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Abstract Dissimilar metal sheets of Ni47Ti44Nb9 (at.%, short for NiTiNb) shape
memory alloy and Ti6Al4V (TC4) alloy with the same thickness of 0.2 mm are
joined by using micro laser welding technology. The microstructure and crack in
the weld are studied by optical microscope (OM) and scanning electron microscope
(SEM). The results show that the cracks are easy to generate during the laser lap
welding of NiTiNb alloy and TC4 alloy due to plenty of brittle intermetallic
compound of Ti2Ni. However, the welding cracks can significantly reduce or dis-
appear by adding filler metal of Ni foil. No-defect joint is obtained when NiTiNb
alloy is located on the upper and 50 lm thick Ni foil is added during the lap
welding process. The crack sensitivity can be decreased because of finer grains and
elliptic boundaries. The shear load of the joint can reach 162 N.
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1 Introduction

The joining of dissimilar materials is of great significance to the modern industry
since single material is unable to meet the needs of a variety of functions for
composite structures, so different materials need to be welded to satisfy the multiple
uses [1–3]. However, it is easy to produce many cracks during welding dissimilar
materials due to the differences in their physical and chemical properties, and the
cracks can severely reduce the weld quality such as strength and plasticity.
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Therefore, the further application of this welded joint with dissimilar materials is
limited [4, 5].

Ni47Ti44Nb9 (at.%, short for NiTiNb) is one of the Ti–Ni shape memory alloys,
and it is widely used in aerospace, nuclear industry, offshore oil, household
appliances, and daily necessities for its excellent specific strength, corrosion
resistance, wear resistance, shape memory effect, and damping properties [6, 7].
Ti6Al4V (TC4) is a kind of titanium alloy that owns both of a and b phases, and it
is widely used in biomedical, aerospace, ships and so on for good strength, cor-
rosion resistance, and high temperature resistant performance [8]. The dissimilar
material welding of ultra-thin NiTiNb to TC4 could be used for reducing the noise
in sound attenuation of aircraft engine components [9]. However, it is easy to
produce plenty of brittle intermetallic compound like Ti2Ni, Ni3Ti, etc. during the
welding process [10, 11]. In addition, Ti alloy can absorb hydrogen from 250 °C,
oxygen from 400 °C, and nitrogen from 600 °C [12], which makes it easy to get the
brittle joint and generate the welding crack. Therefore, the traditional welding
method is difficult to meet the requirements of the TC4 and NiTiNb alloy welding.

Laser welding is one of the important processing methods for the characteristics
of high energy density, high precision and so on. Because the power is lower, micro
laser welding as one of laser welding technologies commonly used in welding metal
sheet, metal wire, and small electronic precision part connection, and it plays an
important role in the field of the micro connection field [13, 14]. Li et al. [15, 16]
studied the welding of NiTi alloy to stainless steel by adding the metal wire of Ni
and Co, and they found that the welding cracks were eliminated. Zoeram and
Mousavi [17] found that the transverse cracks were controlled when 1 mm thick
NiTi alloy and TC4 alloy were welded by adding filler metal of Cu. Moreover,
some high temperature materials such as pure Nb, Ta, and V may also be added to
remove the cracks during the welding of TiNi alloy to TC4 alloy [18–20]. However,
these materials are rare as well as expensive, so their use is limited.

Therefore in the experiment, micro pulse laser equipment is applied to the lap
welding of NiTiNb and TC4 alloy sheets with the same thickness of 0.2 mm, and
Ni sheet as a filler metal is used to control the cracks during the welding. The
microstructure, crack, and fracture surface of the joint is investigated, and the data
can provide the theoretical support for the dissimilar welding of NiTiNb toTC4
alloys.

2 Materials and Methods

In the experiment, 0.3 mm thick NiTiNb hot rolled sheet and 0.2 mm thick TC4
sheet are adopted as a base material. Filler metal of pure Ni foil with a thickness of
50 lm is added in the middle of two alloys during the welding process. Their main
chemical components and physical properties are shown in Tables 1 and 2,
respectively.
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According to ASTM G1-90, NiTiNb alloy sheets are put in a mixed solution
(volume ratio, HF:HNO3:H2O = 1:3:5) to remove the oxide film before the weld-
ing, and then are washed and dried by acetone. The welded NiTiNb alloy sheets
must be controlled within 200 ± 10 lm thickness to keep the same thickness as
TC4 alloy sheet.

SL-80 type Nd:YAG pulsed laser welding machine is used in the experiment.
The laser wavelength is 1.06 lm and the largest laser power is 80 W. The gas
protection device is designed in the experiment to prevent the weld from being
oxidized. The pure argon gas is filled in the gas box and the gas flow rate is
8 L/min. The process parameters were selected as follows: the laser power is 20 W,
the laser spot diameter is 0.3 mm, the pulse width is 6.0 ms, the laser frequency is
5 Hz, and the welding speed is 300 mm/min.

After welding, the microstructure is observed by an optical microscope (OM),
and the crack morphologies and fracture surfaces are analyzed by scanning electron
microscope (SEM) and energy dispersive spectrometry (EDS).

3 Results and Discussion

3.1 Crack Sensitivity for Different Lap Position

Figure 1 shows the cross section of the joint produced by adding the filler metal of
100 lm thick Ni when NiTiNb alloy is placed on the upper. The macrostructure of
the weld presents an onion ring shape which is related to thermal agitation of the
laser. In the bottom of the weld, lots of cracks appear near the side of TC4 alloy,

Table 1 Chemical compositions of materials

Element Mass fraction (%)

NiTiNb TC4

Al – 5.5

V – 4.37

Ti 29 90.13

Ni 60 –

Nb 11 –

Table 2 Physical properties of materials

Material Melting
point (°C)

Coefficient of linear
expansion � 106 (°C−1)

Thermal
conductivity
(W m−1 °C−1)

Specific heat
capacity
(J g−1 K−1)

NiTiNb 1250 11.43 9.8 0.461

TC4 1630 9.1 6.8 0.611

Ni 1453 13.3 5.9 0.456
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and the cracking distance is larger. The main reason is that it is easy to generate a
large number of brittle intermetallic compounds such as Ti2Ni and Ni3Ti in the weld
when NiTiNb alloy and TC4 alloy are welded [21]. What is more, the difference of
the linear expansion coefficients between NiTiNb alloy and TC4 alloy is large,
which makes the weld suffer from large stress concentration. The cracks are easy to
generate because of the effect of residual stress during welding. The physical
properties of Ni are between those of NiTiNb and TC4 alloys, so it can form
metallurgical combination with base material since it can play a buffer action to the
welding crack. During welding, this can change the type and number of brittle
intermetallic compounds by controlling the melting-mixing ratio of Ni to Ti element
according to the Ti–Ni binary phase diagram. Thus, Ni as filler metal can reduce or
eliminate the welding cracks during laser welding.

Figure 2 shows the cross section of the joint when TC4 alloy is located on the
top during welding. It is clearly seen that two cracks expand upwards from the weld
center, the number of cracks significantly decrease and the cracking distance
becomes smaller. Figure 3 shows a magnified graph of the crack in the zone A of
Fig. 2. It is found that the crack originates from the interface of Ni, fusion zone, and
TC4 alloy, and then expands through the grains along the vertical direction. The
analysis is that the solidification shrinkage and thermal contraction increase during
the cooling process due to the difference in thermal expansion coefficients (the
difference of thermal expansion coefficients between TC4 and Ni is bigger than that
of TC4 and NiTiNb). The crack produces along the columnar crystal which can
urge the inhomogeneous deformation of grains, and add the brittleness and crack
sensitivity of the weld.

Fig. 1 Cross section of the
joint when NiTiNb alloy is
placed on the upper and
100 lm thick Ni foil is added

Fig. 2 Cross section of the
joint when TC4 alloy is
placed on the upper and
100 lm thick Ni foil is added
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3.2 Crack Morphology for Adding Filler Metal

Figure 4 shows the macro cross section when TC4 alloy is placed on the upper and
the filler metal of Ni with 50 lm thickness is added during welding. The number of
cracks reduces and the cracking distance of the crack is only about 5 lm. Figure 5
shows the local position of the crack. It is seen that the crack originates from the
bottom of the weld, different phase structures are layered, and the thickness of
compound layers is between 3 and 15 lm in the weld bottom. Lots of shrinkage
pores exist near the area of the zone in Fig. 5. The reason is that there is no enough
liquid metal supplying from the surrounding of the crack. The EDS result shows
that the element proportion of Ti and Ni is 0.83:1 in the zone. However, the element
proportion of Ni and Ti in the area is 65.27:28.71, which is close to the ratio of
brittle phase of Ti2Ni. The crack is easy to generate and expand during the process
of energy release, and the brittleness of the weld increases.

The cracks can be prevented by reducing the generation of brittle compound
[22]. Figure 6a shows the surface morphology of the joint when TC4 alloy is placed
on the upper and 50 lm thick Ni filler metal is added during welding. The longi-
tudinal crack occurs on the surface of the joint. However, a no-defect weld is
produced when NiTiNb alloy is placed on the upper and 50 lm thick Ni foil is
added, as shown in Fig. 6b. Figure 6c shows the cross section of the joint in Fig. 6b
when 50 lm thick Ni foil is added. The local cross section of the weld presents
chrysanthemum shape which may be related to the thermal agitation of laser during

Fig. 3 Magnified graph in
the region A of Fig. 2

Fig. 4 Cross section of the
joint when TC4 alloy is
placed on the upper and
50 lm thick Ni foil is added

Study on the Cracks of NiTiNb/TC4 Lap Joints … 83



the welding process. Also, the width of the upper molten pool is wider than that in
the bottom. However, it is similar to the “bowl” shape for the whole weld due to
heat transfer. High temperature is produced by laser focusing which can cause the
loss of alloy elements, so the top shape of the weld is concave. The closed met-
allurgical combination is formed, and the defects such as blowholes and cracks are
not found in the weld. Different organizations can be seen in the weld, which
suggests that the macro segregation is coming.

Fig. 6 Surface morphology when TC4 alloy: a or NiTiNb alloy; b is placed on the upper and
cross-sectional morphology; c of the joint in Fig. 6b

Fig. 5 Magnified graph in the region A of Fig. 4
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3.3 Distribution of Element

Figure 7 shows an enlarged map of the area I in Fig. 6c. The layered microstructure
is obvious in the bottom of the melted pool that presents different phase structures.
A transition layer with a width of 10 lm is adjacent to the base material. Table 3
shows the result of EDS analysis in the area in Fig. 6c. The content of Ni in the area
of Point C is the highest, and then reduces with the increase of the distance from
Point C. However, the content of Ti element becomes higher with the increase of
the distance from Point C, and it is close to that of TC4 at Point A and that of
TiNiNb at Point E, respectively. The content of Nb gradually decreases from
Point E to Point A. The reason is that Point C is in the area of Ni sheet. Al and V
elements gradually reduce in the fusion zone along the vertical direction to the weld
surface. The result in Table 4 shows that the black area lacks V element while the
white area contains V element. The content of Al near weld surface reduces and it is
about 0.14% in the area of in Fig. 6c. Point B mainly contains Ni element and Ti
element; the ratio of Ni to Ti is about 31.26:60.21. It is proved that this area is Ti2Ni
phase according to the studies of Song et al. [23] and Chen et al. [24] and Ti–Ni
binary phase diagram. The existence of brittle Ti2Ni phase can increase the crack
sensitivity and reduce the toughness of the weld.

Figure 8 shows a magnified map of the area II in Fig. 6c. In the weld center, the
heat dissipation is slower than that far from this area, which can form the dendrite in
bar shape. However, the supercooling degree of the right area far from the weld
center is larger than that of the weld center because of faster heat dissipation, so like

Fig. 7 Microstructure in the
bottom of the weld

Table 3 EDS analysis in the
bottom of the weld when
NiTiNb alloy is placed on the
upper and 50 lm thick Ni foil
is added

Point Element content (at.%)

Ni Ti Nb V Al

A – 88.89 – 3.81 7.30

B 31.26 60.21 0.48 4.57 3.48

C 59.58 33.68 2.57 1.54 2.63

D 55.04 38.84 6.12 – –

E 40.89 47.30 11.25 – 0.56
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the parent metal on the right, the grain size is finer. Little V element is found at
Point G from Table 4, but Point F lacks V element. The content of Nb element at
Point F is higher than that at Point G. The content of Nb element in the white area is
higher than that in the black area. In general, the black areas are low-melting
eutectic zones, and the gap can be filled by crystal grains, so the crystallization
crack is prevented [25]. The compositions in these regions are uniformly distributed
and the small grain and elliptic boundaries are formed in the weld. These conditions
are very helpful for avoiding the stress concentration. Therefore, the cracks in the
weld obviously decrease even disappear.

3.4 Fracture Surface

When NiTiNb alloy is placed on the upper and 50 lm thick filler metal of Ni is
added during welding, the tensile test of the joint is carried out and the fracture
surface is analyzed. Figure 9 shows the load-displacement curve of the tensile
sample. It is seen that the shear load is about 162 N. Figure 10 shows the SEM
image of the fracture surface of the tensile sample. The macro fracture is flat and the
cleavage stage is found in local region of fracture surface. Also, few micro-cracks
are observed. The main reason is that large stress concentration occurs due to brittle
compounds generated by composition segregation. During the testing process, the
cracks rapidly expand to the surrounding when the load is greater than the yield
strength of the weld and the brittle fracture occurs.

Table 4 EDS analysis when
NiTiNb alloy is placed on the
upper

Point Element content (at.%)

Ni Ti Nb V Al

F 47.45 46.56 5.85 – 0.14

G 43.03 46.59 9.57 0.67 0.14

Fig. 8 SEM image in the
area of Fig. 6c
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4 Conclusion

(1) Lots of cracks are generated when NiTiNb alloy and TC4 alloy are joined by
laser welding due to brittle intermetallic compounds. The decrease and elimi-
nation of the cracks in the joint can be controlled by adding filler metal of Ni
with different thicknesses and a no-defect joint can be obtained.

(2) The crack sensitivity of the joint increases due to the formation of Ti2Ni brittle
compounds. The finer grains and elliptic boundaries are formed when filler
metal of Ni is added during the welding process, which can prevent the crack
from the formation and reduce the crack sensitivity.

Fig. 9 Load-displacement
curve when NiTiNb alloy is
placed on the upper and
50 lm thick Ni foil is added

Fig. 10 SEM image of
fracture surface
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(3) When NiTiNb alloy is placed on the upper and 50 lm thick filler metal of Ni is
added, no crack is found on the surface and the cross section of the weld. The
shear load of the joint can reach 162 N and the fracture mechanism presents a
brittle fracture.
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