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Abstract Pulsed laser welding was used to weld dissimilar
joints in Ti6Al4V/Nb alloys. The effect of heat input on the
microstructural characterizations and mechanical properties of
the joints was investigated. The experimental results show that
underfill defects disappeared in the fusion zone (FZ) as the
heat input increased. No intermetallic compounds were
formed in the FZ, but a dendritic zone of Ti-rich phases and
an island zone of Nb-rich phases were present for all welded
joints, indicating that composition segregation occurred in the
Ti6Al4V/Nb dissimilar joint. Moreover, the microstructure
and mechanical heterogeneity in the FZ of the welded joint
increased with increasing heat input. Themicrohardness of the
island area was lower than that of the dendritic zone in the FZ,
because it possessed higher levels of Nb. The results of the
tensile tests show that the joints fractured at the Nb base metal
side, suggesting that the strength of the FZ is higher than that
of the Nb base metal.

Keywords Ti6Al4V/Nb dissimilar alloys . Pulsed laser
welding .Microstructure andmechanical properties

1 Introduction

Ti6Al4V has extensive application in the aerospace, automo-
tive, petrochemical, nuclear, and medical industries, because it

possesses good corrosion resistance, high strength, and creep
resistance [1, 2]. Niobium is a refractory metal with many
desirable properties such as superior superconducting proper-
ties and high electrical and thermal conductivity [3]. Niobium
to Ti6Al4V dissimilar joints have been used in the fabrication
of superconducting radio frequency (SRF) cavities, which are
widely used for particle accelerators in many physics labora-
tories worldwide [4].

Dissimilar material welding has consistently drawn atten-
tion in industry, because it can effectively reduce material
costs and weight, increase design flexibility and complexity,
and improve product functionality [5, 6]. However, directly
joining dissimilar materials can cause serious problems if the
physical and chemical properties of the constituent metals
differ considerably, resulting in degradation of mechanical
properties of the weld. Chen et al. investigated welding cracks
in direct laser welded NiTiNb shape memory alloys to
Ti6Al4V alloys and found that the number of cracks and the
cracking width first increased and then decreased with in-
creasing laser power [7]. Miranda et al. demonstrated that
laser welding of Ti6Al4V and NiTi is difficult due to the for-
mation of intermetallic compounds, and filler materials or in-
terlayers are needed to prevent the formation of brittle inter-
metallic phases [8]. Satoh et al. butt-welded titanium (Ti) to
SS316 using pulsed laser welding to investigate the solidified
microstructure. They found that an asymmetric shape of the
weld and brittle Fe-Ti intermetallic compounds were readily
generated within the weld with macroscopic cracks [9].

In dissimilar metal welding, interlayers with a melting
point higher than the two base materials can prevent mix-
ture of the two base metals in the molten pool [10, 11].
The melting point of niobium is significantly higher than
that of most other metals; thus, it is identified as a poten-
tial interlayer for joining Ti6Al4V with other metals.
Kundu et al. have found that Nb is an excellent diffusion
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barrier between Ti and stainless steel in dissimilar
welding [12]. Zhang et al. demonstrated that no Ti-Fe
intermetallic species were detected in the weld during
the pulsed laser welding of the Ti6Al4V alloy to
SUS301L stainless steel with a Nb sheet as the interlayer
[13]; in this case, diffusion and reaction between Ti and
Fe was effectively prevented. Therefore, investigating the
welding behavior of Nb with Ti is very important for
reducing the formation of intermetallic phases and over-
coming the physical and thermal property differences be-
tween dissimilar metals.

Compared with other welding processes, pulsed laser
welding is the most suitable approach for welding dissim-
ilar materials, because it allows more precise heat input
control and high accuracy of the energy input position
[14]. By judicious choice of the design variables, includ-
ing pulse shaping, pulse energy, pulse duration, pulse rep-
etition rate, and peak power, the incident laser energy and
the heating/cooling rates inside the melting pools can be
controlled [15]. Chen et al. examined the effect of pulse
profiles on the performance of laser-welded CP Ti to
stainless steel dissimilar joints; they found that stronger
welds with superior homogeneity and a complex fracture
mode were achieved when a ramp-down pulse profile was
used compared with the use of a normal rectangular pulse
profile [16]. When Nb was used as the interlayer to join
NiTi and Ti6Al4V, Oliveira et al. found that optimal re-
sults were achieved when the pulse laser was focused near
the Ti6Al4V-Nb interface. Ti6Al4V and the Nb sheet par-
tially melted, and fusion welding occurred at the
Ti6Al4V-Nb interface; a eutectic reaction was responsible
for joining the NiTi-Nb interface [17].

However, dissimilar metals within the molten pool did
not mix completely during the pulsed laser welding due to

the high thermal gradients and short thermal cycle. Islands
of Ti-rich and Nb-rich phases in the fusion zone (FZ) for
laser-welded pure niobium- and Ti6Al4V-welded joints
were observed by Torkamany et al., indicating a lack of
mixing of the two materials in the pool [18]. Moreover,
their experimental results demonstrated that a higher de-
gree of penetration into niobium was obtained when
Ti6Al4V absorbed the laser energy, which led to the dis-
solution of the niobium metal by the molten Ti6Al4V [19,
20]. However, the effect of welding parameters on the
weld morphology, the dilution and homogeneity of the
chemical composition in the FZ, as well as the micro-
structure and mechanical property of pulsed fiber laser-
welded pure niobium to Ti6Al4V with full penetration
has not yet been reported.

To this end, this work examines the butt-welding of pure
niobium to Ti6Al4Valloy using a pulsed fiber laser. The effect
of heat input on the weld quality of dissimilar materials with
different thermo-physical properties is investigated.

2 Experimental materials and methods

Annealed sheets (100 mm × 50 mm, 0.8 mm thickness) of
Ti6Al4V and Nb were autogenously laser beam welded
using an IPG YLS-4000 multi-mode fiber laser system.
This welding equipment has a maximum output of 4 kW
and a transmission fiber diameter of 0.2 mm, and the
focusing lens diameter and focal length are 50 and
150 mm, respectively. The chemical compositions and
microstructure of Ti6Al4V and the niobium base metal
are shown in Table 1 and Fig. 1, respectively. An optical
microstructure image of the Ti6Al4V alloy is depicted in
Fig. 1a, which is composed of equiaxed α phase and

Table 1 Chemical compositions of the Ti6A4V titanium alloy and Nb (wt%)

Ti Al V Nb Fe Ta N H O

Ti6Al4V Balance 5.5–6.8 3.5–4.5 – < 0.3 – < 0.04 < 0.015 < 0.15

Nb – – – Balance < 0.005 < 0.1 < 0.015 < 0.001 < 0.015

Fig. 1 Microstructure of the base
metals. a Ti6Al4Vand b niobium
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granular β phase microstructures. The microstructure of
the niobium alloy consists of equiaxed grains, as shown in
Fig. 1b.

A diagram of the pulsed laser welding process and its
associated welding parameters are presented in Fig. 2 and
Table 2, respectively. To obtain a good weld, cleaning the
materials before welding and using a shielding gas are
necessary during the welding process. The plates were
mechanically wire brushed, acid pickled in a HF solution,
and then cleaned with acetone prior to welding. In the
experiments, argon was used as the shielding gas to pro-
tect the FZ zone and the heat-affected zone (HAZ) from
air contamination. Figure 3 shows that the side-blowing
and back-shielding gas flows were delivered to the high-
temperature zone at flow rates of 25 and 17 L min−1,
respectively.

After welding, the welds were sectioned transverse to
the welding direction, mounted in a resin, and polished
mechanically. Since the weld was composed of two differ-
ent materials, a tailored two-step procedure for chemical
etching was designed. In the first step, the Ti6Al4V side
and fusion zone were etched with 3 mL HF + 5 mL
HNO3 + 100 mL H2O, and in the second step, the Nb side
was etched with 10 mL HF + 20 mL HNO3 + 10 mL H2O.
The macroscopic appearance and microstructure of the
welds were characterized using optical microscopy (OM)
and scanning electron microscopy (SEM). To study the
effect of heat input on the dilution and homogeneity of
the chemical composition in the FZ, energy dispersive
spectrometry (EDS) was performed on the transverse sec-
tions of the joints. Vickers microhardness measurements
were carried out on the transverse sections under a load

of 200 g with a dwelling time of 15 s. The dimensions of
the tensile test specimens are given in Fig. 4. Tensile test-
ing was carried out at room temperature on a universal
tensile test system with a constant drawing speed of
2 mm min−1.

3 Results and discussion

The heat input depends on the peak power, pulse duration,
pulse frequency, welding speed, and welding efficiency
during pulsed laser welding. The heat input (E) can be
calculated as shown in Eq. [1]:

E ¼ P � t � f
v

� η ð1Þ

where E is the heat input (J mm−1), P is the peak power
(kW), t is the pulse duration (ms), f is the pulse frequency
(Hz), v is the welding speed (mm s−1), and η is the
welding efficiency.

As the efficiency does not change for the samematerial and
welding process, η can be assumed as a constant value of
approximately 1. It is evident that the weld heat input in-
creases with increasing pulse duration for fixed values of peak
power, pulse frequency, and welding speed. The welding heat
input values used in this work are given in Table 2.

Fig. 2 Diagram of the laser welding process

Table 2 Welding parameters of laser beam welding

Peak
power/
kW

Welding
speed/
m min−1

Pulse
frequency/
Hz

Focal
position/
mm

Pulse
duration/
ms

Heat input/
J mm−1

1.5 1 50 1 5, 10, 15 22.5, 45.0,
67.5

Fig. 3 Schematic of the shielding gas device

Fig. 4 Schematic representation of the tensile specimen extraction (all
dimensions are in “mm”)
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3.1 Appearance of the weld joints

Figure 5 shows the top surface morphology of the laser-
welded Ti6Al4V/Nb dissimilar joints for different heat inputs.
When the heat input is low, the weld nugget boundaries are
especially clear and its shape is irregular, as shown in Fig. 5a,
b. When the heat input increases to 67.5 J mm−1, the weld
nugget boundaries become difficult to distinguish, indicating
that the degree of overlap in the weld nugget increases with
increasing heat input. This is caused by the increase of the
melt pool volume at high heat input.

Figure 6 shows the cross sections of the laser-welded
Ti6Al4V/Nb dissimilar joints for different heat inputs. As
seen, the FZ width increased with increasing heat input.
Figure 6 also shows some typical defects apparent in the
welded joint. Underfill defects on the top and bottom of
the weld transverse sections are visible for the welded
joints with heat inputs of 22.5 and 45 J mm−1, as shown
in Fig. 6a, b. However, underfill defects disappear when
the heat input is increased to 67.5 J mm−1. The heat-

affected zone at the Nb side of the laser welded
Ti6Al4V/Nb dissimilar joint is difficult to distinguish,
whereas its width on the Ti6Al4V side can be clearly
observed. As the heat input is increased, the width of
the heat-affected zone on the Ti6Al4V side increases sig-
nificantly, which may be caused by the low phase transi-
tion temperature and thermal conductivity of Ti6Al4V.
Moreover, an interesting phenomenon concerning forma-
tion of the melt pool can be observed in the Ti6Al4V/Nb

Fig. 6 Cross-sectional
morphologies of welded joints
with different heat inputs. a
22.5 J mm−1, b 45 J mm−1, and c
67.5 J mm−1

Fig. 5 Welded surface
morphologies with different heat
inputs. a 22.5 J mm−1, b
45 J mm−1, and c 67.5 J mm−1

Table 3 Comparison of thermo-physical properties of Ti6Al4V and
niobium alloys [18]

Material Melting
point
(°C)

Boiling
point
(°C)

Densitya

(g cm−3)
Specific
heata Cp

(J/(g·K))

Thermal
conductivitya

(W/(m·K))

Ti6Al4V 1655 3315 4.43 0.61 6.7

Nb 2468 4900 8.55 0.27 52

aMeasured at 20 °C

3940 Int J Adv Manuf Technol (2018) 94:3937–3947



dissimilar joints. Specifically, the FZ/Ti6Al4V interface is
tortuous, whereas the FZ/Nb interface is essentially
straight. This result suggests that there is a tendency for
the melt pool to be pulled irregularly into the Ti6Al4V
side during laser welding of the Ti6Al4V/Nb dissimilar
metals. As shown in Table 3, the melting point, boiling
point, and thermal conductivity of Ti6Al4V are consider-
ably lower than those of the Nb alloy. When the laser

beam was irradiated on the Ti6Al4V/Nb interface, the
laser energy received by the Ti6Al4V side is more than
that by the Nb side, resulting in asymmetric of the weld
pool formed at the Ti6Al4V/Nb interface. A similar non-
symmetrical weld pool has been reported by Torkamany
et al. in the pulsed laser beam welding of Ti6AlV and a
niobium alloy [18]. Even at relatively low magnification,
it is also observed that the FZ microstructure for the
welded joints with high heat input differs from the welded
joints with low and medium heat inputs.

3.2 Microstructure of the fusion zone with different heat
inputs

Figure 7 and Table 4 show the microstructure and corre-
sponding EDS analysis in the FZ of the joints welded at
E = 22.5 J mm−1, respectively. The microstructure in the
FZ is comprised of an island area and a dendritic zone;

Table 4 EDS analysis in the FZ of the joints welded with
E = 22.5 J mm−1

Atom percent/at.% Ti Al V Nb

A 63.64 11.56 2.33 22.47

B 77.21 10.48 3.09 9.22

C 79.08 10.43 2.85 7.64

D 64.40 11.50 2.46 21.64

Fig. 8 Binary phase diagrams of
a Ti/Nb and b Nb/V [20]

Fig. 7 Microstructures of FZ in
the joints welded with
E = 22.5 J mm−1
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the interface between these regions is obvious. According
to the EDS analysis, the Nb content is higher in the island
area than in the dendri t ic area, indicat ing that
macrosegregation would occur in the Ti6Al4V/Nb dissim-
ilar joint. Oliveira et al. discussed the mechanisms for the
formation of island areas with macrosegregation features
in the pulsed laser welding of super elastic NiTi and
CuAlMn shape memory alloys [21]. The formation of
island areas is related to the liquidus temperature of the
weld metal, and to the base materials and fluid flow of the
molten pool. Figure 8 shows a binary phase diagram of
the Ti/Nb and Nb/V alloys. As can be seen, no interme-
tallic compounds can form in a Ti/Nb and Nb/V dissimilar

metal [22]. Figure 9 shows a ternary Al-Ti-Nb phase dia-
gram, where the obtained phase is indicated [23].
According to this ternary phase diagram and the EDS
analysis, formation of intermetallic compounds between
niobium and aluminum in the melt pool is not plausible
in Ti6Al4V/Nb dissimilar joints; thus, the formation of
intermetallic species does not occur. According to the
Ti/Nb binary phase diagram, the melting point of mixed
(Ti, Nb) melted metal will increase as the Nb content
increases. Accordingly, the melting point of the cellular
dendritic structure is lower than that of the island area,
suggesting that the island area solidified earlier than the
cellular dendritic structure after the laser pulse ended.

Figure 10 and Table 5 show the microstructure and corre-
sponding EDS analysis in the FZ of the joints welded at
E = 45 J mm−1, respectively. The microstructure in the FZ of
these joints is very similar to the joints welded at
E = 22.5 J mm−1, except that the number of island areas in
the FZ of the joints welded at E = 45 J mm−1 is smaller than

Fig. 10 Microstructures of the
FZ in the joints welded with
E = 45 J mm−1

Table 5 EDS analysis in the FZ of the joints welded with
E = 45 J mm−1

Atom percent/at.% Ti Al V Nb

A 73.64 10.87 2.27 13.22

B 64.38 7.89 2.07 25.66

C 65.74 8.63 2.34 23.30

D 73.51 9.87 2.90 13.72

Fig. 9 Ternary Ti-Nb-Al phase diagram at 1150 °C [22]
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that in the FZ of the joints welded at E = 22.5 J mm−1. Tables 4
and 5 show that the Nb content in the dendritic zone in the
E = 45 J mm−1 welded joint is higher than that in the
E = 22.5 J mm−1 welded joint. Further, the difference in the
Nb content between the island area and the cellular dendritic
structure for the E = 45 J mm−1 welded joint decreased com-
pared with the E = 22.5 J mm−1 welded joint. When both
Ti6Al4V and pure Nb sheets were melted, the two materials
mixed with each other within the melting pool. As the heat
input increased, there was more time for the material to absorb
laser energy through keyholes on the Nb side [19]. Compared
with the joint welded at E = 22.5 J mm−1, more Nbwas melted
and Ti and Nb within the melting pool had more time to mix
for the welded joint at E = 45 J mm−1, resulting in a decreased
number of island areas and an increased Nb content in the FZ.

Figure 11 and Table 6 show the microstructure and corre-
sponding EDS analysis in the FZ of the joints welded at
E = 67.5 J mm−1, respectively. The microstructural character-
istics in the FZ of this welded joint differ from those at
E = 22.5 J mm−1 and E = 45 J mm−1. The microstructure in
the FZ near the Ti6Al4V side is comprised of an island area
and a dendritic zone, whereas the microstructure in the FZ
near the Nb side is comprised of a cellular structure within
an equiaxed crystal. As shown in Table 6, the Nb content
(at.%) of the FZ at positions A and D is greater than 75%,
whereas it is lower than 28% at positions B and C. According
to the Ti/Nb binary phase diagram, the microstructure at po-
sitions A and D is solid solutions of (β Ti, Nb), whereas the
microstructure at positions B and C is solid solutions of (α +β

Ti, Nb). When the heat input is less than 45 J mm−1, the
microstructure in the FZ for Ti6Al4V/Nb dissimilar joints
only includes solid solutions of (α + β Ti, Nb).

Figures 12, 13, and 14 present the SEM-EDS line-
scanning results of the welded joints with heat inputs of
22.5, 45, and 67.5 J mm−1, respectively. The distribution
of Ti, Al, V, and Nb along the selected line in the FZ is
heterogeneous, indicating a lack of Ti and Nb mixing
within the melting pool. The difference in composition
of dissimilar metals and the high heating and cooling
rates of the pulsed laser welding process contributed to
this lack of mixing. When the heat input is less than
45 J mm−1, the Nb content is less than the Ti content in
the molten pool. When heat input is 67.5 J mm−1, how-
ever, the Nb content is less than the Ti content in the
molten pool near the Ti6Al4V side, but the Nb content
is larger than the Ti content in the molten pool near the
Nb side. The elemental fluctuations of the welded joints

Fig. 11 Microstructures of the
FZ in the joints welded with
E = 67.5 J mm−1

Table 6 EDS analysis in the FZ of the joints welded with
E = 67.5 J mm−1

Atom percent/at.% Ti Al V Nb

A 20.17 3.05 0.88 75.90

B 61.58 8.27 2.01 28.14

C 65.36 8.53 2.18 23.93

D 11.54 1.44 6.14 80.88
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along the scan line proceed from largest to smallest as
E = 67.5, 22.5, and 45 J mm−1. This result indicates that
the heterogeneity of the elemental distribution is largest
for the E = 67.5 J mm−1 welded joint, followed by the
E = 22.5 J mm−1 and E = 45 J mm−1 welded joints.
Overall, these results may be related to convective flow
(i.e., the Marangoni effect), which is driven by tempera-
ture and surface tension gradients [24]. An increase in the
laser energy resulted in an increased melt pool convec-
t i on wi th in the fu s ion zone [25 ] . Hence , t he
E = 67.5 J mm−1 welded joint exhibits the largest ele-
mental distribution and microstructure heterogeneity.

Figure 15 shows the hardness distribution in the
middle of the cross sections of the pulsed laser-

welded Ti6Al4V/Nb dissimilar joints with different heat
inputs, where the average hardness of the FZ is shown
at the center. For each heat input, the relationship
among the microhardness values of the base metal,
HAZ, and FZ of the Ti6Al4V/Nb dissimilar joint fol-
lows the trend: Ti6Al4V sheet > FZ > Nb sheet. The
microhardness value of the Ti6Al4V sheet ranges from
approximately 310 to 330 HV, whereas it ranges from
approximately 80 to 100 HV for the Nb sheet.
Although the melting point of pure niobium is relative-
ly high, the hardness value of the Nb sheet after an-
nealing processes is very low [18]. As shown in
Fig. 15, the mean microhardness of the FZ decreases
slightly with increasing heat input. This trend can be

Fig. 13 SEM-EDS line-scanning
results of the joints welded with
E = 45 J mm−1

Fig. 14 SEM-EDS line-scanning
results of the joints welded with
E = 67.5 J mm−1

Fig. 12 SEM-EDS line-scanning
results of the joints welded with
E = 22.5 J mm−1
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understood in terms of the increasing Nb content in the
FZ for joints welded with high heat input. Fluctuations
of the hardness value along the longitudinal direction
are observed in the FZ for the Ti6Al4V/Nb dissimilar
joint, which may be related to the distribution of its
composition. Further, fluctuations of the hardness value
a l o n g t h e l o n g i t u d i n a l d i r e c t i o n f o r t h e
E = 67.5 J mm−1 welded joints are larger than the

E = 22.5 J mm−1 and E = 45 J mm−1 welded joints,
demonstrating that the E = 67.5 J mm−1 welded joint
exhibits the highest mechanical heterogeneity.

Figures 16 and 17 show the microstructure and microhard-
ness profiles in the island areas and dendritic zones for the
E = 45 J mm−1 and E = 67.5 J mm−1 welded joints, respec-
tively. For each heat input, the microhardness of the island
area is lower than that of the dendritic zone. According the
EDS analysis, the Nb content of the island area is greater than
that of the dendritic zone, leading to the difference in their
microstructures. Torkamany et al. have shown that zones con-
taining higher amounts of Ti6Al4V have larger hardness

Fig. 15 Microhardness profiles
of the weld cross-section for
various heat inputs. a
22.5 J mm−1, b 45 J mm−1, and c
67.5 J mm−1

Fig. 16 Microstructure and microhardness profiles of the E = 45 J mm−1

welded joints
Fig. 17 Microstructure and microhardness profiles of the
E = 67.5 J mm−1 welded joints
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values than those in regions with higher levels of Nb for
pulsed laser-welded Ti6Al4V/Nb dissimilar metals [18].

The results of the tensile tests of the laser beam welded
joints under different heat inputs are shown in Fig. 18. The
dissimilar joints were broken from the Nb base metal side for
the different heat inputs, and the tensile strength of the dissim-
ilar joints was ~ 250 MPa. Figure 19 shows the fracture mor-
phologies of the welded joints. As seen, ripple-shaped

microscopic patterns were observed on the fracture surface
of the welded joints, suggesting that the fracture occurs in a
pure shear manner. These experimental results indicate that
the strength of the FZ is higher than that of the Nb base metal,
and the dissimilar joints possess relatively high tensile
ductility.

4 Conclusions

1. As the heat input increases, the width of the heat-affected
zone at the Ti6Al4V side increased significantly and
underfill defects disappeared in the fusion zone (FZ).

2. No intermetallic compounds were formed in the FZ, but
composition segregation occurred in the Ti6Al4V/Nb dis-
similar joint.

3. Themicrostructure andmechanical heterogeneity in the FZ
of the welded joints increased with increasing heat input.

4. The microhardness of the island area was lower than that
of the dendritic zone for all dissimilar joints due to a
higher Nb content in the island area.

5. The joints fractured at the Nb base metal side during the
tensile tests, and the tensile strength of the welded joints
was ~ 250 MPa.

Fig. 19 Morphology of the
fracture surface of the tensile
specimens

Fig. 18 Tensile curves of welded joints with different heat inputs
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