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Abstract

Experimental trials of autogenous deep penetration welding between dissimilar cast Ni-based superalloy K418 and alloy steel 42CrMo
flat plates with 5.0 mm thickness were conducted using a 3 kW continuous wave (CW) Nd:YAG laser. The influences of laser output
power, welding velocity and defocusing distance on the morphology, welding depth and width as well as quality of the welded seam were
investigated. Results show that full keyhole welding is not formed on both K418 and 42CrMo side, simultaneously, due to the relatively
low output power. Partial fusion is observed on the welded seam near 42CrMo side because of the large disparity of thermal—physical
and high-temperature mechanical properties of these two materials. The microhardness of the laser-welded joint was also examined and
analyzed. It is suggested that applying negative defocusing in the range of Raylei length can increase the welding depth and improve the

coupling efficiency of the laser materials interaction.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Turbocompressor rotor, a core component of turbo-
compressor, is usually manufactured in China by welding
the Chinese cast Ni-based superalloy K418 turbo disk to
the quench-tempered Chinese 42CrMo alloy steel shaft.
The thermal-physical and high-temperature mechanical
properties of the above two materials are so different (see
Tables 1 and 2) and, the Ni-based superalloy possesses
great susceptibility to cracking in the heat-affected zone
(HAZ) during welding. Moreover, the carbon equivalent of
the medium carbon steel 42CrMo is about 0.834%, which
means it possesses strong quenching harden tendency and
the welding ability is rather poor. Therefore, this welding
process belongs to the typically dissimilar materials
welding and is usually considered to be a great challenge.
At present, the welding methods of these two materials are
either electronic-beam welding or friction welding. How-
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ever, the electronic-beam welding process needs vacuum
chamber and produces harmful X-rays. On the other hand,
building a large vacuum chamber to contain very huge
component in order to carry on the electronic beam
welding is not practicable. As for the friction welding, low
stress destruction often occurred and welding defects are
usually observed near the fusion zone and results in lower
production efficiency. For a long time, failures of such
joints have plagued Chinese turbocompressor makers [1—4].

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 HAZ, 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
capability to weld without filler materials (autogenous
welding) and it offers distinct advantages [5-9]. Laser
welding has recently received growing attention due to its
special features 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
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Table 1
Thermal-physical properties of 42CrMo

Temperature (K)

293 373 473

573 673 773 873 973 1035 1073 1173 1273

Specific heat, C,, (J/(kgK)) 470 484 521
Coefficient of thermal conductivity, K (W/(mK)) 39 36 35

560 607 668 745 873 1075 796 684 677
34 33 31 29 25 20 21 24 23

Table 2
Thermal-physical properties of K418

Temperature/K 293 373 473 573 673 773 873 973 1073 1173
C,/(J/(kg - K)) Specific heat 529 535 549 573 542 565 602 650 706 763

K/(W/(m- K )) Coefficient of thermal conductivity 9 10 12 13 14 16 18 21 24 28

Table 3

Chemical composition of K418 (wt%)

C Cr Mo Nb Al Ti Zr B Mn Si P S Fe Pb Bi Ni

0.08-0.16 11.5-13.5 3.8-4.8 1.8-2.5 5564 0.5-1.0 0.06-0.15 0.008-0.020 <0.50 <0.50 <0.015 <0.010 <I1.0 <0.001 <0.0001 Bal.
reflectivity, a high welding speed, and a low residual stress ~ Table 4

compared to CO, laser. Therefore, the application of  Chemical composition of 42CrMo (wt%)

Nd:YAG laser to weld metallic materials is steadily being c Cr Mo Mn Si P S e

increased. It has been widely implemented in industrial
applications, e.g. in the automotive industry [10,11].
However, presently laser power levels are still limited for
the material thickness involved. Recently, we have success-
fully made the full penetration butt-welding joints between
K418 and 42CrMo flat plates with the same thickness of
3.5mm by appropriate selection of processing parameters
[12]. In this paper, 5.0 mm thickness K418 and 42CrMo flat
plates have been tested for butt welding by Nd:YAG laser.
The aim of this experimental work is to explore the
possibility of welding of the above two materials with more
thickness by laser and enlarge the application scope of
laser-welding technology, especially in the area of thicker
metallic materials, as well as the materials that is difficult to
weld by conventional welding methods.

2. Experimental details

K418 Ni-based cast superalloy and the quench-tempered
42CrMo steel plates, with the thickness of 5.0 mm, were put
edge to edge. Tables 3 and 4 show the detail chemical
compositions of these two materials. Before welding, any
oxide layers and contamination were removed from the
surfaces of the plates, especially the surfaces for welding
were cleaned with acetone, ethanol and then dried. The
accuracy requirement for the platform is very high during
laser-welding process, the horizontal and vertical accura-
cies were adjusted through the micrometer and the error
range was within +0.04 mm. Flow of high-purity argon gas
was passed through the molten pool from both top and

0.38-0.45 0.90-1.20 0.15-0.25 0.50-0.80 0.20-0.40 <0.040 <0.040 Bal.

lateral sides to provide a protective environment for the
sake of avoiding the possible reaction between the molten
metals and ambient air.

Experiments of laser welding of the above two materials
were carried out on a 3kW continuous wave (CW)
Nd:YAG laser materials processing systems with numerical
control, which carries out the spatial displacement of the
assembly without any filler metal. An oblique irradiation
technique was employed to overcome the problems of
dissimilar materials in certain extent. The employed
parameters were determined and optimized based on
adequate number of the preliminary trials for the laser
welding of these two materials plate with the thickness of
3.5mm [12], i.e., laser output power varied between 2.5 and
3kW, laser beam scanning velocity varied between 15 and
20mmy/s, direction of the side-blow shielding gas was
determined to opposite to the welding direction, with a
angle of 35° to the horizon plane and the gas flow rate of
151/min based on adequate number of the preliminary
trials [12], as well as the defocus distance spanned from —3
to +1mm. The definition of defocus distance is positive
when the focus point is above and negative when the focus
point is beneath the surface of the work-piece. The aim of
this design was to investigate the influences of each
parameter on the weld quality when other parameters
were kept constant and acquire the optimized parameters
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window for high-quality full penetration welded joint. The
whole laser-welding system was illustrated in Fig. 1. After
welding, no post-weld heat treatments were performed.

The microhardness along the transverse direction of the
welded joint was measured by an automatic microhardness
tester (HXD-1000B, Shanghai Optics Apparatus Ltd.,
China) with a testing load of 1.96 N and a dwelling time
of 15s. The average values of hardness were determined by
at least five points of measurements.

3. Results and discussions
3.1. Morphology of the welded seam

The power density available from a laser beam spans
many orders of magnitude and can attain approximately
105W/cm?. A power density below approximately 10°W/
cm® allows welding to be performed in the thermal-
conductive mode. The beam energy is deposited on the
material surface, transferred into the material by conduc-
tion, and a hemispherical weld bead is formed in a similar
manner to conventional fusion-welding processes. In

Side-blow shielding
/ gas

Coaxial shielding gasl I

Laser beam

T //

Dj42CrMo

K418

Welding direction

Fig. 1. Schematic diagram of the experimental setup.

contrast, when the energy density of laser exceeds a certain
limit (usually 10°-5 x 10’ W/cm?) to initiate local vaporiza-
tion, the reaction force of the evaporated metal gas
increased rapidly. Vibration and deformation of the liquid
surface became larger due to the increased vapor pressure.
Then a keyhole was formed in the molten pool, and the
material was heated directly by the laser beam through the
keyhole. Thus, deep penetration welding by the keyhole
mode was achieved [11,12].

The cross-section overview of the laser-welded seam was
shown in Fig. 2. It could be seen that shallow concave
shape occurred in the upper region and nearly arc shape
remnant metal droplet left at the rear side near the 42CrMo
steel, which has higher thermal conduction coefficient. The
detailed thermal-physical data of these two materials are
given in Tables 1 and 2. This phenomenon is attributed to
the fact that the downward force induced by the gravity of
the melted liquid metal was larger than that of the upward
force of the surface tension of the molten pool. Since the
thermal conduction coefficients of 42CrMo is higher than
that of K418, especially under 600°, the laser energy
required to maintain the molten pool and the vaporization
of the metal near 42CrMo is higher than that of K418, so,
the keyhole is inclined to the K418 side. Because the laser
energy is not sufficient to attain the full penetration
welding, when the laser energy imposed on the bottom of
the keyhole is approaching the critical value for the
vaporization of 42CrMo, the keyhole is completely inclined
to the K418 side, the melting of the base metal of the
42CrMo side is then governed by the thermal conduction
of the melted metal near the wall of the keyhole. Thus, the
near arc shape of the rear side of the welded seam as
displayed was formed as shown in Fig. 2(a). Fig. 2(b)
shows the none completely fusion formed near 42CrMo
side (as indicated by the arrow). The reason of this none
completely fusion is also due to the significant difference of
the thermal-physical properties. The keyhole during the
deep penetration welding deviated, the amount of the
melted metal decreased and the base metal could not be
melted adequately through the thermal conduction of the
liquid metal near the wall of the keyhole of 42CrMo.

Fig. 2. Cross-section morphologies of welded seam of K418 and 42CrMo. Fixed welding parameters: welding velocity 15mm/s and defocus distance

—1mm.
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3.2. Influence of laser output power

Fig. 3 shows that both the welding depth and width
increased with the increasing of the output power of laser.
This is because a higher output power is naturally expected
to increase the linear energy imposed on the welded seam,
hence causing a comparatively large amount of melted or
vaporized metal. However, because the increased laser
energy is mainly consumed by the increased welding depth
through keyhole effects, the welding width was not so
sensitive to the laser output power and only slightly
increased. Our results were in reasonable agreement with
other researchers’ work [13] in this respect, who also
demonstrated that the laser output power had more
pronounced influence on the welding depth than that of
welding width. By observing the cross-section of the welded
seam, it is clear that full penetration welding occurred in
the K418 side, while partial fusion occurred in the 42CrMo
side within the laser output power range of 2.5-2.9kW.
While in the range of 2.6-3.0 kW, shallow concave shape
existed in the facade and convex shape occurred in the rear
side and the concave area is commensurate with the convex
area, which implies that the concave in the facade side is
caused by the collapse of the welded seam due to the
synthetical effects of the surface tension and gravity of the
molten pool itself.

3.3. Influence of welding velocity

Fig. 4 shows the welding depth and width variations
under various laser scan speed. It is noted that the welding
depth and width were decreased with the increase of the
laser scan speed. Because the welding speed matches an
opposite with the heat input, so the increasing of the
welding speed means the decreasing of the linear energy per
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Fig. 3. Influence of laser power on welded seam depth and width. Fixed
welding parameters: welding velocity 15mm/s and defocus distance
—1lmm.
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Fig. 4. Influence of welding velocity on welded seam depth and width.
Fixed welding parameters: laser output power 3kW and defocus distance
—1lmm.

unit weld length exerted on the welding line, thereby
producing a small amount of intermixed melt and finally a
thinner welding depth and narrower width. Our results
show that the influence was more pronounced on welding
depth. This is different from that of Ref. [14], in that case,
the welding velocity had more influence on welding width
than welding depth during partial penetration CO, laser
welding. The reasons resulted in this dissimilarity are not
very clear yet and now under further investigation. By
observing the cross-section of the welded seam, a full
penetration welding occurred near the K418 side within the
speed range of 15-20 mmy/s, while partial fusion occurred
near the 42CrMo side in the range of 16-20 mm/s.

3.4. Influence of defocus distance

The power density exerted on the work-piece depends on
both the laser beam’s power density and the relative
distance between the surface of the work-piece and the
focus plane. We define the defocus distance as positive
when the focus plane is up on the surface of the work-piece
and negative when the focus plane is beneath. Of course,
different defocus distance represents different power
density that exerted on the work-piece by laser. As shown
in Fig. 5, full penetration welding occurred under the
defocus distance range of —2 to Omm, while no full
penetration welding occurred for —3 to + 1 mm, and the
welding width increased with the increasing of positive and
negative defocus distance. It is known from the laser beam
transfer characteristics that the laser spot is the smallest in
the focus plane and the power density is the largest and the
laser beam gradually diverged as away from the focus
point. However, the laser beam fluctuates very little in the
range of Raylei length. For the positive defocus distance,
the laser beam enters the keyhole diverged gradually and
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Fig. 5. Influence of defocusing distance on welded seam depth and width.
Fixed welding parameters: laser output power 3 kW and welding velocity
15 mm/s.

induces decreased power density and the attendant
decreased welding depth; while for the negative defocus
distance, the laser beam enters the keyhole converged
gradually to the focus point and imposes higher power
density than that of the surface of the work-piece, favoring
more strong melting and vaporization, facilitating the
transfer of the laser energy to more depth, and thus deeper
the welding depth. Nevertheless, if the negative defocus
distance surpasses the laser Raylei length greatly, the
dimension of the laser spot increases sharply, changing the
space distribution of the laser power density, thus
decreasing the welding depth. The welding width increases
with the increasing of defocus distance, this is because with
the increasing of positive and negative defocus distance, the
spot area irradiated on the facade side of the welding seam
is increased, inducing the increasing of melted metal. By
observing the welded seam cross-section, concave or
collapse occurred within the defocus range of —3 to
+ 1mm.

3.5. The microhardness tests

The hardness of material represents its capability to
resist the occurrence of local plastic deformation under
load. It is considered that most of the mechanical proper-
ties are related to the hardness of the material. Table 5
shows the microhardness test results of the laser-welded
joint. It could be seen that the microhardness of the welded
seam was the lowest and, averaged at about HV220.46.
While the microhardness of the HAZ of the K418 was
about 428.01, and then, quickly changed to the base metal,
i.e., about HV 395.10. The microhardness of the HAZ of
the 42CrMo was the highest, ranged between HV646 and
HV689 and then gradually transferred to the base metal,
about HV409.42.

Table 5
Microhardness of the laser-welded joint (HV)
Region Average
1 2 3 4 5
Base K418 400.00 382.34 405.30 401.32 386.56 395.10
HAZ of K418 426.54 424.02 449.49 42474 41525 428.01
Welded seam 213.53 225.84 213.53 22793 221.45 220.46
HAZ of 42CrMo  646.62 695.11 680.98 674.48 689.07 667.85
Base 42CrMo 419.75 369.07 414.85 425.82 417.63 409.42

The hardness of the welded seam was the lowest owing
to the partial dissolution of the strengthening phase
NizAl(Y’) and, the subsequent rapid solidification inherent
to laser processing could suppress the formation of the
phase NizAl(Y)) to some extent [15]. Also, the alloy
elements coming from the 42CrMo could result some
dilution effects of the molten pool. The reason why the
hardness of the 42CrMo HAZ was the highest was ascribed
to the self-quenching effects and the formation of a large
amount of needle like martensite.

These results give useful indications for the development
of an innovative laser-welding technique for the Ni-based
cast superalloy K418 and alloy steel 42CrMo. Further
work about the welding of these two materials with high-
quality and the practical components is strongly and
urgently recommended, and this is currently underway in
our laboratory in this respect.

4. Conclusions

Partial fusion was apt to occur near the 42CrMo side
during the CW Nd:YAG laser welding of dissimilar Ni-
based K418 superalloy and 42CrMo steel. Due to the
insufficient rated laser output power, full penetration
keyhole welding cannot be formed on both the K418 and
42CrMo sides during the welding of these two dissimilar
materials with 5.0cm thickness. In laser deep penetration
welding, when the defocus distance is in the range of Raylei
length, as the laser beam enters, the keyhole gradually
diverges and the laser power density fluctuates very little in
the range of Raylei length, thus increasing the utility ratio
of the laser energy and the welded seam depth.
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