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a b s t r a c t

Experiments of laser welding cast nickel-based superalloy K418 were conducted. Microstruc-

ture of the welded seam was characterized by optical microscopy (OM), scanning electron

microscopy (SEM), X-ray diffraction (XRD), and energy dispersive spectrometer (EDS).

Mechanical properties of the welded seam were evaluated by microhardness. The corre-

sponding mechanisms were discussed in detail. Results show that the laser welded seam

have non-equilibrium solidified microstructures consisting of Cr–Ni–Fe–C austenite solid

solution dendrites as the dominant and some fine and dispersed Ni3(Al,Ti) �′ phase as well

as little amount of MC needle carbides and particles enriched in Nb, Ti and Mo distributed

in the interdendritic regions, cracks originated from the liquation of the low melting points
Needle carbides

Cracks

eutectics in the HAZ grain boundary are observed, the average microhardness of the welded

seam and HAZ is higher than that of the base metal due to alloy elements’ redistribution of

the strengthening phase �′.
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capability to weld without filler materials and it offers dis-
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. Introduction

418 is a precipitation-strengthened nickel-based superalloy
hich is widely used in hot sections of gas turbine engines
ue to its excellent elevated temperature strength and supe-
ior hot corrosion resistance. Unfortunately, the processing of
uperalloys can be problematic in practice, because of the lack
f ductility displayed. This is especially applicable to welding,
ne of the most important manufacturing processes, partic-
larly for parts in the combustor and compressor sections. It
erives its high-temperature strength primarily from precip-

tation hardening by Ni3(Al,Ti) �′ phase. The alloy, like other
′ precipitation hardening alloy with total Al and Ti more
han 6 wt%, is high susceptible to microfissuring on welding

Minlin et al., 2005). For the reason, electronic-beam welding
r friction welding has been used traditionally for the welding
f components in the gas turbine sector. But the electronic-
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beam welding process needs vacuum chamber and produces
harmful X-rays. On the other hand, the prospect of totally
encompassing huge components in a vacuum canopy in order
to effect the welding is not practicable. As for the friction weld-
ing, low stress destruction are often occurred and welding
defects are observed near the fusion zone usually and results
in lower production efficiency (Du et al., 2003, 2004).

Laser welding is a high-energy density, low heat-input
process with specific advantages over conventional fusion
welding processes. These include high welding speed, narrow
heat-affected zone, and low distortion, ease of automation,
single-pass thick section capability and enhanced design flex-
ibility. One of the many features of laser welding is the
tinct advantages (Sun and Ion, 1995; Sun and Kuo, 1999;
Wang et al., 2000; Mai and Spowage, 2004). Laser welding has
recently received growing attention due to its special features
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Table 1 – Chemical composition of K418 (wt.%)

C 0.08–0.16
Cr 11.5–13.5
Mo 3.8–4.8
Nb 1.8–2.5
Al 5.5–6.4
Ti 0.5–1.0
Zr 0.06–0.15
B 0.008–0.020
Mn ≤0.50
Si ≤0.50
P ≤0.015
S ≤0.010
Fe ≤1.0

metal and HAZ are 4919 and 6861 �m2, respectively.
Fig. 4 shows the OM micrographs of the welded seam.

Fig. 4a and b represents the microstructures of interface
between welded seam and heat affected region and center of
Pb ≤0.001
Bi ≤0.0001
Ni Bal.

and potential. In terms of weldability for metallic materials,
Nd:YAG laser has various advantages, such as a high-energy
absorption rate due to a low reflectivity, a high welding speed,
and a low residual stress compared to CO2 laser, so the appli-
cation of Nd:YAG laser to weld metallic materials is steadily
being increased, it has been widely implemented in indus-
trial applications, e.g. in the automotive industry (Kuo and Lin,
2006). But presently, little work has been carried out to inves-
tigate on fusion region microstructure and welding defect of
laser welding K418. In the paper, 5 mm thickness K418 is butt
welding by Nd:YAG laser. Microstructure and hot crack mech-
anism of joint are investigated.

2. Experimental procedures

The material used was cast K418 nickel-based superalloy with
thickness 5 mm. The chemical composition is given in Table 1.
Before welding, any oxide layers and contamination were
removed from the surfaces of the components, especially the
surfaces needed welding were cleaned with acetone and then
dried. Fifteen litres per minute flow of high purity argon gas
was passed through the molten pool from both top and lat-
eral sides to provide a protective environment for the sake of
avoiding the reaction between the molten metals and ambient
air and blow away plasma on the welded specimen surface.

Experiments of laser welding K418 were conducted on a
3 kW Nd:YAG laser materials processing systems with five-
axes computer-numerical-controlled (CNC) working station
without any filler metal. The employed parameters that could
cause much crack in fusion region and heat-affected region
were based on our previous work. The parameter is laser out-
put power 3 kW, the welding velocity 15 mm/s and the defocus
distance −1 mm. The whole laser welding system is illustrated
in Fig. 1. After welding, no post-weld heat treatments were
performed.

Metallographic samples were machined by electric dis-
charging cutting, followed by mechanical milling and grinding
to acquire the testing surface with roughness of 0.8 �m

from the slight rough as-laser welding specimens. Metallo-
graphic samples of the base metals and the welded seam
were prepared using standard mechanical polishing proce-
dures and were etched in HCl:HNO3 solution in volume ratio
Fig. 1 – Schematic diagram of the experiment setup.

of 3:1. Microstructure of the welding seam was character-
ized by NephotIIoptical microscopy (OM), JSM-5800 scanning
electron microscopy (SEM) equipped with LinkISIS S-530
energy-dispersive spectrometer (EDS). A D/max-rB high power
multi-crystal X-ray diffractometer (XRD) was used for phase
identification. The recorded intensities and peak positions
were compared with Joint Committee on Powder Diffraction
Standards (JCPDS) data. The hardness along the transverse
direction of the welded seam was measured by an automatic
microhardness tester (HXD-1000B, Shanghai Optics Apparatus
Ltd., China) with a tested load of 1.96 N and a dwelling time of
15 s.

3. Experimental results and discussion

3.1. Microstructure examinations

The microstructure base metal (BM) consisted mainly of �

matrix with second phases of MC type carbides and � + �′

eutectic at the grain boundaries, as shown in Fig. 2. Aver-
age grain area in Figs. 2 and 3 is measured by using optical
microstructure. Results show average grain areas of base
Fig. 2 – Microstructures of the base material.
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Fig. 5 – The X-ray diffraction result of the laser welded
seam.
Fig. 3 – Microstructures of the HAZ.

elded seam, respectively. It can be seen that the solidification
icrostructure is mainly composed of dendrites whose grow-

ng direction is nearly parallel to the negative heat-transfer
irection, and the dendrites take on the shape of typical direc-
ional solidification microstructure from Fig. 4a. During the
rocess of cooling solidification of the liquid metal, due to
he cooling effect caused by the base metals, heat mostly
issipates in the normal direction of the interface, so the tem-
erature gradient in this direction is remarkably dominant,
hich leads to the liquid metal holding the directivity. Under
he action of the highest temperature gradient and solidi-
cation rate in the normal direction, grains grow with the
irectional selection, thus forming the dendrites, which are
lmost parallel to the negative normal direction.

Fig. 4 – The microstructure of fusion region.
Fig. 6 – SEM microstructure of fusion region.

Fig. 5 demonstrates the X-ray diffraction result of the
welded seam, from which it can be found that in the whole
region of the welded seam, the peak of {1 1 1}, {2 0 0}, and
{2 2 0} orientations is quite evident, which manifests that in
the central region of the welded seam, the growing direc-
tions of grains are rather disorderly, and the solidification
microstructure is not the directional solidification dendrite
any longer.

At high magnifications, it can be seen from Fig. 6 that
except the main dendrite structure, which identified by XRD
as Cr–Ni–Fe–C austenite solid solution, and some fine and
dispersed particles as Ni3(Al,Ti) �′ phase, some bright etch-
ing irregular-shaped particles and needle were seen in the
interdendritic regions. EDS analysis of the needle is shown
in Table 2, which indicates that needle are rich in Nb, Ti from
Table 2, as enriched in Ti and Nb and confirmed as MC type
(Ti, Nb)C carbides on account of the strong affinity of Ti and
Nb with C in the melted pool. Reference (Zupanič et al., 2002)
mentions that in the eutectic colonies the MC carbide pos-

sessed a skeletal morphology in which rod branching occurred
very frequently in order to allow couple growth of MC and
� with high cooling rate. The EDS results obtained on these
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Table 2 – EDS analysis results of the laser welded seam
(Wt.%)

Major elements Ni Fe Cr Nb Ti Mo Al

Dendrites core 76.14 0.29 12.23 0.86 0.62 4.06 5.79

Fig. 7 – SEM liquated crack on the HAZ.

The hardness results are important since weld strength
mismatch is a major concern when welding most metallic
materials. In practice, the weld may be stronger or weaker
in comparison with the base materials. As a general rule, an
Particles 64.36 0.47 12.50 9.14 1.95 7.03 4.54
Needle 66.92 0.38 12.30 6.93 1.65 6.62 5.20

particles is shown in Table 2, which indicates that these parti-
cles are enriched in Nb, Ti, Mo, and lean in Ni as compared
to the austenite solid solution dendrites matrix. Chemical
composition of the particles enriched in Nb was identified as
(Fe + Cr + Ni, 77.33 wt%) and (Ti + Nb + Mo, 18.12 wt%). Consid-
ering their small particle size, electron probe microanalysis
has a spot size of approximately one micrometer, which is
larger than the particles size, resulting in the incorporation
of the matrix material. Synthesizing the above results, the
particles detected in the dendrites were quite similar to the
Laves phase, which is a hexagonally close packed phase and
is generally accepted to be of the form (Ni, Cr, Fe)2(Nb, Mo and
Ti) (Radhakrishna and Prasad Rao, 1997). Unfortunately, since
Laves phase is heavily alloyed with multiple elements and its
form is very complex as mentioned above, so, no present JCPDS
cards could be found to identify the exact existence of it as
indicated in Fig. 5. Maybe Transmission Electron Microscope
(TEM) is a powerful tool to analyse the fine structure of it, this
is our future work.

3.2. HAZ liquation cracking

The zig–zag morphology of the HAZ liquation cracks is
observed in Fig. 7a. Fig. 7b is enlarged image of area marked
in Fig. 7a A region. M23C6 particles and liquated MC carbides
are observed in crack boundary from Fig. 7b (Ojo et al., 2004).
EDS analysis of M23C6 particles and liquated MC carbides are
shown in Figs. 8 and 9.

Heat-affected zone microfissuring is generally considered
to be caused by the presence of low melting liquid on the
grain boundaries. The liquid enables the boundaries to sep-
arate under the thermal and shrinkage stresses resulting
from weld cooling cycle. It has, however, been recognized
through many studies on liquation cracking that the mere
occurrence of liquation is not sufficient to produce a crack
susceptible microstructure. To incur cracking, continuous or
semi-continuous grain boundary liquid should persist until a
time when sufficient thermal and mechanical restraints have
developed during cooling. In order to prevent crack initiation
in heat affected zone during welding, it is necessary to reduce
the welding heat-input for preventing low melting liquid, or
rapid elimination of grain boundary liquid prior to the exis-
tence of sufficient level of tensile stresses would improve the
alloy’s resistance to liquation cracking.

3.3. The microhardness of the laser welding seam
The microhardness is an important index to evaluate the
material properties. It depends on both the composition and
the microstructure. Fig. 10 exhibits the microhardness distri-
bution of the transverse of welded seam. It can be seen that
Fig. 8 – EDS spectrum from liquated MC carbides.

the hardness of welded seam is the highest, at about average
HV397, the hardness of HAZ is about HV384, and then quickly
changes to the base metal, about HV333.
Fig. 9 – EDS spectrum from M23C6 particles.
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ig. 10 – Microhadrness distribution from the welded seam
o base metal.

ttempt is made to design the weld to be stronger than the
ase materials. There is a possibility that could explain the dif-
erences of hardness from welded seam to base metal, which
s the differences in the size and distributions of the strength-
ning phase Ni3(Al,Ti) �′ caused among welded seam, HAZ and
ase metal by the melting and solidification of the material in
usion zone and welding peak temperature in HAZ (Sekhar and
ead, 2002).

. Conclusions

he microstructure and mechanical properties of laser weld-
ng cast nickel-based superalloy K418 have been investigated.

icrostructure of the laser welded seam is mainly composed
f Cr–Ni–Fe–C austenite solid solution dendrites as the domi-
ant and some fine and dispersed Ni3(Al,Ti) �′ phase as well as
ittle amount of MC needle carbides and particles enriched in
b, Ti and Mo distributed in the interdendritic regions. Laser
elding nickel-based superalloy K418 demonstrates strong

usceptibility to HAZ liquation cracks. Cracks originated from
h n o l o g y 2 0 7 ( 2 0 0 8 ) 271–275 275

the liquation of MC carbides are observed. Mechanical tests
show that the microhardness of the welded seam and HAZ
are higher than the base metal due to the partial dissolution
and alloy elements’ redistribution of the strengthening phase
�′.
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