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Abstract Challenges in dissimilar materials welding are
the differences of physical and chemical properties between
welding materials and the formation of intermetallic brittle
phases resulting in the degradation of mechanical properties
of welds. However, dissimilar materials welding is increas-
ingly demanded from the industry as it can effectively
reduce material costs and improve the design. In aerospace
applications, Ti-6Al-4V titanium alloy and Inconel 718
nickel alloy have been widely used because of their
superior corrosion resistance and mechanical properties. In
this study, a single-mode continuous-wave fibre laser was
used in butt welding of Ti-6Al-4V to Inconel 718.
Investigations including metallurgical and mechanical
examinations were carried out by means of varying
processing parameters, such as laser power, welding speed
and the laser beam offset position from the interface of the
metals. Simple analytical modelling analysis was undertak-
en to explain the phenomena that occurred in this process.
Results showed that the formation of intermetallic brittle
phases and welding defects could be effectively restricted at
welding conditions produced by the combination of higher
laser power, higher welding speed and shifting the laser
beam from the interface to the Inconel 718 alloy side. The
amount of heat input and position of laser beam to improve
the Ti-6Al1-4V/Inconel 718 weld quality are suggested.
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1 Introduction

Due to the excellent characteristics of good corrosion
resistance, higher strength and creep resistance, titanium
alloys like Ti-6Al-4V have been widely used in industry.
One of the biggest applications of Ti-6Al-4V alloy is in the
aerospace industries, for example as static and rotating
components in the turbine engines [1]. Meanwhile, Inconel
718 nickel alloy, a high-temperature material, is also
broadly used in the aerospace industries. Because of its
superior mechanical properties and oxidation resistance at
elevated temperatures, Inconel 718 is particularly suitable
for manufactured components in the high temperature
regions of aero engines and gas turbines [2, 3].

Today, the dissimilar materials welding process is
increasingly attracting more attention in industry because
it can reduce the material costs and improve the design
flexibility. However, the formation of brittle phases, cracks
and residual stresses still readily occur in a weld between
dissimilar materials because their differences in physical
and chemical properties, such as the melting and boiling
points, thermal conductivity, density and coefficient of
expansion [4]. A limited amount of systematic research in
this area has been carried out until now. They were welding
of aluminium alloy to steel [5]; aluminium alloy to titanium
alloy [6]; copper to steel [7]; titanium alloy to stainless steel
[8], dissimilar magnesium alloys [9] and dissimilar stainless
steels [10]. Schubert et al. [11] pointed out that controlling
the diffusion mechanism appropriately by applying a lower
heat input can reduce the formation of brittle intermetallic
phases in dissimilar materials welds. They obtained a better
weld with a combination of a higher laser power and a
higher welding speed in welding aluminium-steel and
aluminium-magnesium joints. Using a high-energy density
laser beam to restrict the amount of energy input was
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another suggested method to control the heat diffusion and
therefore minimise the thickness of the reactive interlayer
and avoid the formation of brittle intermetallic phases
especially in cases of welding steel-kovar, copper-steel and
copper-aluminium joints [12]. Regarding the issue of
different conductivities between welding materials, apply-
ing a backing block below welding samples has been
pointed out as a method to control the heat flow and
effectively suppress the thickness of the intermetallic layer
in welding of steel to aluminium alloy [13].

Considering welding titanium and its alloys to nickel and
its alloys: Seretsky and Ryba [14] used a Nd:YAG laser to
investigate spot welding Ti to Ni with and without TiNi
filler. Cracks and incompletely mixed liquids were ob-
served in the welds. Chatterjee et al. [15, 16] butt welded
Ti/Ni dissimilar materials using a CO, laser to investigate
the solidification microstructure. They found that an
asymmetric shape of weld, macrosegregation, and brittle
intermetallic compounds, Ti,Ni and TiNi3;, were readily
generated within the weld with macroscopic cracks.

In the past 10 years, fibre lasers have been improved and
developed intensively. Due to their advantages of good
beam quality, low cost of maintenance and compact size,
fibre lasers are suitable for most applications in laser
materials processing and have been considered to compli-
ment other types of laser systems, such as the Nd:YAG
lasers and the CO, lasers [17]. Nowadays, fibre lasers have
been increasing used in welding similar materials. For
instance, fibre laser welding of steels [18], aluminium alloy
[19, 20], stainless steel [21, 22], magnesium alloy [23, 24]
and titanium alloy [25, 26]. Nevertheless, less work has
been reported in this field related to fibre laser welding of
dissimilar materials, such as welding of carbon steel to
aluminium alloy [27] and titanium alloy to steel [28]. The
purpose of this study is to investigate the influence of
processing parameters on the weld quality in fibre laser
welding of Ti-6Al-4V and Inconel 718. The melt pool shapes
are modelled analytically using a two-dimensional model.

2 Experimental investigation

Sheets of Ti-6Al-4V and Inconel 718 with 2 mm thickness
were laser butt welded together by a single mode fibre laser
operating in the continuous wave mode. The chemical
compositions and physical properties of these two materials
are shown in Tables 1, 2 and Fig. 1, respectively.

Figure 2a shows the full setup of this experiment. An
IPG 1 kW fibre laser with an emission wavelength of
1,070 nm was used. The spot diameter of the focused laser
beam was approximately 72 pm with a Gaussian intensity
distribution. During welding, argon was supplied co-axially
and laterally as the shielding gas. Both Ti-6Al-4V and
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Table 1 Chemical composition (wt.%) of Ti-6Al-4V and Inconel 718
[29, 30]

Ti-6Al-4V Inconel 718

Fe 0.40? Balance

Al 5.5-6.75 0.20-0.80
\% 3.5-4.5 -

Cr - 17.2-21.0
Nb+Ta - 4.75-5.50
Mo - 2.80-3.30
Ti Balance 0.65-1.12
Ni - 50.0-55.0

# The maximum limit

Inconel 718 samples for welding were 25x50%2 mm, as
shown in Fig. 2b. The surface roughness of Ti-6Al-4V and
Inconel 718 samples were, approximately, 4.66 and
4.36 Ra, respectively. Before welding, each sample was
cleaned with acetone. The focal position of the laser beam
was set at the top surface of the plates in this study.

A series of experiments was carried out to investigate the
correlation of laser power, welding speed and the offset of
the laser beam from the interface with the weld quality of
full penetration welds. In Table 3, the one variable at a time
method was used. Each trail was conducted a total of three
times to ensure repeatability. Firstly, four levels of the laser
power, 700, 800, 900 and 1,000 W, were tested at a fixed
welding speed when the laser beam was positioned on the
interface of samples to investigate the influence of the laser
power on the weld quality. Next, a study of the effect of
welding speed was carried out by using different welding
speeds, 60, 80 and 100 mm/s at a fixed laser power of
1000 W. In the final experiment, three different offset
positions of the laser beam—on the interface of samples,
offset from the interface of samples to the Ti-6Al-4 V side
35 wm and offset from the interface of samples to the
Inconel 718 side 35 um—were tested while other param-
eters were kept constant to find the relation between the
laser beam offset position and the weld quality.

After welding, all samples were sectioned across the
weld, mounted in conductive resin, polished with diamond
abrasives to 1 wm surface finish and etched with Krolls
reagent for further examination. The weld bead shape
including the weld width and depth were measured using
optical microscopy with a personal computer running
Solution DT software as shown in Fig. 3. The mean
diameter of porosity and length of crack in welds were also
observed and calculated from the cross-section of welds by
optical microscopy. Microstucture and phenomena of
microsegregation within welds were observed by means
of optical microscopy and scanning electron microscopy
equipped with backscattered electron imaging and energy
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Table 2 Physical properties of
Ti-6Al-4V and inconel 718

Ti-6Al-4V [31, 33]

Inconel 718 [32, 34]

Hardness (Hv)
Melting point (°C)
Boiling point (°C)
Density (g/cm)
Specific heat (J/kg °C)

Coefficient of expansion (107° °C™"

Latent heat (kJ/kg)

Solidus temperature (°C)
Liquidus temperature (°C)
Thermal conductivity (W/m°C)
at 20°C

at ~T,,/2

Thermal diffusivity (m*/s)

at 20°C

at ~T,/2

353 404
1,655 1,260-1,336
3,315 2,917

4.42 8.91

610 435

8.0 13.0

290 272

1,605 1,260

1,655 1,336

5.8 11.4

17.5 21.3
2.15%10°° 2.94x10°°
6.49x10°° 5.50x10°°

dispersive spectrometry. Profiles of microhardness includ-
ing the base metals and the weld were tested using a
Vickers microhardness machine with a 100 g load for 10 s.
Figure 3 schematically illustrates evaluations of the weld
dimension and the hardness distribution.

3 Experimental results
3.1 The weld geometry

As shown in Fig. 4, each full penetration weld has near-
parallel sides under all the values of the laser power,
welding speed and the laser beam offset position used in the
experiments. In each case, the weld profile on the Ti-6Al-
4V side is straighter than on the Inconel 718 side. The weld
geometries were obvious different between three different
laser beam offset positions when laser power and welding
speed were 800 W and 100 mm/s as shown in Fig. 4a, b and c,
respectively. The weld with a bigger fusion zone was

obtained when the laser beam was positioned on the Inconel
718 side, as shown in Fig. 4c. Meanwhile, in Fig. 4b, the
weld with a clear undercut and a smaller fusion zone was
obtained when the laser beam was positioned on the Ti-6Al-

4V side.

Cooling
system

—— K (Ti-BAL-4V) —-—- Cp (Ti-6AI-4V)
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Fig. 1 Material properties of Ti-6Al-4V [31] and Inconel 718 [35]
(Cp and k mean specific heat and thermal conductivity, respectively)
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Fig. 2 Setup for the fibre laser welding of dissimilar materials process:
(a) diagram of the full setup, (b) illustration of the clamped system

@ Springer



Int J Adv Manuf Technol

Table 3 Experimental matrix

Welding speed (mm/s) Laser power (W)

60 700, 1,000°
80 700, 800, 900°, 1,000°
100 700, 800°, 900, 1,000°

® Three different laser beam offset positions—on the interface, offset from
the interface to the Ti-6Al-4V side 35 um and offset from the interface to
the Inconel 718 side 35 pm—were carried out individually with these
combinations of welding parameters

When the laser beam was positioned on the interface of
samples, the relationship between the weld geometry, welding
speed and laser power was shown in Fig. 5. When welding
speed was kept at 80 and 100 mm/s, results show that, in
both cases, the weld width randomly varied when laser
power increased from 700 to 1,000 W as shown in Fig. 5a.
Meanwhile, the influence of welding speed on the weld
width with the constant laser power of 1,000 W was shown
in Fig. 5b. The weld width decreased from 564 to 351 pum
when welding speed was increased from 60 to 100 mm/s.

The relationship between the laser beam offset position
and the weld width is shown in Fig. 6. When the laser
power and welding speed were 900 W and 80 mm/s,
respectively, a wider weld width of 603 um was obtained
when the laser beam was positioned on the interface.
Meanwhile, the weld width with the laser beam offset to the
Ti-6Al-4V side and the Inconel 718 side was around 495
and 458 um, respectively. When laser power increased to
1,000 W, a narrower weld was found when the laser beam
was positioned on the interface. A slightly wider weld was
obtained when the laser beam was offset to the Ti-6Al-4V
side.

3.2 The weld defects

The relationship between the formation of porosity, laser
power, welding speed and the laser beam offset position is
shown in Fig. 7. Porosity was produced at a wide range of
parameter combinations, as shown in Fig. 7. The offset
position of the laser beam probably was not the main factor
to determine the formation of porosity. The diameter of

Weld width

Inconel 718 \

N\

[ ]Fusion zone

Fig. 3 Schematic diagram of the weld dimension and hardness tests

Weld depth
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Inconel 718 Ti-6Al1-4V

Porosity

Fig. 4 Macrostructure of cross sections produced at 800 W and
100 mm/s when the laser beam was (a) positioned on the interface, (b)
offset on the Ti-6Al-4V side, (c) offset on the Inconel 718 side

micro-porosities observed from this work ranged from 15 to
172 um. Figure 8 shows the relationship between the
formation of crack, laser power, welding speed and the laser
beam offset position. Cracks were produced at a wide range
of parameter combinations as shown in Fig. 8. However,
crack-free welds were more readily obtained at a higher laser
power and a higher welding speed. As previously, the offset
position of the laser beam was not a key factor to influence
the formation of crack in the weld. The mean crack length in
each weld was between 63 and 663 pum.



Int J Adv Manuf Technol

800+ A 80 mm/s
@ 100 mm/s
600 l }
E i i
£ 400 n <} !
g
s 4 3
K]
[} J
S 200
700 750 800 850 900 950 1000
Laser power (W)
800 (a)
600 l
€ 1
2 i
< 400 1
3
g A
kel
()]
= 200+
0 T T T

60 70 8 90 100
Welding speed (mm/s)

(b)

Fig. 5 Relationship between the weld width of full penetration welds
and a different laser powers; b different welding speeds at a constant
laser power of 1,000 W. (The laser beam was positioned on the
interface of the welding materials)

3.3 Hardness distribution of the weld

Figure 9a shows the relationship between hardness distri-
butions and laser power when the laser beam was
positioned on the interface. It indicates that higher
hardnesses occurred near the fusion zone in comparison
with the parent materials. No clear trend was found
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The laser beam offset position (Lm)

Fig. 6 Relationship between the weld widths and the laser beam
offset position when welding speed was kept at 80 mm/s
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Fig. 7 Relationship between the formation of porosity, laser power,
welding speed and the laser beam offset position. (Centre, Ti side and
Ni side mean the laser beam was positioned on the interface, offset to
the Ti-6Al-4 V side and offset to the Inconel 718 side, respectively)

between laser power and hardness variations. When laser
power and the laser beam offset position were 700 W and
on the interface, respectively, the influence of welding
speed on hardness variations is shown in Fig. 9b. Results
show that less hardness variations between the fusion zone
and parent metals was obtained with the welding speed of
60 mm/s while more significant hardness variations were
found at a higher welding speed of 80 or 100 mm/s.

Figure 10 displays the relationship between the laser
beam offset position and hardness variations when laser
power and welding speed were 900 W and 80 mm/s,
respectively. Hardness variations near the fusion zone were
clear when the laser beam were positioned on the interface
or offset to the Ti-6Al-4V side as shown in Fig. 10a and b,
respectively. On the other hand, in Fig. 10c, the hardness
variation near the fusion zone was minimal when the laser
beam was offset to the Inconel 718 side.

3.4 Microsegregation of the weld

Welds produced at different welding conditions are shown
in Fig. 11. Figure 1la is a partial cross-sectioned area

1200 [0 Crack free (Centre) x Crack (Centre)
] O Crack free (Tiside}) + Crack (Ti side)
&\ Crack free (Niside) O Crack (Ni side)
1000+ ® o fis
g 8 ©
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Fig. 8 Relationship between the formation of crack, laser power,
welding speed and the laser beam offset position. (Centre, Ti side and
Ni side mean the laser beam was positioned on the interface, offset to
the Ti-6Al-4 V side and offset to the Inconel 718 side, respectively)
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Fig. 9 Hardness distributions of welds produced at a the constant
welding speed of 80 mm/s; b the constant laser power of 700 W

observed under an optical microscope when welding
conditions were 800 W, 60 mm/s and the laser beam was
offset on the Inconel 718 side. It is likely that vortices
occurred in the weld producing different microstructures.
Hardness and chemical compositions of points A-G are
tabulated in Tables 4 and 5, respectively. Higher hardnesses
were obtained at points B, F and G. According to the Ni-Ti
phase diagram [36] and their chemical compositions in
Table 5, points B and G could be identified as the TiNi;
phase. Meanwhile, point D with 8§14.1 Hv was classified as
the TiNi phase and point A (263.5 Hv) and point E
(375.4 Hv) are the hardness of unwelded Ti-6Al-4V and
Inconel 718, respectively.

When welding conditions were 700 W, 80 mm/s and the
laser beam was offset on the Ti-6Al-4V side, a back-
scattered electron image near the top area of weld was taken
and is shown in Fig. 11b. Because atomic number of Ni is
higher than Ti, Ti-6Al-4V and Inconel 718 can be easily
identified as the black and grey colour, respectively, in
Fig. 11b. Several metal mixes were found within the weld.
The molten material near the Ti-6Al-4V side was under-
standably richer in this alloy than that near the Inconel 718
side and clear vortices were found in the weld. Hardness at

@ Springer

800 - ;
600- % P
z ;
84004 4 - a A
(V) T A 4 A |
C n '
E ’ A A
£ 200 - A S 4
0 Inconel 718 Ti-6Al-4V
-06 -04 -02 00 0.2 0.4 0.6
Distance from the centre of fusion zone (mm)
(@)
800 1 ;
600 | %
=
£ $
@ 400 - :
@ :
8 3 294 3K B
B
©
T 2001
0 Inconel 718 Ti-6Al-4V
-06 -04 -02 00 0.2 0.4 0.6
Distance from the centre of fusion zone (mm)
()
800 -
600 -
=
==
400 1 ;
£ 608, o
S 960062980090
T 200 !
Inconel 718 Ti-6Al-4V

0 T T T T T )
-06 -04 -02 00 0.2 0.4 0.6
Distance from the centre of fusion zone (mm)

©

Fig. 10 Hardness distributions of welds produced at different laser
beam offset positions when laser power and welding speed were
900 W and 80 mm/s, respectively, a on the interface, b offset to the
Ti-6Al-4V side, ¢ offset to the Inconel 718 side

points H-M is listed in Table 4. A high hardness of
389.2 Hv occurred at point 1.

4 Discussion

Usually, the formation of cracking can be discussed in
terms of metallurgical and mechanical factors and previous
research [15, 16] has highlighted two factors that could
influence the formation of cracks within a Ti/Ni or Ti alloy/
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Inconel 718 Ti-6Al-4V

100 pm

Ti-6Al-4V

" (b)

Fig. 11 Microsegregation of Ti-6Al-4V/Inconel 718 welds produced
at a 800 W, 60 mm/s and the laser beam was offset to the Inconel 718
side (optical microscope image), b 700 W, 80 mm/s and the laser
beam was offset to the Ti-6Al-4 V side; SEM backscattered electron
image

Ni alloy weld. Firstly, two intermetallic brittle phases, Ti,Ni
and TiNiz, which are readily produced within the weld
during welding of a titanium alloy and a nickel alloy, can
increase the susceptibility to failure at relatively low
stresses. Secondly, the large differences of thermo-
physical properties between Ti-6Al-4V and Inconel 718
can generate the stresses that actually cause the formation
of cracks within the weld.

In order to clearly realise the relevance between
processing parameters and the weld quality particularly in
the formation of intermetallic brittle phases and cracks in
welds, a simple two-dimensional analytical model was
developed and compared with the experimental results. The
model focuses on the relationships between laser power,
welding speed, the laser beam offset position and the melt

Table 4 Hardness of points A-M in Fig. 9

Hardness (Hv)

263.5
889.0
319.1
814.1
375.4
906.2
909.1
251.2
389.2
344.7
353.0
367.0
368.6

ZERS—"IZIQoTmMmUAaw»>

pool properties and behaviours, including the melt area,
melt ratio and cooling rate.

4.1 Analytical model for welding dissimilar materials

The thermal distribution in both Ti-6Al-4V and Inconel 718
welding plates were modelled individually according to
Rosenthal’s equation for two dimensional flow of heat [37]
as shown in Eq. 1:

/!

T(x.y) = To = 5" Ko () (1)
where T{(x, y) is the temperature at point (x, y; °C), T is the
original sample temperature (20°C), ¢ is the rate of heat per
unit length (W/m), k is the thermal conductivity (W/m °C),
M is the thermal diffusivity (m?*/s), v is welding speed (m/s),
Ky is the modified Bessel function of the second kind and
zero order, and 7 = (x2 +?)'/” is the distance from the heat
source (m). In order to increase the precision of modelling
results, values of thermal conductivity and thermal diffu-
sivity at around half of the melting point of each material
are used, as shown in Table 2 and Fig. 3. Heat transfer
across the interface of the two welding materials is ignored
at this stage. From results of the thermal distribution, the
melt pool size is defined according to the melt points of
Ti-6A1-4V (1,655°C) and Inconel 718 (1,260°C) as shown
in Fig. 12a and b. In Fig. 12a, on the Ti-6Al-4V side, the
melt pool width, the melt pool length in the forward direction
and the melt pool length in the rear direction are presented as
Wi, Ly and Loy, respectively. Meanwhile, in Fig. 12b, Wy;,
Lini and Loy are the melt pool width, the melt pool length in
the forward direction and the melt pool length in the rear
direction on the Inconel 718 side, respectively.

The Ti-6Al-4V and Inconel 718 melt pools are then
taken as ellipses; one ellipse represents the area in front of

@ Springer
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Table 5 Chemical composition (wt.%) of points A-G in Fig. 9a

A B C D E F G
Ti - 19.12 7.78 55.42 90.29 33.40 20.85
Al - - - - 5.50 2.31 -
\% - - - 3.50 4.21
Ni 55.27 44.39 50.62 25.05 - 35.06 45.59
Cr 21.36 17.23 18.72 6.00 - 12.72 18.26
Nb - 4.84 4.72 - - -
Fe 17.42 14.42 16.18 7.28 - 11.23 15.30
Hg 5.95 - - - - 5.28 -
S - - 1.98 - - -
Tm - - - 3.74 - - -
Phase Inconel 718 TiNis Inconel 718 TiNi Ti-6Al-4 V Unknown TiNis
the beam axis and one is the area behind the beam axis. The
mean length of the separate melt pools in the forward and
v rear directions is L; = (L”’;—L”’) and L, = WL;“’), respec-
A tively. This is taken as the length of the combined pool. The
THEAI-4V melt pool is described in Egs. 2a-2d and Fig. 12c:
On the Ti-6Al-4 V side (y>0):
/, \ W, 2 2
X
fc > X Forx>0: —+%:1 (2a)
! \‘\ Lomi Lii Ti
2 2
X Y
(a) Forx<O0: —+ =5 =1 2b
Y Ly* W3 (26)
r 3
On the Inconel 718 side (y<0):
i [~ 2 P
- X
-7 N Forx>0: —+ =1 2¢
L, Loni Lini L? WI%Ii (2¢)
— X
Wy, X2
" Forx<0: 2—1—)}22 =1 (2d)
W
Inconel 718 Ni
(b) After that, the melt pool area (mm?), the melt ratio and
v the cooling rate of the melt pool (°C/mm) [38] are
' 4 calculated as shown in Egs. 3, 4, 5, respectively.
THeAI-4V The melt pool area:
Wr(Li + L Wyi(Ly + L
Wy, \ Meltpoolarea:lr>< il + 2)+”X il + o) (3)
> X 4 4
WNI /
The melt ratio:
L, L4
. Vi X Wni(L1+Ly) X
Inconel 718 Melt ratio = - = p = (4a)
(C) Vi ﬂXWT,(LHrLz) X tri

Fig. 12 Schematic diagram of the melt pool calculated according
to Rosenthal’s equation with characteristic dimensions shown: a the
Ti-6Al-4V side, b the Inconel 718 side ¢ the melt pool curve in laser
dissimilar materials welding
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where, Vi, Vri, tni and t1; mean the melt volume in the
Inconel 718 side and Ti-6Al-4 V side, and the thickness of
the Inconel 718 and Ti-6Al-4 V plates, respectively. Due to
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the same thickness of the Ti-6Al-4 V and Inconel 718
plates, Eq. 4a can be rewritten to Eq. 4b.

Melt ratio =

i (4b)

Ti

According to Hofmeister et al. [31], the cooling rate of a
melt pool at the conductive cooling is related to the length

of the pool by an expression of the form as shown in Eq. 5.

The cooling rate (7):
Log (].") = -2 xlog(L; + L) +3 (5)

From the models it can be seen that when laser power
and welding speed are kept at 1,000 W and 80 mm/s, a
longer and bigger melt pool is obtained when the laser
beam is offset to the Inconel 718 side as shown in Fig. 13a.
Similar lengths of melt pool are obtained whether the laser
beam is positioned on the interface or offset to the Ti-6Al-
4V side. The melt area in the Inconel 718 side is slightly
wider than in the Ti-6Al-4V side when the laser beam is
positioned on the interface. A bigger melt area is found in
the Ti-6Al-4V side when the laser beam is offset to the Ti-
6Al-4V side. Similar trends are observed when welding

speed increases from 80 to 100 mmy/s, as shown in Fig. 13b.

on the interface
----- on the Ti-6AI-4V side
- 0N the Inconel 718 side

1 Ti-6AlI-av

o,

Distance from the interface (mm)
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(a)
0.6 1 on the interface
----- on the Ti-6Al-4V side
044 - 0N the Inconel 718 side
Ti-6Al-4V

Distance from the interface (mm)
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Distance from the centre of laser beam (mm)

(b)

Fig. 13 The melt pool curves in fibre laser welding of Ti-6Al-4V to
Inconel 718 obtained at three different laser beam offset positions with
laser power of 1,000 W and welding speed of a 80 mm/s, b 100 mm/s

Relationships between the formation of cracks and the
melt pool behaviours including the melt pool area, the melt
ratio and the cooling rate are shown in Table 6 and Fig. 14.
The cooling rate increases as the melt pool area decreases.
There is a higher possibility to produce crack-free welds
when the melt pool area and the cooling rate are in the
range of 0.45~0.95 mm? and 1,142~3.423°C/sec, respec-
tively. Welds with crack readily occur when the heat input
is higher than 16 J/mm or lower than 9 J/mm. Crack-free
welds with the smaller melt ratio (symbol “0”’) are observed
within a very small processing window (the melt pool area
and the cooling rate are around 0.44~0.59 mm® and
1,946~2,930°C/sec, respectively).

4.2 Discussion on experimental results

The amount of heat input can determine the degree of
dilution and chemical composition in the weld [39]. It also
determines the cooling rate, which is inversely proportional
to the square of the melt pool length [38]. Thermal strains
caused by high cooling rates can increase the crack
initiation rate, but a higher thermal gradient resulting in a
rapid cooling rate in the weld can also reduce the grain size
to increase solidification crack resistance [40]. Additionally,
a rapid cooling rate may induce non-equilibrium solidifica-
tion in the weld and thus amount of segregation in the
solidified pool [12, 41]. Modelled results (Fig. 14) indicate
that crack-free welds were produced at a wide range of
cooling rates so together these effects do not seem to be
dominant in determining if cracking will occur in the fibre
laser welding of Ti-6Al-4V to Inconel 718 process.

The melting ratio of fused materials is another important
factor that determines the formation of defects in dissimilar
materials welds [12]. Producing a bond similar to a brazed
joint, by melting one material to induce another one to
melt, has been suggested as a method to avoid the
formation of intermetallic phases within the weld [4].
Perhaps because of this mechanism, the majority of the
crack-free welds were produced at a higher melt ratio in
Table 6 and Fig. 14. It is possible that when the beam was
positioned on the Inconel 718 side, the lower melting point
and higher thermal conductivity of Inconel 718 meant the
heat could dissipate more quickly resulting in the lower
thermal gradient and a wider fusion zone (Fig. 4c) than
when on the Ti-6Al1-4V side. Accordingly, the influence of
the Marangoni forces on the melt pool surface could be
less when the laser beam was positioned on the Inconel
718 side. For these reasons, the smaller hardness variation
that occurred (Fig. 10c) indicates less formation of Ti-Ni
intermetallics, which can increase strength and hardness
but decrease ductility. Due to Ti-6Al-4V having a lower
thermal conductivity than Inconel 718, when the laser
beam was offset to the Ti-6Al-4V side, more heat could
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Table 6 Detailed values from the analytical modelling with different welding parameters

Speed Power Laser beam Heat input Melt pool area Melt Cooling rate The formation of
(mm/s) W) position® (J/mm) (mm?) ratio (°C/sec) crack

60 700 Centre 11.67 0.39 1.27 4,625.16 Crack

60 1,000 Ti side 16.67 0.95 0.70 1,021.69 Crack

60 1,000 Centre 16.67 1.05 1.60 1,061.33 Crack

60 1,000 Ni side 16.67 1.35 3.60 689.49 Crack

80 700 Centre 8.75 0.21 1.26 9,268.46 Crack

80 800 Centre 10.00 0.30 1.46 5,405.81 Crack-free
80 900 Ti side 11.25 0.44 0.55 2,930.67 Crack-free
80 900 Centre 11.25 0.46 1.25 3,139.48 Crack-free
80 900 Ni side 11.25 0.59 2.98 1,860.01 Crack-free
80 1,000 Ti side 12.50 0.59 0.56 1,946.53 Crack-free
80 1,000 Centre 12.50 0.64 1.24 1,983.89 Crack-free
80 1,000 Ni side 12.50 0.83 2.76 1,142.71 Crack-free
100 700 Centre 7.00 0.16 1.24 1,0711.01 Crack-free
100 800 Centre 8.00 0.21 1.21 7,800.86 Crack-free
100 800 Ti side 8.00 0.22 0.50 6,055.21 Crack

100 800 Ni side 8.00 0.24 4.16 5,267.95 Crack

100 900 Centre 9.00 0.29 1.26 5,077.40 Crack-free
100 1,000 Centre 10.00 0.39 1.30 3,423.88 Crack-free
100 1,000 Ni side 10.00 0.51 2.85 1,933.88 Crack-free

€ Centre, Ti side and Ni side mean the laser beam was positioned on the interface, offset to the Ti-6Al-4 V side and offset to the Inconel 718 side,

respectively

accumulate in the Ti-6Al-4V side. This could have caused
a narrower fusion zone (Fig. 4b), a higher thermal gradient
and hence a strong Marangoni fluid flow, assisting the
formation of the brittle intermetallic phases and increasing
hardness variations, as indicated in Fig. 10b.

For optimum properties, it is important to avoid the
formation of these intermetallic phases in the welds [42,
43]. In this case, it is possible to achieve this by
appropriately restricting the size and extent of the melt
pool and the solidification time. When the laser beam is
offset to the Inconel 718 side, the significant reduction of
the melt area in the Ti-6Al-4V side and the wider melt area

Lower heatinput | @ Crack ( melt ratio < 0.6)
— (=9 Jimm) A Crack ( melt ratio > 0.6)
L © Crack-free ( melt ratio < 0.6)
T 10000 "—“‘ A Crack-free ( melt ratio >0.6)
"
O
-‘; 8000 4 o Crack-free zone
2 ] ¢
é‘ 6000 " A . / Higher heat input
g 4000{ (. (S48 W)
o VB '
20004~ L ABAT - \ :
o ; Sell AT A N
0.0 03 06 0.9 12 15

Melt pool area (mm°)

Fig. 14 Relationship between the formation of crack, the melt pool
area, melt ratio and cooling rate

@ Springer

in the Inconel 718 side (Fig. 13) may cause less vigorous
convective flow in the molten zone around the keyhole,
avoiding the formation of intermetallic phases in the weld
because most of heat input can be lost quickly on the
Inconel 718 side before enough heat is transferred into the
Ti-6Al-4V side to induce severe microsegregation [44].

Crack-free welds were also readily observed at higher
welding speed, as shown in Fig. 8. Although higher speed
is normally related to higher cooling rate, any direct
relation between cracking and cooling rate has already
been considered. It is therefore likely that other factors
apart from cooling rate and intermetallic formation played
a secondary role in determining the final state of a weld.
Melt pool geometry (elongation at higher speeds), keyhole
geometry and stability effects and slight difference beam
absorption at different traverse velocities may have
contributed.

5 Conclusions

The effects of three processing parameters, laser power,
welding speed and offset distance of the laser beam from
the interface, were investigated individually during fibre
laser welding of Ti-6Al-4V to Inconel 718. Experimental
results indicated that when welding 2 mm thick sheets of
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Ti-6Al-4V to Inconel 718 with an IPG 1 kW fibre laser,
crack-free welds could be readily obtained by a higher laser
power and welding speed. A better quality weld with less
hardness variations and less chance of cracks can be
generated by offsetting the laser beam approximately
35 um from the interface to the Inconel 718 side and using
a combination of a higher laser power and a higher welding
speed. This is attributed to this method suppressing the
formation of Ti-Ni intermetallic brittle phases.

Acknowledgement The UK Engineering and Physical Sciences Re-
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allowed the purchase of the single mode, high-power fibre laser used here.
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