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Abstract: The impact of casting defects on the weldability of K4951 superalloy was investigated using tungsten inert gas (TIG)
welding. The as-cast K4951 superalloy samples with prefabricated U-shaped grooves of varying depths and widths were TIG welded,

and the microstructures, cracks morphology, and precipitated phases were analyzed using optical microscope, scanning electron

microscope, transmission electron microscope, and energy dispersive X-ray spectrometer. The results reveal that the dimensions of
casting defects significantly affect the weldability of K4951. Deep defects (greater than 2 mm) lead to rapid crack propagation, while
wider defects can moderate the propagation process of cracks. Elemental segregation and the formation of precipitated phases, such as
MC carbides, are observed in the fusion zone, contributing to welding cracks. An optimal groove aspect ratio (depth-to-width)
between 0.2 and 0.5 minimizes crack formation tendency and enhances tensile strength, resulting in a mixed brittle-ductile fracture

mode of joint after high-temperature tensile testing.
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1 Introduction

Superalloys based on Fe, Co, or Ni exhibit excellent
resistance to high-temperature oxidation and creep, and main-
tain structural stability, playing an essential role in aerospace,
petrochemical, nuclear power, and other fields" . K4951 is a
polycrystalline nickel-based superalloy characterized by low
density, high melting point, and low content of rare-earth
elements. It possesses excellent resistance to oxidation and
thermal fatigue, making it suitable for aero-engine compo-
nents, such as floating tiles in combustion chambers and
turbine guide vanes™ ™.

Most of the structural components of superalloys are
fabricated by casting methods. Nickel-based superalloys con-
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tain various alloying elements and have a broad solidification

temperature range, resulting in the development of
pronounced dendrites during the casting process. These
interconnected dendrites impede the flow of liquid metal, and
upon cooling, they result in numerous dispersed casting
defects, such as shrinkage pore. Hot isostatic pressing (HIP)
and welding techniques can repair the defects generated in the
casting process. HIP effectively repairs holes and micro-
structural damage, thereby significantly enhancing mechanical

[10-11

properties!” ). However, its capability to repair surface de-

fects on castings is restricted. Conversely, welding technique
is irreplaceable for repairing surface defects and damage, as

well as connecting different components of the casting'* .
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Research on the weldability of precipitation-strengthened
nickel-based superalloys, such as K4951, where the content of
Al and Ti elements exceeds 6%, has always been a challeng-
ing issue'* "', The high volume fraction of the y' phase leads
to the formation of solidification cracks”, liquation cracks™®,
and ductility-dip cracks™ during welding, and strain-ageing
cracks®™ during the post-weld heat treatment process.
Controlling the initiation and propagation of these cracks will
significantly expand the application field of welding
technique. Tungsten inert gas (TIG) welding has been widely
used in superalloy welding repair because of its simple
operation, flexibility, and better welding
effect™**?. By changing the cooling rate of heat treatment

convenience,

before TIG welding, Wen et al'® promoted the precipitation of
the chain-like M, X, phase at the grain boundary of the
welding fusion zone, and improved the weldability of the
M951 superalloy. Ariaseta et al®
eutectic in the welded joint and improved the joint
performance by changing the post-weld heat treatment

temperature of TIG welding for G27 superalloy keyhole.

eliminated the p/Laves

Currently, most researches focus on the causes of cracks in
TIG welding and the improvement of superalloy weldability
by changing welding parameters™ *. However, there are few
researches on the TIG welding ’s repair ability for casting
defects and damage. Rush™ and Richards™ et al found a
deep connection between the aspect ratio of the molten pool
and weld quality, but there is no specific correlation between
them. The present research explored the influence of casting
defect severity on the weldability of K4951 superalloy using
TIG welding to repair various degrees of prefabricated
defects. The results will guide appropriate repair methods for
different casting defects.

2 Experiment

Cast polycrystalline K4951 superalloy was prepared in a
vacuum induction furnace and cast into sheets with 7 mm in
thickness. The chemical composition of the K4951 superalloy
is listed in Table 1. The welding samples with dimensions of
60 mmx30 mmx6 mm were machined by an -electrical
discharge machine. Defects are usually circular grooves with
different depths and radii. When using welding methods to
repair casting defects, it is necessary to grind the defects into
long strip grooves to facilitate the transportation of welding
wires. The grooves on the welding samples were designed as
U-shaped grooves with different depths and widths, aiming to
simulate different casting defects in the casting process. The
groove diagram is shown in Fig.1, and the groove parameters
are shown in Table 2. The welding samples were fusion
welded with welding wires by TIG technique, and welding
wires, whose composition is similar to K4951, were cut from
the as-cast sheets with 1 mm in diameter. The TIG welding

Table 1 Chemical composition of K4951 superalloy (wt%)

Cr Al Co W Mo Nb C B Ni
9 6 5 3.5 3 1.8 0.02 0.0014 Bal

Fig.1 Schematic illustration of K4951 with prefabricated U-shaped

groove

Table 2 Parameters of grooves with different depths and widths

(mm)

Groove Depth Width
Gl 1 4
G2 2 4
G3 3 4
G4 3 3
G5 3 5
G6 3 8

was carried out at a welding current of 50 A, a welding
voltage of 8.5-9.5 V, a welding speed of 20 mm/min, and a
constant distance of 1.5 mm between the electrode tip and the
grooves. High-purity argon gas (purity>99.999%) was used as
the shielding gas, with a flow rate of 10 mL/min through a
copper pipe.

Transverse sections were cut perpendicularly to the welding
direction from the welded samples for microstructural
characterization using optical microscope (OM, LEICA
DMi8), scanning electron microscope (SEM, ZEISS Gemini
300) equipped with an energy dispersive X-ray spectrometer
(EDS), transmission electron microscope (TEM, FEI Talos
F200X), and selected area electron diffractometer (SAED).
The transverse sections were polished and chemically etched
in a solution consisting of 40 g CuSO,+200 mL H,0+200 mL
HCI before OM and SEM observations. Besides the non-
etched metallography, vibration polishing was used to obtain
the elemental composition by electron probe microanalyzer
(EPMA, JEOL JXA-lhp200f) and crystal orientation by
electron backscattered detection (EBSD). The result of the
EBSD was analyzed using AZtecCrystal software. SEM
image represented the microstructure morphology of the
scanning area, the inverse pole figure (IPF) represented the
distribution of crystal orientation, and the kernel average
misorientation (KAM) map represented the distribution of
dislocation density. The crack statistics in the transverse
sections of welding samples were measured using Image Pro
Plus 6.0 software. TEM samples were electrolytically thinned
using a twinjet in a solution consisting of 10vol% HCIO,+
90vol% C,H,OH at —25 °C. The Thermo-Calc software with a
TCNil0 database was used to calculate the evolution of the
equilibrium phases in the K4951 superalloy and the welding
wire. The precipitated phase in the transverse sections of
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welding samples was determined using the X-ray diffracto-
meter (XRD, Rigaku SmartLab). A tensile test was carried out
on the welding samples at 800 °C, and the fracture morpho-
logy was observed to analyze fracture mechanisms.

3 Results and Discussion

3.1 Microstructures of transverse sections of as-welded
K4951

The OM microstructures of the as-welded joints with six
kinds of grooves are shown in Fig.2. The weld is well formed,
and the joint structure is divided into three parts: fusion zone
(FZ), heat-affected zone (HAZ), and base metal (BM). The
casting dendrite characteristics of K4951 BM are obvious.
Remelting and metallurgical bonding occur in the weld zone,
and the corrosion effect is not as obvious as that of the BM.
Welding cracks are found in the cross-section of each sample,
most of which extend from the FZ to the BM. In contrast, a
few cracks only sprout and extend macroscopically in the FZ,
which are wide and flat and will have a devastating effect on
the welded joint. In addition, comparing the results of the six
welds, it is observed that the depth of the groove has a greater
impact on the weld results than the width of the groove, and
when the depth of the groove is greater than 2 mm, the weld
cracks are rapidly expanded. By increasing the width of the
groove, the cracking is moderated, but the width continues to
increase, and the cracks also increase dramatically. The
presence of unfused defects at the bottom of some welds may
be related to wire metal fluidity, tungsten electrode wear, or
incomplete argon gas protection.

The phase composition of the joints with different groove

Fig.2 OM images of joints with six kinds of grooves: (a) G1; (b) G2;
(c) G3; (d) G4; (e) G5; (H G6

shapes after welding is the same. Taking the groove G2 as an
example, the SEM micrographs of corresponding joint are
shown in Fig.3. The FZ changes from columnar crystals in
edge to equiaxial crystals center due to the temperature
gradient. Compared with the BM area, the morphology of
carbides in the FZ is fine and dispersed, and the content of
carbides in the HAZ is less. Semi-melted grains and
liquefiable carbide particles affected by the welding thermal
cycle are observed near the fusion line. The fluctuation of the
fusion line also reflects that the temperature bearing capacity
of the grain boundary is weaker than that of the grain. In
addition, recrystallization is also observed at the boundary of
the FZ.

Welding is a rapid melting and solidification process, with a
heating and cooling rate of 10°~10"K/m"”, which is a typical
non-equilibrium solidification process, and is bound to exist
by the redistribution of solutes, element segregation, and
uneven precipitation of precipitation strengthening phases.
These problems are the root causes of welding cracks. The
elements segregation in the FZ of the joints with six kinds of
groove shapes is analyzed by EPMA, and the results are
shown in Fig. 4. The calculation formula of segregation
coefficient K*" is as follows:

BM
100 pm
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Fig.3 SEM microstructures of the joint with groove G2

x16F A
o Ni —e—Mo
.§ 14} ——Nb
=
“g 1.2+
O .\"/.—’.\.“
E Ho ‘\—4/\‘1(21
508t
)
§D0.6 [ \\_/
©n

04—

Gl G2 G3 G4 G5 G6

Fig.4 Segregation of elements in the joints with six kinds of grooves
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where C, is the content of an element in the dendrite of the
FZ; C, is the content of an element in the interdendritic of the
FZ. K>1 indicates that the elements are concentrated in the
dendrite, otherwise, the elements are concentrated in the
interdendritic area. In the FZ, elements W, Co, and Ni are
segregated in the dendrites, and elements Cr, Al, Mo, and Nb
are segregated in the interdendritic area. The segregation
degree of elements W and Nb is the largest in the dendrite and
interdendritic area. The degree of element segregation is the
largest in joints with grooves G3 and G4, and is the smallest
in joints with grooves G1 and G6.

The simulation result of the equilibrium solidification
process of the weld is shown in Fig.5a. The result shows that
the K4951 superalloy weld mainly contains y, y’, MC carbides,
and M,B, borides during the solidification process, which is
consistent with the results of the study on the precipitated
phase of K4951 superalloy by Lian et al®. The XRD patterns
for the six joints with different groove shapes, as shown in
Fig.5b, are not significantly different from the corresponding
calculation results. MC carbides are mainly NbC, and there is
no boride. It is considered that the precipitation of boride is
less, and the accuracy of XRD analysis is insufficient.

The precipitated phases in the FZ of the joints with six
different groove shapes are mainly chain-like, granular, and
granular phase groups composed of fine granular phases. The
SEM and EDS results of these precipitated phases are shown
in Fig.6. The size of these precipitated phases is within 1 pm
and rich in elements Nb and Mo. The TEM images of
the precipitated phase are shown in Fig. 7. The precipitated
phases with different morphologies have the same lattice
structure. EDS results indicate that the precipitated phase is
Ni,,Nb, Mo, ,C (Cr; (at%), so it is judged that the precipitated
phases of the FZ are nano-scale MC carbides.

3.2 Crack morphology and formation reasons of joints

Two primary types of welding cracks, solidification crack,
and liquation crack are mainly found in the weld of the joints

Granular phases group
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Fig.5 Equilibrium phase diagram of the K4951 superalloy calculated
by Thermal Calc (a); XRD patterns of the joints with six kinds
of groove shapes (b)

with six kinds of groove shapes. Solidification cracks are
predominantly found in the FZ, where high volume fractions
of solid phase during the final stages of weld solidification
restrict liquid metal reflux to fill the interdendritic area, as
well as the bias of low melting point elements towards the
grain boundaries to form a low-melting-point liquid film,
which leads to cracking of the alloy under the ensuing thermal

stress!'7*?

. Most solidification cracks are relatively straight,
cracking along the intergranular direction, and the crack
length and width are larger than those of other cracks. The

solidification crack morphology is shown in Fig. 8. The

C

' pm

Fig.6 SEM images of precipitated phases (a, ¢) and corresponding EDS element mappings (b)
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Fig.7 TEM images of precipitated phases (a, c—e); SAED patterns
corresponding to Fig.7a (b) and Fig.7e (f)

liquation cracks of the welded joints are mainly initiated in the
HAZ. During the welding heating process, the components of
the low-melting-point precipitate in the HAZ are liquefied,
forming a low-melting-point liquid film between the grains.
When the tensile stress generated during the cooling process is
greater than the surface tension of the liquid film, it will cause
the initiation of liquation cracks!™. Most of the liquation
cracks are small and zigzag, and the constitutional liquation of
the precipitated phase can be observed near the cracks. The
liquation cracks and their element mappings are shown in
Fig.9, and the liquation of the carbides near the cracks can be
observed.

The total crack length (TCL) of joints with six groove
shapes was measured and averaged. The results are shown in
Table 3. The joints with grooves G3, G4, and G5 have more
cracks, while the TCLs of joints with grooves G2 and G6 are
the smallest. It has been found that the aspect ratio (defined as
depth divided by the width) of the welded joint has a greater
influence on the welding results””, and the data in Table 3
show that welding cracks are less frequent for melt pool
shapes with aspect ratios between 0.3 and 0.5. Combining the
element segregation data in Fig.4, it can be known that joints
with aspect ratios of 0.3 to 0.5 have lower element segregation.
3.3 Influence of aspect ratio of grooves

The EBSD results for the joints with six groove shapes are
shown in Fig.10, where the welding cracks are initiated at the
high-angle grain boundaries. The comparison between the IPF
and KAM maps shows that the joints with aspect ratios of 0.3
to 0.5 have fewer fine grains and a more homogeneous
geometrically necessary dislocation. The KAM map reflects
that the distribution of geometrically necessary dislocations
within a grain is due to the local misorientation, and the

25 um

25 um

25 pm

Fig.8 SEM images and EDS element mappings of solidification cracks
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5 um

5 um

Fig.9 SEM images and EDS element mappings of liquation cracks

Table 3 TCL and aspect ratio of six joints

Groove Gl G2 G3 G4 G5 G6
TCL/pm 5586 1693 7758 6621 9335 3930
Aspectratio  0.25 0.5 0.75 1 0.6 0.375

density of geometrically necessary dislocations can indirectly
reflect the residual stress in the joint. Welding cracks are
mostly caused by residual stress. The geometrically necessary
dislocation density must be high around the welding cracks.
Therefore, the residual stress distribution of the joint with a
moderate aspect ratio is also more homogeneous.

The tensile results of joints with six kinds of groove shapes
at 800 °C are shown in Fig. 11. It can be observed that the
tensile strength is related to the TCL, and the TCL is related to
the aspect ratio of the grooves. The TCL is the smallest, and
the tensile strength is the highest when the groove aspect ratio
is 0.2—0.5. The tensile fracture morphologies are shown in
Fig. 12. All fracture morphologies of six grooves have the
characteristics of an intergranular fracture. Secondary cracks
are observed in each fracture, and most are located at the
bottom of the FZ, which are judged to be liquation cracks. In
addition, several dimples are found at the fracture of joints
with grooves G2 and G5, and it is judged that the fracture
mode of these two joints is a brittle-ductile mixed fracture.
Therefore, the fracture mode of the joint with the groove
aspect ratio of 0.2—0.5 is a mixed fracture, and the others are
brittle fractures.

The groove shape mainly affects the welding quality by
affecting the stress state, crystallization condition, and heat
distribution of the joint. The generation of cracks in welded
joints is mainly related to the thermal stress in the welding
process, and the stress change in the welding process is shown

in Fig. 13%%. Taking the longitudinal stress o, as an example,
the temperature of the weld center is the highest during
welding, and the metal of the weld is still in a molten state, o=
0. Then, the metal around the weld is subjected to thermal
expansion, which provides tensile stress, and the weld is under
compressive stress. As the welding process proceeds, the weld
is gradually cooled down, the center of the weld turns to
tensile stress, while the metal on both sides of the weld is
subjected to compressive stress, which is the distribution of
residual stress in the joint after welding.

The shape of the groove mainly affects the distribution of
residual stress by changing the constraint state of the weld
metal. The deeper the groove depth, the larger the tensile
stress at the weld center, thereby deteriorating the metal’s
weldability. In the case of a certain depth, increasing the width
of the groove can alleviate the tensile stress in the weld center.
However, if the groove is too wide, multi-pass welding is
required, which will also initiate welding cracks.

In TIG welding, the molten pool temperature reaches about
1800 °C, the liquid metal is in a superheated state, and there
are few spontaneous nucleation particles. Therefore, most of
the crystal nuclei attach to the semi-melted grains of the BM
and grow in the form of columnar crystals to the center of the
weld, which is also confirmed by the EBSD results in Fig.10.
Some recrystallized grains are found at the edge of the FZ. It
is considered that during the cooling process of the weld, the
columnar crystals at the boundary of the FZ grow towards the
center, and some tensile stresses already exist in the dendritic
crystals that take the lead in solidification, providing the
energy required for nucleation and promoting the formation of
these recrystallized grains, as shown in Fig. 14. As the weld
continues to cool, the temperature of the weld center
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decreases, the nucleation condition becomes worse, leading to
the formation of finer equiaxed crystals in the weld center.
Joints with high residual stress, such as those in the six cases
mentioned, tend to have finer crystals.

The test results show that joints with grooves G3 and G4
have a high degree of stress concentration and more fine
crystals. The grain boundary is the final solidification part of
the weld, and it is also the weakest part of the superalloy. With
the solidification of the weld, more residual stress
accumulates at the grain boundary. When the residual stress
0.>2y/h, where p, is the surface tension of the solid-liquid
interface and /% is the thickness of the liquid film, the cracks
are initiated™.

In addition, the distribution of heat in the groove during
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welding is also crucial to the welding results, and there are
mainly Gaussian heat source models, double ellipsoid heat

source models, and generalized double ellipsoid models for
welding heat sources™ ™. Taking the Gaussian heat source as
an example, the heat energy transferred into the base material
through a unit area per unit time during welding, i.e., heat

flow density ¢, is calculated as follows"™":

q(r)=g,e " 2
where r is the distance from a point in the area covered by the
arc to the center of the heat source, ¢, is the maximum heat
flux density, and K is the heat source concentration factor. In
the places below and near the heat source, the arc in the same
plane transmits the maximum heat energy to the BM. As the
groove depth gradually increases, the rate of heat drop slows
down, the degree of elastic deformation of the metal near the
weld increases, and the thermal stress generated during the
cooling process increases. The superalloy cracks when the
thermal stress exceeds the limit that the liquid film can
withstand.

4 Conclusions

1) When the welding wires with a similar composition
to the K4951 superalloy are used to weld the K4951
superalloy, a joint with fewer defects can be obtained,
where nano-scale MC carbides are primarily precipitated.

2) The aspect ratio of the grooves or casting defects has a
great influence on the welding quality. When this ratio falls
within the range of 0.2 to 0.5, several characteristics of the
joint are affected: the degree of element segregation
decreases, the fine crystal content reduces, the TCL shortens,
the tensile strength improves, and the fracture mode exhibits a
brittle-ductile mixed behavior.

3) The grooves or casting defects mainly affect the welding
results through the restraint state, crystallization conditions,
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