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ABSTRACT

NiTi thin sheets were ultrasonic spot welded with a Cu interlayer, where different welding vibration amplitudes
were applied to study the influence on the surface and interface microstructural characteristics, phase
transformation behavior and mechanical response of the joints, which aimed to enhance the joint perfor-
mance by proper optimization of the process parameters. An excellent bonding interface was achieved when
an optimized vibration amplitude was applied, with a recrystallized microstructure formed in the Cu foil side
near the bonding interface, which helped to improve the mechanical performance of the joints. Joints made
with vibration amplitude of 55 um had an improved strength compared to the NiTi base material.

Introduction

NiTi shape memory alloys (SMAs) are known as smart engineer-
ing materials which exhibit excellent mechanical resistance, in
addition to the shape memory effect and superelasticity.!'
These properties, combined with their biocompatibility, render
NiTi to be highly appreciated in biomedical, aerospace, and civil
engineering applications."*"®! Nowadays, to further expand the
potential applications of NiTi SMAs, it is necessary to develop
joining methods with high efficiency and reliability owing to the
difficulty in machining these materials. Different joining techni-
ques such as laser” " and electron beam welding!"" have been
applied to obtain complex welding structures based on NiTi.
However, traditional fusion welding methods give rise to the
occurrence of potentially brittle intermetallic compounds and
significantly influence the phase transformation behavior in the
welded region.!”! These microstructural-induced changes result
from the high-temperature thermal cycles during the welding
process and have the tendency to limit the application conditions
of these joints. To solve the above-mentioned problems, it is
necessary to apply a processing method which can successfully
achieve sound welding of NiTi, while persevering its functional
and mechanical properties.

As a solid-state welding technique, ultrasonic spot welding
(USW) has advantages such as short welding cycle, low peak
temperatures, high energy efficiency,'? which is applicable for
joining multiple dissimilar materials"® and miniature work
pieces.!"*'*! The potential of this technique to avoid the formation
of brittle phases in NiTi joints makes USW a worthy case study for
these advanced materials.

Previously, it was observed that after USW, a two-step mar-
tensitic transformation occurred potentially due to the formation
of Ni,Tis in the welded joints."® Considering the possible forma-
tion of precipitates in the weld region, it is suggested that the
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addition of an interlayer can control the microstructural evolution
of the weld and improve the mechanical properties of joints.!"” As
a soft metal, Cu exhibits not only excellent thermal and electrical
conductivity, but also a good metallurgical compatibility with
NiTi SMAs.'82% As such, Cu interlayer has been applied in
laser welding of NiTi SMAs to TisALV and stainless stee] 2122
in order to limit the formation of brittle intermetallic compounds
and therefore, enhance the mechanical properties of the joints. In
our previous research work,?>?* the insertion of a Cu interlayer
during USW of NiTi resulted in an improvement of the mechan-
ical properties due to a better metallurgical adhesion at the weld
interface. However, a detailed study on the effects of USW proces-
sing parameters on the microstructural characteristics and prop-
erties of SMAs does not exist in the literature.

The present work aims to improve the joining quality of
USWed NiTi joints through a variable-parametric study and,
in parallel, understand the microstructure and properties of the
NiTi joints using a Cu interlayer. For this purpose, in this
study, effects of vibration amplitude, which was found to be
the most influential welding parameter by screening experi-
ments (refer to the supplementary material appended to this
paper), on the weld microstructure, phase transformation

characterizations, and tensile properties were thoroughly
clarified.

Materials and methods

NiTi sheets with a composition of 50.8 at. % Ni were used
throughout this investigation. The sample dimensions are
60 mmx20 mmx0.2 mm. The preexisting oxide layer on the
surface of NiTi was removed with a 20% HNO3, 7.5% HF, and
72.5% H,O (in volume) etching solution before welding. Pure
Cu foils of 100 pum thickness were selected as interlayer.

CONTACT W. Zhang @ zhang.vv@foxmail.com @ School of Material Science and Engineering, Tianjin University, Tianjin 300072, China.
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USW process was performed using an ultrasonic metal
welder (SONICS MSC4000-20). Varying vibration amplitudes
from 45 to 65 um with increasing steps of 5 um were selected to
study the effects on the microstructure and performance of the
USW joints, while the welding energy and clamping pressure
were kept at constant values of 1000 ] and 0.4 MPa,
respectively.

Surface appearance of different welds was observed with
a 3D digital microscope. The specimens for metallography
were prepared according to conventional metallographic pro-
cedures which involved polishing up to a mirror-like surface
with diamond paste. Scanning electron microscopy (SEM) was
used for fine observation of the interfacial areas on the trans-
verse section center of different NiTi welds to understand the
bonding mechanisms at the faying interface. Meanwhile, elec-
tron backscatter diffraction (EBSD) was performed on the weld
interface to obtain further crystallographic information.

Differential scanning calorimetry (DSC) measurements of
the welded joints were conducted using a constant cooling/
heating speed of 10°C/min. The test samples were cut across
the center of the welding spot region with a total mass of about
10 mg as shown in Fig. 1. The temperature range for the DSC
analysis varied between —90°C and 100°C. The evaluation of
the mechanical properties was conducted by tensile lap-shear
tests with the load applied perpendicularly to the ultrasonic
vibration direction, and a cross-head speed of 0.01 mm/s was
set to determine the joint failure load. Figure 1 depicts the
dimensions of the samples used for mechanical testing. Three

specimens were tested for each experimental condition. Finally,
SEM was used to characterize the fracture morphology.

Results and discussion

Representative surface appearances of the USWed NiTi joints
obtained with different vibration amplitudes are depicted in
Fig. 2. Surface appearances show that indentations on both
sides (top surface for the side near the sonotrode and bottom
surface for the side near the anvil) are distinct. It can be noticed
that the plastic deformation on both surfaces became more
significant when higher vibration amplitude levels were used.
Upon the USW process, the sonotrode tip exerts shear stress
on the base material (BM) surface by vibrational friction. Then,
the repeated motion of slippage and friction is generated at the
weld interface, which is fundamental for frictional heat and
plastic deformation to occur in the weld region.?*?*! The
plastic deformation on the material surface occurred mainly
due to two types of thermo-mechanical solicitation: surface
friction dissipation and softening by volume ultrasonic
effect.!””! These are credited for decreasing the yield strength
of the joints, though contributing for the creation of a sound
metallurgical bonding along the weld interface. During the
USW process, the average temperature around the weld inter-
face is known to increase as the vibration amplitude
increases,'*®) suggesting the occurrence of significant heat gen-
eration due to higher frictional vibration levels. Therefore, the
surface friction energy dissipation became faster after the
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Figure 1. Dimensions of tensile samples (mm).
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Figure 2. Surface appearances of the USWed NiTi joints obtained under different vibration amplitudes.



vibration amplitude increased, resulting in a temperature rise
around the weld interface, which further leads to an increasing
shear plastic deformation capacity on the weld surfaces.
Consequently, the indentation depth on both surfaces became
more significant, which could promote rapid formation of
micro-welds and produce a superior joint.

The microstructural evolution at the welding interface of
different joints was investigated by SEM, as presented in Fig. 3.
For the 45 pm joint, the interface near the weld center shows
good bonding (black line shown in Fig. 3(a)), while unbonded
regions can be observed at the weld edge near the top surface
side (white dashed line shown in Fig. 3(b)). A similar welding
interface appearance could be observed for the 50 um joint.
However, the unbonded area at the periphery became smaller
compared with the 45 um joint (depicted in Fig. 3(c,d)). When
the vibration amplitude increased to 55 um, a completely well-
bonded region was achieved along the whole weld region as
shown in Fig. 3(e,f), which is beneficial to enhance the bonding
strength of the NiTi joint. When the vibration amplitude
further increased to 60 and 65 pm, both good bonding area
and fracture of Cu interlayer between the NiTi BM were
observed as shown in Fig. 3(f,i) with black solid and dashed
line boxes, respectively.

Another noteworthy phenomenon is that the Cu interlayer
thickness in the well-bonded region along the weld interface
varies significantly with increasing vibration amplitude: there
is a decreasing tendency for the Cu layer thickness between the
NiTi sheets, as evidenced in Fig. 3(a, ¢, e, g, i). At the weld
interface center, the Cu foil experienced higher plastic defor-
mation when compared to the NiTi BM due to its lower yield
strength and thickness. The material flow and plastic deforma-
tion volume of the welded area increased with increasing
vibration amplitude due to the increment of the frictional
heat.?**?°! Therefore, when a significantly higher vibration
amplitude (>60 um) was applied, excessive frictional energy
intensity promoted the formation of microcracks in the Cu
interlayer (Fig. 3(h,j)).

To further clarify the deformation behavior of NiTi and Cu at
the weld interface, EBSD was performed on the well-bonded
interface region as depicted in Fig. 3(e) with a white line box. The
crystal orientation maps of NiTi sheet and Cu foil along the
welding interface are presented in Fig. 4, with the black lines
corresponding to the grain boundaries. Compared to the NiTi
side, there was a more substantial change in the microstructure
of the Cu foil near the weld interface, which was composed of
fine equiaxed grains (Fig. 4(b)). Meanwhile, several sub-grain
boundaries were observed in the center of the Cu layer. Such can
be related to the shear plastic deformation and subsequent
recrystallization that occurred during the USW process. In par-
ticular, mechanical mixing was aided by the ultrasonic vibration
sliding at the welding interface, which supported the Cu foil flow
because of its lower yield strength aided by the frictional heat,
contributing to the microstructural evolution and development
of micro-bonds. Other works on USW also observed the forma-
tion of similar recrystallized microstructures.**~? It can be
concluded that the Cu interlayer acts as a bonding bridge in
the weld process through reaction and atomic migration, achiev-
ing joining between the NiT1i sheets.
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The phase transformation behaviors of the NiTi BM and
welds obtained with multiple vibration amplitudes are depicted
in Fig. 5, where B19' corresponds to martensite and B2 to
austenite. The start (s) and finish (f) temperatures of austenite
(A) and martensite (M) phase transformations were deter-
mined based on the ASTM-F2004-00 standard, and are sum-
marized in Table 1. At room temperature, both the NiTi BM
and USW specimens were fully austenitic. The onset tempera-
tures for M and Ay of the joints ranged between —34 + 2°C and
-7 + 2°C, respectively, with a hysteresis ranging from 26 to
30°C.

From the DSC measurements, it is noticeable that both the
NiTi BM and welds exhibited a one-step phase transformation
from B2 austenite to B19’ martensite during the cooling pro-
cess, without evidence of R-phase transformation, which had
been reported in USWed NiT1 joints without the addition of
Cu interlayer.!"® Besides, both the forward and reverse trans-
formation behaviors showed a minor shift to lower tempera-
tures upon cooling and to higher temperatures upon heating
after USW. The transformation temperatures of NiTi can be
affected by several features, namely, existence of precipitates,
dislocation density, average grain size, thermal stresses, and
detwinning.**) Increasing of the austenite transformation tem-
peratures are also known to occur by minor alterations in the
composition of the weld. In fact, preferential Ni depletion
drastically increases the transformation temperatures of Ni-
rich NiTi alloys.[34] Furthermore, residual stresses, which
occur during USW as a result of the combined effect of heating
and plastic deformation, may also effectively impact the trans-
formation temperatures of the material.!*”

Figure 6 shows the tensile load-displacement curves of the
NiTi joints of different vibration amplitudes. The maximum
tensile load of the USW joints firstly increased with the vibra-
tion amplitude varying from 45 to 55 um. The 55 pm joint
exhibited the best tensile performance. The first yielding
occurred for a tensile load of 515 N, which was the starting
point of the stress-induced martensitic transformation. The
stress plateau corresponded to the detwinning of
martensite.*®! Following the constant stress plateau, there
was an increase in the required load to promote deformation,
where elastic and subsequent plastic deformation of the det-
winned martensitic structure occurred,®”! with fracture occur-
ring at a tensile load of 693 N. Further increasing of the
vibration amplitude resulted in decreased ultimate tensile load.

During the USW process, increasing the vibration ampli-
tude creates a competition between two counterbalancing
behaviors.”®) One is the increasing interfacial bonding
strength, which is responsible for improving the joint strength.
While sheet thinning is also observed, which reduces the resis-
tant cross-section and therefore decreases the maximum load
supported by the joint. The combination of both effects deter-
mines the final mechanical response of the USW joints. For low
vibration amplitudes, insufficient bonding translated into
interfacial failure, while for high vibration amplitudes, the
joint failed through the thinner NiTi near the border of the
weld zone. The maximum tensile load was obtained at an
intermediate vibration amplitude where a good balance of
bonding strength and material thinning was achieved.
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Figure 3. SEM imaging of joints obtained with different vibration amplitudes: (a) and (b) 45 pm joint; (c) and (d) 50 um joint; (e) and (f) 55 um joint; (g) and (h) 60 pm
joint; (i) and (j) 65 pm joint. (a), (c), (e), (g) and (i) all correspond to the center of the joints, whereas (b), (d), (f), (h) and (j) correspond to the periphery of the joints.
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Figure 4. EBSD measurements performed on: (a) NiTi sheet; (b) Cu foil nearby joint interface.

Figure 7 depicts the images of the tensile fracture samples,
where four different fracture modes are observed. The experi-
mental observations indicated that the 45 pm joint fractured
along the weld interface, while the 50 um joint failed through
the upper NiTi. The fracture mode changed to BM fracture
away from the weld spot with necking occurred when a 55 pm
vibration amplitude was applied, after which fracture occurred
at the edge of the weld spot, which was attributed to the
reduced thickness of the welded region arising from the exces-
sive heating generation at higher vibration amplitude.*®!

To clarify the influences of vibration amplitude on the qual-
ity of the obtained joints, the fracture morphologies are shown
in Fig. 8 (the observation locations were depicted with white
line boxes in Fig. 7). Figure 8(a) depicts the fracture morphology

of the 45 um joint. Both flat-looking surface of NiTi (Fig. 8(b))
and dimples of Cu (Fig. 8(c)) can be observed, which show the
characteristics of brittle-like and ductile fracture, respectively.
The existence of discontinuities throughout the joining interface
(Fig. 3(b)) can act as stress concentrators, thus aiding fracture
initiation at the interface and then propagating along the Cu
interlayer. For the 50 pm joint, the fracture surface shows
a mixed morphology composed of dimples of NiTi (Fig. 8(e))
and slip planes of Cu foil (Fig. 8(f)), suggesting that the center of
the weld interface has a higher bonding strength than that of the
upper NiTi material with plastic indentation. Fracture analysis
of the 55 pum joint revealed a ductile failure as illustrated by the
massive presence of dimples of the NiTi BM (Fig. 8(g)), suggest-
ing that the tensile lap-shear strength of the joint was superior
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Figure 5. DSC results of the BM and welds: (a) heating, (b) cooling.

Table 1. Summary of the transformation temperatures (°C) of the NiTi BM and
welds.

Reference A As M, Mg

NiTi BM —45.43 —27.87 2291 -9.08
45 pm -19.90 -6.77 -35.59 -57.29
50 pm -19.10 -7.44 —35.43 —58.51
55 pm —18.24 —6.38 -33.21 —52.13
60 pm —-18.74 -8.19 —35.34 —56.40
65 pm -17.12 —6.14 —33.28 —55.78

than that of the BM. Figure 8(h,i) shows the case of a 60 um
joint which failed along the border of the weld. When observing
the fracture surface, it can be noticed that Cu was well bonded
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with NiTi as shown in Fig. 8(i), while the NiTi was overthinned
due to the severe plastic deformation when higher vibration
amplitude applied as depicted by the black line in Fig. 8(h).
Moreover, some notches can be noticed on the fracture surface
of NiTi as the white arrows depicted in Fig. 8(i), suggesting that
the crack initiated from these notches and then propagated
along the NiTi sheet until the final fracture.

Conclusions

NiTi SMAs were ultrasonic spot welded with a Cu interlayer
under different varying vibration amplitudes. The microstructure

600

400

Load /N

200

Displacement /mm

Figure 6. Tensile load-displacement curves of USWed NiTi joints for different vibration amplitudes.
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Interfacial fracture

. ek LT

Figure 8. Fracture morphology of NiTi joints obtained with different vibration amplitudes: (a)-(c) 45 um joint, (d)-(f) 50 um joint, (g) 55 pm joint, (h) and (i) 60 pm joint.
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and performances of the NiTi joints were analyzed in detail. The
following main conclusions can be drawn:

(1)

2

3)

(4)

When the vibration amplitude increased from 45 to
65 pum, more severe plastic deformation of the NiTi
BM and Cu foil was generated, leading to an increase
of the indentation depth on the weld surface and reduc-
tion of the Cu foil thickness at the weld interface.

The optimized vibration amplitude contributed to the
better bonding interface, and a recrystallized micro-
structure can be observed at the position of Cu foil.
The phase transformation temperatures of the NiTi
joints were altered after welding, with decreasing mar-
tensite transformation temperature and increasing aus-
tenite transformation temperature occurring during
cooling and heating, respectively.

During the tensile lap-shear tests, four different fracture
modes were observed with varying vibration ampli-
tudes. The maximum ultimate tensile load was achieved
when a 55 um vibration amplitude was applied and
a ductile fracture surface of the NiTi BM was observed.
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