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bstract

Exploratory experiments of laser welding cast Ni-based superalloy K418 turbo disk and alloy steel 42CrMo shaft were conducted. Microstructure
f the welded seam was characterized by optical microscopy (OM), scanning electron microscopy (SEM), X-ray diffraction (XRD), energy-
ispersive spectrometer (EDS). Mechanical properties of the welded seam were evaluated by microhardness and tensile strength testing. The
orresponding mechanisms were discussed in detail. Results showed that the laser-welded seam had non-equilibrium solidified microstructures
onsisting of FeCr0.29Ni0.16C0.06 austenite solid solution dendrites as the dominant and some fine and dispersed Ni3Al �′ phase and Laves particles
s well as little amount of MC short stick or particle-like carbides distributed in the interdendritic regions. The average microhardness of the welded
eam was relatively uniform and lower than that of the base metal due to partial dissolution and suppression of the strengthening phase �′ to some
xtent. About 88.5% tensile strength of the base metal was achieved in the welded joint because of a non-full penetration welding and the fracture

echanism was a mixture of ductility and brittleness. The existence of some Laves particles in the welded seam also facilitated the initiation and

ropagation of the microcracks and microvoids and hence, the detrimental effects of the tensile strength of the welded joint. The present results
timulate further investigation on this field.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Turbocompressor rotor, a core component of turbocompres-
or, is usually made in China by welding the Chinese cast
i-based superalloy K418 turbo disk to the quench-tempered
hinese 42CrMo alloy steel shaft. Since the thermal physical
nd high-temperature mechanical properties of the above two
aterials are so different (see Tables 1 and 2) and, the Ni-based
uperalloy possesses great susceptibility to cracking in the heat-
ffected zone (HAZ) during welding. Therefore, their welding
rocess belongs to the typical dissimilar materials welding and
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sually considered to be a great challenge. At present, the weld-
ng methods of these two materials are either electronic-beam
elding or friction welding. But the electronic-beam welding
rocess needs vacuum chamber and produces harmful X-rays.
n the other hand, the prospect of totally encompassing huge

omponents in a vacuum canopy in order to effect the welding is
ot practicable. As for the friction welding, low stress destruc-
ion are often occurred and welding defects are usually observed
ear the fusion zone and results in lower production efficiency.
or a long time, failures of such joints have plagued Chinese

urbocompressor makers [1–3].

Laser welding is a high energy-density, low heat input process

ith specific advantages over conventional fusion welding pro-
esses. These include high welding speed, narrow heat-affected
one, low distortion, ease of automation, single-pass thick

mailto:gyu@imech.ac.cn
dx.doi.org/10.1016/j.jallcom.2006.11.152
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Table 1
Thermal-physical properties of 42CrMo

Temperature (◦C) Specific heat,
Cp (J/(kg ◦C))

Coefficient of heat
conductivity, K
(W/(m ◦C))

20 470 39
100 484 36
200 521 35
300 560 34
400 607 33
500 668 31
600 745 29
700 873 25
762 1075 20
800 796 21
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Table 3
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
Pb ≤0.001
B
N

2
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900 684 24
1000 677 23

ection capability and enhanced design flexibility. One of the
any features of laser welding is the capability to weld without
ller materials (autogenous welding) and it offers distinct advan-

ages [4–8]. Laser welding has recently received growing atten-
ion due to its special features and potential. In terms of weldabil-
ty for metallic materials, Nd:YAG laser has various advantages,
uch as a high energy absorption rate due to a low reflectivity,
high welding speed, and a low residual stress compared to
O2 laser, so the application of Nd:YAG laser to weld metallic
aterials is steadily being increased, it has been widely imple-
ented in industrial applications, e.g. in the automotive industry

9,10]. But presently, laser power levels are limited for the mate-
ial thickness involved. However, many more applications could
rise following further investigation. In our previous work [11],
ull penetration butt welding joints between K418 and 42CrMo
at plates with 3.5 mm thickness were successfully made by
ppropriate selection of processing parameters. In this paper,
ractical 5.5 cm thickness K418 turbo disk and 42CrMo steel
haft have been tested for butt welding by Nd:YAG laser. The
ain purpose of this experimental work is to explore the possibil-

ty of welding the above turbo disk and shaft in more thickness by

aser and enlarge the application scope of laser welding technol-
gy, especially in the area of more thickness materials and mate-
ials that is difficult to weld by conventional welding methods.

able 2
hermal-physical properties of K418

emperature (◦C) Specific heat,
Cp (J/(kg ◦C))

Coefficient of heat
conductivity, K
(W/(m ◦C)

0 529 9
00 535 10
00 549 12
00 573 13
00 542 15
00 565 16
00 602 18
00 650 21
00 706 23
00 763 14
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i Bal.

. Experimental details

K418 Ni-based casting superalloy turbo disk and the quench-tempered
2CrMo steel shaft, with their outer diameter of 38.5 mm and inner diameter of
7.5 mm, i.e., thickness of 5.5 mm, were selected as the welding components.
ables 3 and 4 showed the detail chemical compositions of these two compo-
ents. Before welding, any oxide layers and contamination were removed from
he surfaces of the components, especially the surfaces needed welding were
leaned with acetone, ethanol and then dried. In order to fasten and collimate
hese two components, a motor-driven revolving machine platform had been
esigned and manufactured in our institute, 5 and 15 L min−1flow of high purity
rgon gas was passed through the molten pool from both top and lateral sides to
rovide a protective environment for the sake of avoiding the reaction between
he molten metals and ambient air.

Experiments of laser welding of the turbo disk and the shaft were con-
ucted on a 3 kW Nd:YAG laser materials processing systems with five-axes
omputer-numerical-controlled (CNC) working station without any filler metal.
he employed parameters were based on our previous work, i.e., laser weld-

ng of 3.5 mm thickness flat plates materials. The optimized parameters were:
aser output power 3 kW, the shaft revolving speed 8 mm/s and the defocus dis-
ance −3 mm. The defocus distance was negative, which was usually employed
n order to get more welding seam depth under the condition of welding more
hick components [11]. The whole laser welding system was illustrated in Fig. 1.
fter welding, no post-weld heat treatments were performed.

Metallographic samples and tensile testing specimens were machined by
lectric discharging cutting, followed by mechanical milling and grinding to
cquire the testing surface with roughness of 0.8 �m from the slight rough as-
aser welding specimens. Metallographic samples of the base metals and the
elded seam were prepared using standard mechanical polishing procedures
nd were etched in HCl:HNO3 solution in volume ratio of 3:1. Microstructure
f the welding seam was characterized by Nephot II optical microscopy (OM),
SM-5800 scanning electron microscopy (SEM) equipped with LinkISIS S-530
nergy-dispersive spectrometer (EDS). A D/max-rB high power multi-crystal
-ray diffractometer (XRD) was used for phase identification. The recorded

able 4
hemical composition of 42CrMo (Wt.%)

0.38–0.45
r 0.90–1.20
o 0.15–0.25
n 0.50–0.80

i 0.20–0.40
≤0.040
≤0.040

e Bal.
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Fig. 1. A picture of the experimental set-up.

ntensities and peak positions were compared with Joint Committee on Pow-
er Diffraction Standards (JCPDS) data. The hardness along the transverse and
ongitudinal direction of the welded seam were measured by an automatic micro-
ardness tester (HXD-1000B, Shanghai Optics Apparatus Ltd., China) with a
est load of 1.96 N and a dwelling time of 15 s. Tensile testing was conducted
ith a universal testing machine at a crosshead speed of 2 mm/min and a gage

ength of 10 mm. The breaking force (Bf: N) was recorded when the specimen
ractured, after tensile testing, the fracture surface was observed using a scanning
lectron microscope (SEM) to correlate with the type of fracture.

. Results and discussions

.1. Morphology of the welded seam

The cross-section overview of the laser-welded seam was
hown in Fig. 2. It could be seen that no full penetration welded

eam had been formed due to the relatively low rated laser output
ower and the thickness of the components. Shallow concave
hape existed in the upper region and remnant metal droplet
eft at the bottom region and inclined to the K418 alloy side,

ig. 2. Morphology of the laser-welded seam between cast Ni-based superalloy
418 turbo disk and alloy steel 42CrMo shaft.
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hich possessed lower thermal conduction coefficient, the detail
hermal physical data of these two materials could be seen in
ables 3 and 4. Some large pores, as indicated by the double
rrows in Fig. 2, were formed in the central welded seam and
nclined to the partially melted zone of 42CrMo, which had the
igher melting point and stronger thermal conduction capability.
his phenomenon is attributed to the fact that the actual laser
canning speed is relatively slow and much more metals have
een melted during the laser direct radiation, thus the shape of
he molten pool is dominated by the gravity of the melted liquid

etal rather than the molten pool’s surface tension. Also, the
ores are mainly attributed to the incorporation of shielding gas
rgon and ambient air surrounding the laser welding system [12].
his result is relatively consistent with other results [13], which
howed it was the laser power that had much more influence on
enetration depth while welding speed had more influence on
eld width.

.2. Microstructure examinations

Laser welding is characterized by extremely high cooling
ates (generally of the order of 104 ◦C/s against 100 ◦C/s in GTA
elding), which influences several aspects of weld metal solidi-
cation. Our two components, especially K418, being a heavily
lloyed material, solidifies in dendritic mode. It is well known
hat the scale of dendritic structure is inversely proportional to
he solidification cooling rates [14]. Thus, the rapid weld metal
ooling rates inherent in laser welding are responsible for the for-
ation of relatively fine dendritic structure in the weld fusion

one.
Fig. 3 shows the OM micrographs of the transverse section

f the upper part of the welded seam. Fig. 3a–d represents the
icrostructures of regions a–d in Fig. 2. It could be seen that the

olidification microstructure was mainly composed of dendrites
hose growing direction was nearly parallel to the negative heat-

ransfer direction, and the dendrites took on the shape of typical
irectional solidification microstructure. During the process of
ooling solidification of the liquid metal, due to the cooling
ffect caused by the base metals, heat mostly dissipated in the
ormal direction of the interface, so the temperature gradient in
his direction was remarkably dominant, which led to the liquid

etal holding the directivity. Under the action of the highest
emperature gradient and solidification rate in the normal direc-
ion, grains grew with the directional selection, thus forming
he dendrites, which were almost parallel to the negative normal
irection.

This phenomenon can be explained through the theory of
olidification. The mechanical properties of the laser-welded
oint are determined by the solidification microstructure, while
he solidification microstructure essentially depends on the local
olidification conditions (solidification rate Vs, temperature gra-
ient at the solid/liquid interface G), so the ratio of G to Vs,
amely G/Vs, is the critical controlling parameter, which deter-

ines the feature of solidification microstructure. When the ratio

f G/Vs is rather great, the solidification process prefers forming
he dendritic grain structure; while the ratio of G/Vs is relatively
mall, the solidification process prefers forming the equiaxed
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pulse frequency used for making the weld. In the present case,
we proposed that the stirring motion in the melting pool and
the Marangoni convection for mixing the alloying elements was
effective.
Fig. 3. Typical microstructure of the upper region of the laser-welded seam

rain structure. During the solidification of the molten pool, as
or the region neighboring the interface of the welded seam,
he heat dissipation and temperature gradient G are both the
reatest in the normal direction. Accordingly, the growing rate
f grains in this direction is the fastest than that in any other
irections. These growing grains, which possess the directiv-
ty obstruct and even merge the grains, which grow in other
irections, so the dendrites holding the feature of directional
olidification are obtained eventually. However, from interface
o the central region of the welded seam, the temperature gra-
ient G in the normal direction gradually decreases. So, in the
entral region of the welded seam, the temperature gradient G in
he normal direction is not dominant any more. Additionally, the
rocess that the heat dissipates from the surface is helpful to the
etallic solidification, thus changing the distribution of the tem-

erature gradient G at the central region of the welded seam. As a
esult, G/Vs in the normal direction in this region decreases sub-
tantially, which causes G/Vs in this region does not hold evident
irectivity any longer, thereby forming the fine-equiaxed grain
tructure.

Fig. 4 demonstrates the X-ray diffraction result of the welded
eam, from which it could be found that in the whole region
f the welded seam, the peak of {1 1 1}, {2 0 0} and {3 1 1}
rientations was quite evident, which manifested that in the
entral region of the welded seam, the growing directions of
rains were rather disorderly, and the solidification microstruc-

ure was not the directional solidification dendrite any longer.
ther authors [15] found the similar microstructure features in

aser metal deposition shaping (LMDS)-fabricated parts, with
he decreasing of the G/Vs, the microstructures of the laser
en cast Ni-based superalloy K418 turbo disk and alloy steel 42CrMo shaft.

ladding layer gradually changed from nearly parallel dendrites
o the fine-equiaxed grains.

It is interesting to note that a number of regularly spaced
ands looping exhibited across the upper region of the welded
eam. These bands represented the weld nugget boundaries
ormed in the laser irradiation. This phenomenon is similar to
ther authors’ results [16], in that case, the spacing between
hese bands was found to correlate well with welding speed and
Fig. 4. The X-ray diffraction result of the laser-welded seam.
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ig. 5. High magnification of the typical microstructure of the laser-welded
eCr0.29Ni0.16C0.06 solid solution dendrites and dispersed particles as well as sm

At high magnifications, it could be seen from Fig. 5(a) and
ore clearly in Fig. 5(b) that except the main dendrite structure,
hich identified by XRD as FeCr0.29Ni0.16C0.06 austenite solid

olution, and some fine and dispersed particles confirmed by
RD as Ni3Al �′ phase brought about by the original K418 Ni-
ased superalloy, some bright etching irregular-shaped particles
ere found in the interdendritic regions. Image analysis on SEM
ictures showed that the amount of the particles were mainly dis-
ributed in the interdendrites and minor in the dentritic regions
t the weld centre, this phenomenon is similar to the work of
anaki Ram et al. [16], in which case, the similar particles was
lso mainly segregated in the interdendritic region under the
ction of relatively low pulsed laser power. The EDS results
btained on these particles was shown Table 5, which indicated
hat these particles was enriched in Nb, Ti, Mo, and lean in Ni,
r and Fe as compared to the FeCr0.29Ni0.16C0.06 austenite solid

olution dendrites matrix. Chemical composition of the particles
nriched in Nb was identified as (Fe + Cr + Ni, 73 wt.%) and
Ti + Nb + Mo, 27 wt.%). Considering their small particle size,
lectron probe microanalysis has a spot size of approximately
ne micrometer, which is larger than or equal to the particles
ize, resulting in the incorporation of the matrix material. Syn-
hesizing the above results, it is reasonable to deduce that these
articles detected in the interdendrites were the Laves phase,
hich is a hexagonally close packed (hcp) phase and is gener-
lly accepted to be of the form (Ni, Cr, Fe)2 (Nb, Mo and Ti).
he results of Radhakrishna [17] also mentioned that the forma-

ion of Laves phase required a niobium concentration ranging
rom 10–30%. Our quantitative EDS analysis results support that

s
c
m

able 5
DS analysis results of the laser-welded seam (Wt.%)

ajor elements Ni Fe Cr M

endrites 54.2686 32.0260 7.6443 1.
articles 37.9269 27.9393 8.7532 6.
eedles 45.8429 38.2859 7.8390 3.
. (a) OM and (b) SEM photographs showing the non-equilibrium solidified
mount of needle-like MC carbides distributed in the interdendritic regions.

he particles distributed in the interdendritic regions enriched in
b, Mo, and Ti, consisted of Laves phase. Incidentally, these

egions were depleted in Ni, Fe and Cr contents. It seems that
egregation is a prerequisite for the initiation of Laves phase,
nd segregation is a time-dependent phenomenon and hence, is
trongly affected by the welding cooling rate, as influenced by
arious factors like heat input, welding process, toolings, etc.
low weld cooling rates result in relatively large dendritic arm
pacings compared to rapidly cooled welds, and these coarse
endritic spacings provide congenial/preferential sites for seg-
egation of alloying elements during weld solidification. Even
rom this point of view, slowly cooled welds employed in this
nstance are more prone to segregation and hence, the forma-
ion of Laves phase. Very recently, reference [18] mentioned the
asic similar principle during the preparation of submicron WC-
op/Cu bulk MMCs by direct metal laser sintering (DMLS). It
ad been shown that the micro-distribution of the reinforcing
articulates mainly depended on the interaction between the
olid particles and the advancing liquid flow. This interaction
ay lead to trapping or pushing of particulates by solid–liquid

nterface. At a low WC-Co content, the pushing effect will pre-
ail since the significant Marangoni flows, which were induced
y the excessive liquid presented, tend to push the reinforcing
articulates towards the center of a laser scan track, thereby
esulting in the pile-ups and local segregation of particulates.
As well known, the formation of Laves phase, particularly in
olidified structures is detrimental and hence, warrants careful
ontrol. Because the formation of Laves phase was found to be
ainly due to segregation during weld solidification, any effort

o Al Nb Ti Mn

8907 0.8260 2.3228 0.8820 0.1397
0603 1.8577 12.9591 4.5035 0
7596 2.0932 2.7554 1.2801 0
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o minimize the formation of Laves phase for improved weld
roperties has to be directed towards minimizing segregation,
y control of heat input/cooling rate, using of suitable weld-
ng techniques, etc. Unfortunately, since Laves phase is heavily
lloyed with multiple elements and its form is very complex as
entioned above, so, no present JCPDS cards could be found to

dentify the exact existence of it as indicated in Fig. 4. Maybe
ransmission Electron Microscope (TEM) is a more powerful

ool to analyse the fine structure of the Laves phase. This is
urrently underway at our laboratory in this respect.

Minor short stick or particle-like phases isolated in the inter-
endritic regions, as shown in Fig. 5(b), are detected by EDS,
he analysis results as shown in Table 5, as enriched in Ti and
b and confirmed as MC type (Ti, Nb)C carbides on account of

he strong affinity of Ti and Nb with C in the molten pool. The
ncorporation of the matrix material also existed this time due to
he small short stick or particles size in EDS analysis. In the first
uthor’s previous work [19], in the case of laser surface mod-
fication of TiAl intermetallic alloy by NiCr–Cr3C2 precursor

ixed powders, large amount of short stick and needle-like TiC
arbides were formed near the bonding zone, also support the
bove analyses to some extent. Because of the small amount, no
ignificant effects about the welded joint’s mechanical properties
ould be expected.

.3. The microhardness of the laser-welded seam

The microhardness is an important index to evaluate the
aterial properties. It depends on both the composition and

he microstructure. Fig. 6 exhibits the microhardness distribu-
ion plots of the transverse and longitudinal section of the weld
eam, respectively. It could be seen that the hardness of the
elded seam was the lowest, averaged at about HV220, the
icrohardness of the HAZ of the K418 was about 400 and

hen quickly changed to the base metal, i.e., about HV 380.

he microhardness of the HAZ of the 42CrMo was the highest,

anged between HV450–HV650 and then gradually transferred
o the base metal, about HV250. The longitudinal hardness dis-
ribution of the welded seam was nearly fluctuated around HV

t
w
F
t

ig. 6. Microhadrness distribution profiles along the (a) transverse direction and (b) lo
418 turbo disk and alloy steel 42CrMo shaft.
Compounds 453 (2008) 371–378

40 except for very few higher hardness points, perhaps the very
ard MC carbides, which indicating relatively homogeneous
icrostructure.
This phenomenon can be explained as follows. The hardness

f the welded seam is the lowest owing to the partial dissolu-
ion of the strengthening phase Ni3Al �′, which was the main
trengthening phase and with a large amount in the superalloy
418. The laser induced subsequent non-equilibrium solidifica-

ion process can suppress the formation of the phase Ni3Al �′ to
ome extent. Also, the alloy elements coming from the 42CrMo
an result the dilution effects of the molten pool. Therefore, the
nal amount of the strengthening phase Ni3Al �′ is less than

hat of the base superalloy K418. Thus, the decreased micro-
ardness of the laser-welded seam. Of course, the reason why
he hardness at the HAZ and the base metal of the K418 goes
p is due to the relatively more amount of strengthening phase
′and the HAZ is very localized because of its lower capability
f heat conduction. The reason why the hardness of the HAZ of
he 42CrMo is the highest is due to the self-quenching effects
nd the formation of a large amount of needle like martensite
nd the HAZ region is wider than that of K418 due to its higher
oefficient of heat conductivity, especially below 600 ◦C (see
ables 1 and 2).

.4. The mechanical properties of the laser welding seam

The normal temperature tensile experiment was performed
long the axial direction. As expected, because it was not a
ull penetration welding, the laser-welded joint fractured within
he welded seam, and the ultimate testing tensile strength was
23 MPa, which was about 88.5% of the base metal 42CrMo.
y observing the SEM morphologies of fracture appearance of

he tensile sample in the upper regions of the welding seam,
hich was considered to be welded thoroughly, was shown in
ig. 7b, some dimples, with various shape and size were dis-
ributed on the fracture surface, some minor spherical particles
ere detected by EDS as enriched in S and Fe and identified as
eS or FeS/Fe eutectic welding slags. The dimples indicated that

he composition phases possessed certain ductility. In addition,

ngitudinal direction of the laser-welded seam between cast Ni-based superalloy
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ig. 7. SEM images showing the tensile fracture surfaces of (a) the base alloy st
he dimples and some spherical welding slags; (c) some tearing arris and discon

ome tearing arris and discontinuous sugar candy shaped frac-
ure could be observed in the partially melted region, as shown in
ig. 7c, which clearly exhibited the debonding along phase (or
article) boundaries, showing a typical intercrystalline fracture.
his kind of diverse types of fracture often occurs to the materials
ith high strength and fine ductility [15]. The appearance of den-
ritic pattern on the weld fracture surface also indicated that the
racture had taken place preferentially along the interdendritic
egions. In contrast, the fracture surface of base material 42CrMo
xhibited predominately dimpled rupture features without any

referentially fracture path (Fig. 7a). The presence of Laves
articles inside the dimples on weld fracture surface indicated
hat microvoids were initiated at the Laves/matrix interfaces
Fig. 7b). It is evident from these observations that Laves parti-

N
K
t
c

CrMo shaft; (b) the welded joint showing the presence of Laves particles inside
us sugar candy shaped fracture features in the partially melted region.

les are another reason responsible for the lower tensile ductility
bserved in the welded joint compared to base material. Laves
articles make the fracture process easier by way of providing
avorable sites for excessive microvoids initiation and growth of
icroscopic cracks along Laves/matrix interfaces resulting in

ower tensile strength and elongation.

. Conclusions

The microstructure and mechanical properties of the CW

d:YAG laser-welded joint between cast Ni-based superalloy
418 turbo disk and alloy steel 42CrMo shaft had been inves-

igated. Microstructure of the laser-welded seam was mainly
omposed of FeCr0.29Ni0.16C0.06 austenite solid solution den-
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[16] G.D. Janaki Ram, A. Venugopal Reddy, K. Prasad Rao, G.M. Reddy, J.K.
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rites matrix, some fine and dispersed Ni3Al �′ and Laves
articles as well as little amount of short stick or particle-like
C carbides distributed in the interdendritic region. Mechanical

ests show that the microhardness of the welded seam decreased
ompared with the base metal due to the partial dissolution and
uppression of the strengthening phase �′ to some extent. The
ensile experiments showed that the welding joint with 88.5%
trength of the base metal was acquired. The fracture mecha-
ism was a mixture of ductility in the fully welded region and
rittleness in the partially melted region. Some Laves particles
xisted in the welded region made the microvoids initiate, micro-
copic cracks grow and the decreased tensile strength of the
elded joint. These results give useful indications for the devel-
pment of an innovative laser welding technique for the Ni-based
ast superalloy K418 turbo disk and alloy steel 42CrMo shaft.
ut further work is still needed to make the welded joint with
nough tensile strength compared with the base materials and
igh surface quality and study the corresponding mechanisms
horoughly.
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