with a step size of 6◦/min. 

3. Results and discussion 

3.1. Interfacial thermal cycles measurement 

Fig. 3 shows the interfacial temperature profiles in the center of weld 
interfaces at various welding energy inputs. It is observed that the 
temperature increased rapidly from room temperature and reached a 
peak when the high power ultrasonic energy was applied to the weld 
zone. Then the interfacial temperature dropped rapidly due to the heat 
dissipation caused by the cooling gas. The measured peak temperature 
of 263.6 ◦C, 314.5 ◦C, 387.4 ◦C corresponding to the welding energy 
input of 500, 750 and 1000 J shows that more heat generated at the 
welding interfaces due to the increasing energy input. The welding peak 
temperatures did not reach half of the melting point of the BM (the 
melting points of NiTi, Cu, 304 SS are more than 1000 ◦C), indicating 
that welding occurred through a solid-state bonding process. During the 
USW process, friction heat was generated by the mutual rubbing be-
tween the interfaces, leading to material softening and severe plastic 
deformation. Generally, the high peak temperature promotes material 
softening and the decrease in yield strength of the materials. This is 
conducive to more severe plastic deformation of the materials, resulting 
in a robust interfacial bonding during welding. Eventually, the sound 
USWed joints with good joining strength can be obtained. However, it 
should be noted that excessive material thinning and cracks may occur 

Fig. 1. Configuration of the weld coupon.  

Fig. 2. Experimental setup: (a) Ultrasonic metal spot welding setup, (b) and (c) pattern and demensions of the sonotrode tip and anvil.  

Fig. 3. Interfacial thermal profiles of weld coupons with different welding 
energy inputs. 
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when the interfacial temperature exceeds a certain temperature 
threshold. Besides, high interfacial temperature during the USW process 
would cause severe surface oxidation of NiTi alloys due to its sensitivity 
to the temperature [2,8,9]. The surface oxidation and weld micro-
structure of joints under varying welding energy will be discussed in the 
following parts. 

3.2. Surface morphology of welds 

Typical surface morphologies of the welds at the sonotrode tip and 
anvil side are shown in Fig. 4. Referring to the figures, the imprints 
caused by the sontrode tip and anvil can be clearly seen on the surfaces 
of the specimens. The color of the surfaces appeared yellowish at low 
energy, which changed to violet with increasing energy input, mainly 
attributed to the fact that NiTi alloy and 304 SS are very sensitive to high 
temperature under atmospheric conditions [26]. During the welding 
process, the sonotrode exerted normal forces on the materials to clamp 
them, and then shear forces were exerted on the materials due to fric-
tion. The rapid sliding and friction between the sonotrode tip and the 

material surface would generate a large amount of heat on the material 
surface, giving rise to the surface oxidation. During the thermal circle 
history, complex multiple oxidation products were formed on the NiTi 
surface. Among them, the TiO2 layer is usually formed first, which is the 
most thermodynamically favored oxide [29]. Similar surface oxidation 
color evolution has also been reported by Cisse et al. [30]. Furthermore, 
the NiTi side had more severe surface oxidation than the 304 SS side due 
to the higher temperature generated on the top surface. During the USW 
process, the sonotrode tip exerted a normal pressure to the top work-
piece (NiTi side), which conducted the workpieces in motion with a 
certain vibration speed. And the bottom 304 SS was driven to move by 
the friction of the upper workpiece and the Cu interlayer, and its motion 
tended to lag behind the NiTi and Cu interlayer. Therefore, more slip-
page occurred between the sonotrode tip and NiTi due to the higher 
hardness of the NiTi alloy, resulting in a higher temperature being 
developed [31,32]. Plastic deformation would start from the material 
surface under the peaks of the sonotrode tip due to material softening, 
leading to the formation of imprints [33,34]. The surface oxidation 
became more severe with increasing energy input, which is in agreement 

Fig. 4. Surface morphology of welded specimens at different welding energy: (a) and (b) top and bottom under 500 J, (c) and (d) 750 J, (e) and (f) 1000 J.  

S.S. Ao et al.                                                                                                                                                                                                                                     



Ultrasonics 121 (2022) 106684

5

with the thermal history discussed earlier. These observations are 
consistent with previous studies [28,31]. It should be noted that the 
surface oxidation originated from the edge of the welded specimens due 
to the introduction of asymmetrical normal stresses during the USW 
process, which might be associated with the uneven abrasion on the 
surfaces of the sonotrode tip and anvil. 

3.3. Weld interface microstructure 

To futher understand the relationship between microstructure evo-
lution and joint performance, microstructural analysis was performed at 
the faying interfaces of the joints. Fig. 5 shows the SEM images of the 
dissimilar joints at various welding energy inputs. Under the lower en-
ergy of 500 J, as shown in Fig. 5 (a), the indentation of the sonotrode tip 
on the NiTi surface is not obvious while the imprints on the 304 SS 
surface are clearly visible, which is mainly attributed to the higher 
hardness of NiTi, leading to more mutual slippage between the sontrode 
tip and NiTi surface rather than more penetration between the anvil 
knurls and 304 SS surface. Subsequently, the imprints of the sonotrode 
and anvil intensified with increasing energy input due to increasing 
plastic deformation and interfacial temperature. However, a high energy 
input of 1000 J would lead to significant materials thinning as well as 
extrusion of the BM between the knurls of sonotrode tip and anvil in the 
weld area, as shown in Fig. 5 (c), which will have a negative effect on the 
joint strength [35]. At low energy, bonding occurred first under the 
edges of the sonotrode tip. The weld interface remained macroscopically 
flat, whereas the weld join-line gradually developed a convoluted wave- 
like appearance with the increasing energy inputs. This could be 
explained by the higher pressure beneath the sonotrode tip ridges 
caused by the elastic deflection of the sheets as they were in intimate 
contact. Besides, several voids could be observed at the weld interface at 
an energy input of 500 J (Fig. 5 (a)), indicating that there was insuffi-
cient friction during welding. According to Lee et al. [33], a good quality 
weld in ultrasonic welding can be obtained when the materials interface 

has enough bonding density (the level of microbonds at the interface). 
Therefore, these unbonded zones must be responsible for the low joint 
strength at a 500 J welding energy input. When the welding energy 
increased to 750 J, only few voids were detected and microbonds 
gradually covered the weld interface. Although a small unbonded zone 
was also detected on the weld interface (indicated by the dashed ellipse 
in Fig. 5 (b)), the length of the unbonded area accounts for a small 
proportion of the total length of the weld interface, implying that it 
would have no significant adverse effect on the joint strength. Small 
cracks or unbonded zones, which are typical defects under excessive 
energy conditions (indicated with a dashed white rectangle in Fig. 5 (c)), 
were found on the NiTi surface and weld interface when the welding 
energy was increased to 1000 J, causing the deterioration of the joint 
performance. 

When the ultrasonic oscillation was imposed on the materials 

Fig. 5. SEM images of the cross-section of NiTi/304 SS joints with Cu interlayer produced at energy input of (a) 500 J, (b) 750 J, (c) 1000 J.  

Fig. 6. Schematic of the plastic flow behavior of the Cu interlayer.  
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through the sonotrode horns, the Cu interlayer was subjected to more 
severe plastic deformation than NiTi and 304 SS due to its much lower 
hardness. Clearly, it is seen from Fig. 5 (b) that there are regions of the 
Cu interlayer with different thickness at the weld interface. The areas 
under the edges of the sonotrode tips usually show more plastic defor-
mation than other areas, arising from the non-uniform contact pressure 
under the sonotrode horns. Therefore, the Cu interlayer would flow to 
other areas, which would significantly modify the thickness of the Cu 
interlayer. This plastic flow behavior of the Cu interlayer is illustrated by 
Fig. 6. As shown in the Fig. 6, the Cu interlayer under the knurls of the 
sonotrode tip will flow. As a result, two typical types of interfaces, 
including the NiTi-304 SS interface and the NiTi-Cu-304 SS interface, 
formed after the USW process. In order to detect the interlayer reaction 

and the possible formation of IMCs at the weld interfaces, high- 
magnification SEM image with EDS line scanning was taken at the in-
terfaces of the joint produced with energy input of 750 J, as shown in 
Fig. 7 and Fig. 8. 

It could be seen that both NiTi/Cu and Cu/SS weld interfaces were 
tightly bonded with no visible gaps and IMCs layers. To confirm the 
chemical composition and the potential phases formation during USW 
process, EDS line scanning was carried out at the interfaces of the NiTi- 
Cu-304 SS joint, as shown in Fig. 7 (b)-(c). The results indicate that the 
distribution of elements at the interface varies greatly in a narrow region 
of joint produced at 750 J, suggesting that no IMCs were formed at the 
interfaces. Therefore, it can be concluded that no new reaction phases 
were formed between the NiTi/Cu and Cu/SS interfaces on the micro 

Fig. 7. (a) SEM image of NiTi-Cu-304 SS interface of joints produced with 750 J, (b) EDS line scan results at the NiTi-Cu interface, Line 1, (c) EDS line scan results at 
the Cu-304 SS interface, Line 2. 

Fig. 8. (a) Typical SEM image of NiTi-304 SS direct contact interface of joints produced with 750 J, (b) EDS line scan results at the NiTi-304 SS interface, Line 3.  

S.S. Ao et al.                                                                                                                                                                                                                                     
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scale during USW. 
For the NiTi-SS interface, it can be seen from Fig. 8 (a) that the severe 

plastic deformation behavior of the Cu interlayer resulted in different 
thicknesses of the Cu interlayer at the interface. The void was found near 
the NiTi-SS interface, which might be attributed to the short duration of 
the USW process, leading to Cu interlayer failed to fill the void after the 
USW process. Besides, the EDS scanning of the NiTi-SS interface in Fig. 8 
(b) has a similar tendency with that of the NiTi-Cu-SS interface. The 
atomic diffusion layer of NiTi-SS made at 750 J was very short, which 
was related to the insufficient diffusion between NiTi and 304 SS due to 
the short welding duration and low interfacial temperature. As pointed 
out by Zhang et al. [36], the effective diffusion distance of Cu element 
into the NiTi and SS is beyond 5 μm during hot isostatic pressing (HIP) 
diffusion bonding. Compared with HIP, the thermal cycle duration in 
USW is significantly shorter, corresponding to a lower peak termper-
ature and permance time at high temperatures. As a result, long-distance 
atomic diffusion would be difficult to occur. The arrow depicted in Fig. 8 
(b) shows the atomic diffusion of the Cu interlayer, which revealed that 
a small amount of Cu diffused into the BM, forming a thin diffusion layer 
at the weld interface. Also, no obvious IMCs were found at the NiTi-SS 
interface under the 750 J energy input. It should be noted that the 
atomic diffusion distance of the NiTi-SS interface is slightly longer than 
that of the NiTi-Cu-SS interface, which can be attributed to the higher 
contact stress under the edges of the sonotrode tips. Therefore, more 
plastic deformation, combined with higher temperature, occurred at this 
area, contributing to the atomic diffusion among NiTi, Cu and SS. As a 
result, a thicker atomic diffusion layer formed. 

3.4. Joints performance and failure analysis 

The lap-shear test results of the welded joints, as a function of the 
welding nergy input, are shown in Fig. 9. It can be seen that the welding 
energy has a significant effect on the admissible lap-shear loads of the 
joints. The average tensile shear load increased when the welding en-
ergy increased from 500 to 750 J, at which the maximum value of 690 N 
was achieved, then the ultimate lap-shear load decreased with further 
increase of welding energy to 1000 J. 

At the low welding energy input of 500 J, there was a small micro-
bonded zone under the sonotrode tip ridges due to the limited heat 
generation, material softening and plastic deformation of the BM. The 
low energy input prevented the bonding zone from expanding 
throughout the whole weld zone. The joint performance was improved 
significantly with increasing energy input as the bonded areas spread 
throughout the whole interface, which was attributed to the enhanced 
heat generation, material softening and plastic deformation of the Cu 

interlayer. The maximum lap-shear load was higher than that of USWed 
NiTi-NiTi joint with Cu interlayer, reported by Zhang et al. [26]. It is 
believed that the higher lap-shear load obtained in the present study was 
related to the lower hardness of 304 SS compared to the NiTi alloy under 
the same welding conditions. As such, the 304 SS experienced a higher 
degree of softening during welding, and more rubbing with severe 
plastic deformation was achieved at the weld interface, contributing to 
more microbonds and resultant better joint performance. 

To reveal the deformation and fracture mechanism of the USWed 
dissimilar NiTi/SS joints, fracture surfaces of the joint produced at 750 J 
were examined by the SEM, and the typical images are shown in Fig. 10. 
The images of the entire fracture surfaces on the NiTi and 304 SS sides 
are shown in Fig. 10 (a)-(b), respectively. It could be seen that most of Cu 
was attached to the 304 SS side of the fracture surface, while only a small 
amount of Cu, located in and around the weld spots, was stuck on the 
NiTi side, suggesting that the failure occurred mainly at the NiTi/Cu 
interface. The Cu interlayer got fractured under the peaks of the sono-
trode tip during USW process due to the high stress concentration at the 
edges of the weld spots. In order to obtain more details about the frac-
ture morphology and elemental distribution, EDS analysis was con-
ducted on both sides of the fracture surface. From Fig. 10 (c)-(d), it can 
be observed that both NiTi and 304 SS sides consisted of two regions: 
welded spots and scratched zones. Distinct cracks could be observed at 
the center and edges of the welded spots, indicating that significant 
deformation occurred under the peaks of the sonotrode tip. Fig. 10 (e)- 
(f) show higher magnification images of the corresponding areas, indi-
cated with green dashed boxes in Fig. 10 (c)-(d). EDS analysis conducted 
on the region as indicated in Fig. 10 (e) shows that the region contained 
(in at. %) 49.5 Ti, 47.9 Ni and 1.74 Cu, suggesting that the Cu foil was 
stuck to the NiTi matrix. EDS analysis of the region as indicated in 
Fig. 10 (f) had a composition of (in at. %) 99.3 Cu. Therefore, it can be 
inferred that very little Cu diffused to the NiTi side, while NiTi diffusion 
to the Cu interlayer was negligible, which is in agreement with the work 
by Zhang et al. [27], indicating that the lap-shear strength outside the 
welded spots at the NiTi/Cu interface is relative weak. Since NiTi is 
harder than Cu, the Cu interlayer experienced more severe shear plastic 
deformation induced by the sonotrode tip than the NiTi side during the 
USW process, causing the Cu foil to get stuck on NiTi alloy. This sig-
nificant difference in hardness between NiTi and Cu also induced 
cracking under the sonotrode tip. 

In order to further observe the fracture morphology and elemental 
distribution on the NiTi and SS fracture surfaces, the selected areas were 
further magnified by SEM, as shown in Fig. 10 (g)-(i). In Fig. 10 (g), 
typical stepped laminar structures with river marks can be observed, 
suggesting that the welded spots on the NiTi failed in brittle mode. The 
EDS analysis of the upper ridges showed that this region had a compo-
sition of (in at. %) 48.3 Ni, 46.2 Ti, 2.52 Fe and 1.95 Cu, implying that no 
obvious atomic diffusion occurred in this region. Furthermore, EDS 
analysis of the two regions indicated by the yellow box in Fig. 10 (i) and 
the lower zone in Fig. 10 (g) shows a composition consistent with that of 
304 SS on the fracture surface of NiTi side, suggesting that the 304 SS 
matrix along with Cu interlayer was pulled out to adhere to the NiTi 
matrix, leading to a higher lap-shear load. However, EDS line scan re-
sults in Fig. 10 (j) reveals that only partial 304 SS matrix and Cu inter-
layer were transferred to the NiTi side under the USW process, and 
cracks were also observed on the NiTi matrix. Fig. 10 (h) shows the 
higher magnification of zone “h” in Fig. 10 (f). Fine dimples were clearly 
observed, indicating the ductile fracture mode in the Cu area. This re-
gion has a composition of 96.2 Cu, 2.28 Fe and 0.80 Cr (at. %). As re-
ported by Zhang et al. [26], the Cu interlayer could compensate for the 
thermal stress generated during the USW process and enhance the fric-
tion coefficient on the faying interface. Therefore, it can be inferred that 
the Cu interlayer could improve the performance of the NiTi/304 SS 
dissimilar joints. Meanwhile, the tearing zones revealed that the edges of 
welded spots were the weak regions, which were subjected to high stress 
concentration under the sonotrode tips, leading to the fracture of joints 

Fig. 9. Average tensile lap-shear load of the USWed joints as a function of 
welding energy ranging from 500 to 1000 J. 
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Fig. 10. Typical images of tensile lap-shear fracture surfaces of NiTi/304 SS dissimilar joint produced at a energy of 750 J: (a) overall view on the NiTi side, (b) 
overall view on the 304 SS side, (c) magnified view on the NiTi surface, (d) magnified view on the 304 SS surface, (e) and (f) at a higher magnification of box in (c) 
and (d), (g), (h) and (i) at a further higher magnification of box in (e) and (f), (j) chemical composition across the weld spot, the EDS line scan position is indicated 
in (i). 
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during the lap-shear tensile tests. 
Based on the interface microstructure and fracture surface analysis, it 

can be concluded that microbonds formed due the friction between the 
sheets under the sonotrode tip, resulting in the 304 SS matrix being 
pulled out to adhere to the NiTi side. During the USW process, the 
sonotrode tip exerted normal force and shear force on the sheets. Fric-
tion was then induced between the faying surfaces due to the ultrasonic 
vibration and then microbonding occurred under the peaks of the 
sonotrode tip because of high contact stress in these areas. As the 
welding proceeded, thinning and rupture of Cu interlayer would occur 
due to the friction and severe plastic deformation. Therefore, the NiTi 
and 304 SS would be in contact directly under the weld spots owing to 
the breakage of Cu foil. Eventually, atomic diffusion would be enhanced 
because of the increase in vacancy concentration and temperature 
induced by the high strain rate during the USW process [37], resulting in 
a portion of the 304 SS and Cu interlayer stuck on the NiTi side. 

To further characterize the microstructure and confirm the obser-
vations above, XRD analysis was conducted on the NiTi and 304 SS 
fracture surfaces, respectively, and the results are shown in Fig. 11. 
From the XRD patterns, it can be noticed that a large amount of B2 
austenite, along with fewer peaks of Cu were detected on the fracture 
surface of the NiTi side, which is consistent with the electron microscopy 
images. The fracture surface of 304 SS only consisted of γ-Fe phase and 
Cu phase due to the limited miscibility between Cu and Fe. It is worth 
noting that identical FCC crystal structure and similar lattice constants 
would contribute to the strong overlap of γ-Fe phase and Cu phase [38]. 
No IMCs were detected on both fracture surfaces, which is consistent 
with the EDS analysis above. 

4. Conclusions 

NiTi alloy was joined to 304 SS with Cu interlayer using various 
welding energy inputs by USW process. The weld interface microstruc-
ture, lap-shear load, and fracture mechanisms were analyzed. The 
following conclusions can be drawn:  

1. The interfacial peak temperature gradually increased from 263.6 ◦C 
to 314.5 ◦C and 387.4 ◦C with the increasing energy input of 500, 
750 and1000 J. With increasing welding energy input from 500 to 
1000 J, more friction heat was generated at the specimen surface and 
weld interface, leading to a higher degree of surface oxidation and 
plastic deformation. A welding energy of 750 J produced joints with 
well-bonded weld interfaces.  

2. The weld interface of the joints shows two typical types of NiTi-Cu- 
304 SS interface and NiTi-304 SS interface due to the plastic flow 
behavior of the Cu interlayer. EDS and XRD analysis indicated that 
no IMCs were found at both interfaces of the dissimilar joints under 
different energy inputs.  

3. The lap-shear load of the joints increased with welding energy up to 
750 J, at which an average peak load of ~690 N was obtained. The 
peak load decreased with further increase in energy input.  

4. All joints obtained under different energy inputs showed interfacial 
failure mode. Most of the Cu interlayer remained attached to the 304 
SS side of the fracture surface. A small amount of Cu was stuck to the 
NiTi side under the edges of sonotrode tips. 
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