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Abstract
Ultrasonic spot welding (USW) is an emerging solid-state joining technology with great potential for solving joining challenges 
in Ni–Ti shape memory alloys and stainless steel (SS). In this study, USW was utilized to successfully lap weld Ni–Ti shape 
memory alloy and 304 SS, where copper and aluminum were introduced as separate interlayers to enhance the strength of the 
joint. The results show that USW can achieve effective bonding between Ni–Ti foil and 304 SS foil with or without an interlayer. 
In the absence of an interlayer, a mechanical interlocking structure is formed between Ni–Ti and 304 SS with a tensile strength 
of 404.71 N, which is lower than that of the joint with the addition of an interlayer. With the introduction of the interlayer, 
a double-interface structure is formed. It should be noted that the highest bond strengths were obtained with the aluminum 
interlayer, with a peak load of 890 N and edge fracture, although trace amounts of the brittle intermetallic compound  Fe3Al14 
were generated. A slightly lower joint strength of 690 N was obtained with the copper interlayer, but the formation of brittle 
intermetallic compounds was effectively avoided. These results have important implications for the successful bonding of NiTi 
with dissimilar materials.

Keywords Ultrasonic spot welding · NiTi shape memory alloys · 304SS · Microstructure · Mechanical properties

1  Introduction

In recent decades, shape memory alloys (SMAs) have gar-
nered significant attention due to their distinctive shape mem-
ory effect (SME) and exceptional super-elasticity (SE). They 
have found applications in various fields, including aerospace, 

the automotive industry, petroleum mining, microelectronics, 
and biomedicine [1]. NiTi alloys exhibit excellent biocompat-
ibility and corrosion resistance in addition to the advantages 
mentioned above [2]. Even so, the utilization of NiTi alloy 
remains restricted due to its high cost, limited processability, 
and vulnerability to potential damage to its shape memory 
effect (SME) and super-elasticity (SE) properties [3–5]. It is 
very important to actively develop the connection between 
NiTi alloy and other dissimilar materials. Stainless steel (SS) 
has long been used in the biomedical field as a common struc-
tural material, with high biocompatibility, corrosion resistance, 
good mechanical properties, and various other advantages. 

Highlights  
• USW creates NiTi/304SS joints with varied interlayers, 
impacting microstructure and mechanical properties.
• Double interface characteristics achieved in USW using 
different interlayers.
• Improved joint strength observed with addition of Al foil 
interlayer in NiTi/304SS USW.
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Simultaneously, it offers affordability and convenient access 
to raw materials [6]. Thus, achieving effective connections 
between NiTi alloys and SS will further expand their range of 
application. Ultimately, the entire connect system will benefit 
from the inherent properties of the two materials.

Researches have been carried out on the reliable connec-
tion between NiTi alloys and SS, the connection methods are 
categorized into three aspects: fusion welding, solid phase 
welding, and brazing. Shamsolhodaei et al. used laser offset 
welding to join NiTi/SS (400 μm). By precisely directing the 
laser beam from the NiTi substrate to the stainless steel sub-
strate, the formation of intermetallic compounds is effectively 
minimized, subsequently enhancing the properties of the joint 
[7]. Niu et al. used vacuum electron beam welding to join NiTi 
and SS plates; all of the joints (no interlayer, pure Ni, and 
FeNi interlayer) fractured in the weld zone close to the NiTi 
side due to the enrichment of the intermetallic compounds 
 Fe2Ti and  Ni3Ti [8]. Fukumoto et al. joined NiTi alloy and 
austenitic stainless steel rods with a diameter of 2.5 mm by 
rotary friction welding, and they found that when the Ni inter-
layer was used, the  Fe2Ti intermediate phase in the weld was 
suppressed, the interface consisted of NiTi + Ni3Ti eutectic 
reaction layer, and the tensile strength of the joint increased to 
510 MPa [9]. In Zhang et al., high-strength NiTi-SS wire joints 
were realized by laser brazing butt welding, where the beam 
was deflected from 0.4 mm on the NiTi side to 0.4 mm on the 
SS side, and the tensile strength was increased to 329.5 MPa, 
while the welded joints with different deflections exhibited dif-
ferent fracture forms [10]. Bagheri et al. have also conducted 
many studies on friction stir welding and friction stir brazing 
[11–18].

For these processes, there are some problems: (1) due to 
the large difference in the coefficient of linear expansion of 
the two base materials, there is a large welding stress in the 
join; (2) the heat input is large which will also generate a large 
number of brittle intermetallic compounds in the weld, and at 
the same time there is a large inhomogeneity in the chemical 
composition and organization of the weld.

Ultrasonic spot welding (USW) is a solid-state weld-
ing technique. It involves applying clamping and shear 
forces to the welding head to induce relative movement 
between the metal components. This movement results in 
the plastic deformation of the metals, ultimately leading to 
their connection. This is a new way to connect NiTi alloys 
with SS. At present, ultrasonic welding research mainly 
focus on light metals (Al, Cu, Mg, etc.) connections due 

to the limited input energy. Research on cemented carbide 
and dissimilar materials mainly centers around the weld-
ing process, microstructure, properties and the connection 
mechanism analysis, and so on. Satpathy et al. used the 
USW time mode to weld AA3003 aluminum alloy to 304 
stainless steel with a copper interlayer, and found that a 
stronger joint weas obtained when the aluminum alloy on 
the top [19]. Zhang et al. realized the ultrasonic spot weld-
ing of 0.2-mm-thick of NiTi alloy, and studied the bonding 
mechanism and joints properties [20]. Based on the study 
of Chunjie Li et al. further explored the influence of the Al 
interlayer on the mechanical properties and microstructure 
of 0.5-mm-thick NiTi alloy ultrasonic joint [21–23].

Realizing a good connection between NiTi and SS is 
of great significance in the fields of biomedicine as well 
as robotic chips, such as guide wire for catheters. In this 
paper, ultrasonic spot welding was used to join NiTi 
and SS to investigate the microstructure and mechanical 
properties of the joints for each of the three interlayer 
cases. This will eliminate the problems associated with 
conventional welding and effectively overcome the 
limitations of large amounts of intermetallic compounds 
and coarse grains in the joint. Provides options for 
different service conditions.

2  Materials and method

The base materials were NiTi alloy and 304SS, with 0.15-
mm thickness. Cut the specimen into a welded specimen 
of 60 mm × 15 mm by EDM, remove the oxide film on 
the surface of NiTi alloy and stainless steel with 400 # 
sandpaper, then clean it with alcohol and blow it dry. It 
should be noted that the NiTi alloy is a completely austenitic 
phase at room temperature. Additionally, 0.02-mm-thick 
Cu or Al were employed as interlayers. The chemical 
composition and mechanical properties of the base materials 
are presented in Tables 1 and 2, respectively.

We used a SONICS MSC4000-20 ultrasonic welding 
system equipped with a rated maximum power of 4 kW, a 
resonant frequency of 20 kHz, a tip amplitude range of 14 to 
72 μm, and a maximum pressure of 65 psi. Figure 1 shows 
the lap diagram and the size of the samples. The welded 
specimen is cut by EDM to obtain a welded cross section, 
sanded with 400# to 3000# sandpaper, and then polished for 

Table 1  Chemical composition 
of NiTi alloy and 304SS

Material Ni Ti Cr Mn Si Fe

NiTi 55.87 44.13 - - - -
304SS 9.40 - 18.40 1.40 0.63 Bal
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observation of microstructure and elemental distribution. 
The welded specimen as a whole will be subjected to shear 
tensile testing; the tensile test follows ASTMD1002.

The optimum parameters and the lap method were 
obtained by an extensive orthogonal experiment; the 
specific parameters are shown in Table 3.

3  Results and discussion

3.1  Microstructure

Three different interlayer exhibit different degrees of oxi-
dation (Fig. 2), it is worth noting that the material located 
at the top are more oxidized than the bottom, which is 
related to the movement characteristics of ultrasonic metal 
spot welding. During the ultrasonic welding process, the 
weld tip applies a normal force to clamp the material, 
and later a shear force-driven material friction. However, 
due to limitations such as the hardness of base materials, 
it is difficult for the sharp teeth to quickly embed in the 
material to drive interfacial friction, so a large amount of 

Table 2  Mechanical properties 
of NiTi alloy and 304SS

Material Yield 
strength 
(MPa)

Tensile 
strength 
(MPa)

Hardness 
 (HV0.2)

Coefficient of linear 
expansion  (10−6 ℃−1)

Melt point (℃) Young 
modulus 
(GPa)

NiTi 467 639 245 10 1310 41
304SS 269 705 190 17 1440 193

Fig. 1  a Ultrasonic spot weld 
equipment. b Schematic dia-
gram of lap joint. c Schematic 
diagram of tensile test

Table 3  parameters and lap type of different interlayer

Material Energy Pressure Amplitude Lap type

No interlayer 750 J 58 psi 65 μm 304SS-NiTi
Al interlayer 750 J 51 psi 60 μm 304SS-NiTi
Cu interlayer 750 J 58 psi 55 μm NiTi-304SS
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heat is generated on the material surface. And the style 
is exposed to air and oxidation will occur quickly when 
heated.

There were a few gaps and debris in the interface of 
the joint without interlayer, shown in Fig. 3a, which will 
affect the performance of the joint. Mechanical interlocking 
exists at the interface; the base metals had obvious plastic 
deformation under the action of ultrasonic vibration, shown 
in Fig. 3b. Bakavos et al. studied that a large number of 
mechanical interlocking interfaces can withstand large loads 
during axial tensile process, thus improving joint perfor-
mance [24].

For the sample with interlayer, it is considered that inter-
faces exist regularly at different positions. At the bottom of 
the welding teeth, the interlayer is destroyed and only NiTi-
SS interface exists. Around the welding teeth, the NiTi-Al/
Cu-SS interface exists. Thus, the interfaces of the bottom 
and periphery of welding teeth were analyzed respectively.

The microstructure of the interface with Al interlayer 
is shown in Fig. 4. The upper and lower substrates are 
curled, and there is no obvious peeling at the interface as 

opposed to no interlayer joints in Fig. 4a. The transition 
of elements at the NiTi-SS interface is steep due to the 
aluminum foil fails to participate in the diffusion process 
after being squeezed out by the tip teeth of the welding 
head. The microstructure around the welding teeth with 
Al interlayer is shown in Fig. 4b. It can be seen obvi-
ously element diffusion occurs in the SS-Al and Al-NiTi 
interface, there is island-like intermetallic compound for-
mations. With high strain rate plastic deformation leads 
to significantly enhanced vacancy and dislocation density 
during the process of ultrasonic welding, which drives dif-
fusion on both sides of the interface. EDS point scans were 
performed on points P1 and P2, and based on the results 
(Table 4) can determine that the compound is  Fe4Al13, 
which is a brittle compound, too much content will affect 
the performance of the joint. Since the plastic deforma-
tion of the aluminum interlayer is achieved by lattice slip 
during tensile testing. However, the brittle phase  Fe4Al13 
hinders dislocation slip, resulting in stress concentration 
at the interface between the  Fe4Al13 phase and Al, making 
the deformation of them incompatible. As the deformation 

Fig. 2  Macroscopic morphol-
ogy of the weld surface with the 
addition of different interlayers. 
a, d no interlayer, b, e Al inter-
layer, c, f Cu interlayer

Fig. 3  a Interface of the joint without interlayer. b Mapping of a 
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proceeds, the stress concentration and incompatible defor-
mation continue to accumulate, and when accumulated 
to a certain extent, microcracks are generated around the 
 Fe4Al13 phase and grow. As the cracks continue to grow, 
fracture eventually occurs.

Diffusion distance draws our attention, the distance at 
the SS-Al interface is slightly larger than that at the Al-NiTi 
interface. The welding head drive the relative movement of 
304SS and Al foil, resulting in the softening of the Al foil 
into a molten state and bonding with NiTi alloy. Thus, the 
movements of the NiTi alloy takes place behind the 304SS. 
However, the NiTi alloy faces challenges in undergoing plas-
tic deformation due to its hardness. Therefore, the diffusion 
rate of aluminum atoms into SS is significantly higher than 
that of NiTi alloy, and finally leads to the difference in dif-
fusion layer thickness [25].

Figure 5 shows the microstructure of sample with Cu 
interlayer, and a small number of voids appeared on the weld 
interface (Fig. 5a), but the proportion in the total length of 
the weld was small, which meant that they had no obvious 
adverse effect on the joint performance. These defects are 
usually generated in the inclined part of the crimped inter-
face. Due to the horizontal direction of ultrasonic vibration, 
it is difficult to produce effective compressive stress on the 
inclined interface and finally exists in the interface at the 
end of welding [24].

The thickness of the copper that exists in the interface is 
different (Fig. 5b). Voids were found in the NiTi-SS inter-
face due to the short ultrasonic welding time resulting in the 
failure of the copper to fill the voids after the welding was 
completed.

In Fig. 5c, the atomic diffusion layer of the NiTi-SS 
interface is very narrow, which is related to the 
insufficient atomic diffusion between NiTi and SS. 
Zhang et al. pointed out that in the process of hot isostatic 
pressure diffusion welding, the effective diffusion 
distance of Cu atoms in NiTi alloy and SS is greater 
than 5 μm [26]. The thermal cycle duration of ultrasonic 
welding is significantly shorter compared with the hot 
isostatic pressing process, and the peak temperature is 

Fig. 4  a The microstructure of the bottom of the welding teeth with the aluminum interlayer. b The microstructure around the welding teeth with 
the aluminum interlayer. c–e The EDS results of the lines in a and b 

Table 4  The EDS results of point P1 and P2

Elements/
position

Al Ti Cr Fe Ni

P1 99.38 0.25 0.18 0.04 0.15
P2 90.31 0.64 0.39 3.75 4.91
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lower, and the lasting time at high temperatures is shorter. 
As a result, the diffusion of atoms over long distances will 
be difficult to achieve.

Figure 5 d shows the typical interface of NiTi-Cu-SS. 
The interfaces are closely bonded without obvious gaps. 
The element diffusion on both sides of the interface is very 
steep, and no new reaction phase is found in the microm-
eter scale between NiTi-Cu and Cu-SS interface. It is worth 
noting that the atomic diffusion distance of NiTi-SS inter-
face is slightly longer than that of NiTi-Cu-SS interface in 
the specimen including the Cu interlayer. The phenomenon 
may be due to the larger contact stress below the tip of the 
welding head, and thus more plastic deformation occurs in 
this area, and the higher temperature promotes the atomic 
diffusion between NiTi alloy, Cu and SS, forming a thicker 
atomic diffusion layer.

From the above results, it can be seen that the diffusion 
distance of Al is larger than that of Cu, and island interme-
tallic compounds are generated in Al interlayer, indicating 
that the diffusion of Al is more sufficient, and it is speculated 
that Al is better combined with the base metal, which will 
be verified in the following.

3.2  Mechanical properties

The tensile test results show that only the joints with Al 
interlayer presented edge fracture, while the remaining two 
joints are interface fracture (Fig. 6), which indicates that 
the joints with the Al interlayer were solidly welded and the 

joint strength is higher than that of the base material. In the 
interface fracture mode, the weld spot area is very visible, 
which is directly related to the tensile performance of the 
joint. Figure 6 d shows the peak load, the smallest value 
(404.71 N) occurs in specimens without interlayer while the 
largest (890 N) occurs in specimens with an Al interlayer.

The microstructure of no interlayer fracture shows in 
Fig. 7, there are scratches present near the weld spots and 
cracks at the edge of the weld spots. In the results of the 
mapping scan, it is clear that there is a bond between the 
two materials. As the deformation of the base metal below 
the tip teeth is inconsistent with that around the welding 
teeth during the welding process, a stress concentration 
will generated at the edge of the welding spot area, and 
then cracks are appearing under the action of cyclic 
alternating load and temperature, thus becoming the weak 
position of the joint.

The XRD results of fracture are shown in the Fig. 7e. 
At room temperature, the NiTi exhibits complete (B2) aus-
tenite phase, and the 304SS exhibits complete γ-austenite 
phase, both of them have certain preferred orientations. The 
phase structure of welded NiTi is the same as that of the 
base metal, and no brittle phase is generated. However, after 
welding, the phase composition in the 304 SS is different 
from the base material. There are α′-(110) diffraction peak 
exists, indicating that stress-induced martensite transforma-
tion occurs in SS, and resulting in martensite.

The microstructures of Cu interlayer fracture are shown 
in Fig. 8. The fracture consists of two zones: the welding 

Fig. 5  a The microstructure of the sample with the copper interlayer. b The microstructure of two interface (304SS-NiTi, 304SS-Cu-NiTi) with 
the copper interlayer. c The EDS result of b. d High-magnification interface microstructure. e, f The EDS results of the lines in d 
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spot zone and the scratch zone. Due to the high stress con-
centration at the edge of the welding point during ultra-
sonic welding, the copper interlayer is broken below the 
tip teeth, and obvious cracks can be observed in the center 
and edge of the welding spot, indicating that the material 
under the tip teeth has undergone evident deformation. In 
Fig. 8c, a typical layered structure with a river shape and a 
ladder shape can be observed, indicating a brittle fracture 
mode at the welding spot on the NiTi alloy side. It can be 
seen that from EDS line scanning results (Fig. 8d), only 
part of the SS matrix and Cu interlayer adhered to the 
NiTi side under the action of ultrasonic welding. As the 
connection mainly occurs in the welding spot area, and 
the high-frequency alternating load will produce fatigue 

cracks at the same time of the connection, lead to the 
scraping area and the edge of the welding joint area will 
be the weak connection areas.

XRD results are shown in Fig. 8e: a large amount of B2 
austenite were found on the surface of the NiTi side while 
the Cu peak is less, which is consistent with the SEM 
analysis results (Fig. 8d). The surface of the SS fracture 
only contains γ-Fe phase and Cu phase, and no NiTi alloy 
is found. It is worth noting that the diffraction peaks of the 
γ-Fe and Cu phases completely overlap due to the fact that 
the two phases have the same crystal structure and simi-
lar lattice constants [27]. No mesophase formation was 
detected on the two fracture surfaces, which was consistent 
with EDS analysis results.

Fig. 6  Macroscopic fractures and peak load of the joints with different interlayers

Fig. 7  The microstructure and the XRD results of fracture without interlayer
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4  Conclusions

We compared the microstructure and mechanical properties 
of NiTi and SS304 in three interlayer cases when ultrasonic 
welding was performed.

1. In this paper, the good connections of 304SS-NiTi, 
304SS-Cu-NiTi, and NiTi-Al-304SS are realized. The 
joint without interlayer has a mechanical interlock struc-
ture, and the addition of copper/aluminum intermediate 
layer has a “double interface” structure.
2. Among the three kinds of joints, the joint with alu-
minum interlayer has the highest strength and the peak 
load is 890 N, the joint with copper interlayer has the 
peak load is 690 N, and the joint without interlayer has 
the peak load is 404.71 N.
3. The joint without the interlayer has a mechanical inter-
lock structure. A trace amount of  Fe4Al13 intermetallic 
brittle compound appears in the joint with aluminum 
interlayer, which is harmful to the joint performance. No 
brittle compounds appear in the joint with copper inter-
layer, but the element diffusion distance is smaller than 
that with aluminum interlayer.
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