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TIG Welding Crack Sensibility Analysis of Co-Based Superalloys

The microstructure of alloy phases and hot crack propagation under TIG (tungsten inert gas) welding of Co-based superal-
loys are investigated. The μ-phase, β-phase and carbides are grown in the superalloy, and the μ-phase is mainly precipitated. The 
microhardness of the μ phase is higher than the β phase and the matrix. During TIG welding, the arc crater cracks in the molten 
pool are all intergranular. The equiaxed crystals are existed in the fusion zone, and the dendrites are appeared in the heat affected 
zone. The microcracks in the heat-affected zone and closed to the base metal are preferentially initiated in the region of the μ phase, 
and continuously extend to the matrix along the growth direction of the μ phase. 
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1. Introduction

Co-based superalloys have been widely used in aerospace, 
marine engineering and chemical industries because they have 
more excellent high temperature properties, corrosion resistance 
and weldability than nickel-based alloys [1]. Welding is the most 
effective method for joining complex superalloy components 
and repairing tiny defects formed during casting and servic [2]. 
Thus, the usability is greatly limited. 

For example, some nickel-based superalloys, especially 
those with high Al and Ti content (Al Ti > 6 wt.%), are easy to 
form solidification cracks, liquefaction cracks and strain aging 
cracks. This makes them be considered non-weldable and their 
application is limited [3-5]. An effective way to improve the 
properties of superalloys is to increase the content of refractory 
alloying elements [6]. However, more refractory elements in 
alloys tend to promote the formation of topological compact 
stacking phases (TCP). The formation of TCP phase is mainly 
caused by element diffusion [7], which is closely related to 
temperature, time and stress [8-9]. The presence of the phase 
would seriously damage the strengthening elements of the 
superalloys and lead to the formation of cracks caused by local 
stress concentration [10-11]. From a mechanical point of view, 
the TCP phase is a brittle inclusion, which will significantly 
reduce the service life of Ni-based single crystals. TCP phase, 
such as μ phase, is highly ordered phase in terms of packing [12].  

It generally precipitates in the alloys. Due to its different mor-
phology, the μ phase has different effects on the properties of 
superalloys [13-14]. Spherical μ-phase precipitates are prone 
to debonding, while needle-like or sheet-like precipitates lead 
to dislocation stacking and cracking. Their complex crystal 
structure usually results in significant brittleness of these phases, 
which is easy to form crack source. Hong et al. [15] reported 
that microcracks initiation in the heat-affected zone of Inconel 
718 welded joints were reduced the fatigue life of welded joints, 
while the relationship between welding crack and TCP phase is 
not clearly explained. 

In the paper, the Co-based superalloy is carried out by TIG 
spot welding, and the behavior of welding crack initiation and 
propagation is analyzed. The microstructure and the characteri-
zation of alloy phase are discussed. The relationship between 
cracks generated during TIG welding and TCP phase growth 
is illustrated. 

2. Experimental procedure

The chemical composition of the experimental material 
Co base superalloy is shown in TABLE 1. The superalloy speci-
mens were subjected to conventional wire cutting. The samples 
were mechanically ground and polished with a series of silicon 
carbide abrasive papers to obtain the mirror finish required  
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for metallographic analysis, degreased with alcohol and cleaned 
with distilled water and acetone with ultrasonic. The sam-
ples were electrolytically etched in the corrosive solution of 
42%H3PO4 + 34%H2SO4 + 24%H2O.

The morphology was observed and the quantitative analysis 
was detected on the micro areas of the material, by means of 
metallographic microscope, backscatter electron (BSE) mode 
and the secondary electron (SE) mode of scanning electron mi-
croscope (SEM) combined with energy dispersive spectrometer 
(EDS). The phase structure was identified by X-ray diffraction 
(XRD). The area fraction of the phase was calculated using Image 
Pro Plus software. The hardness of each phase was evaluated by 
vickers microhardness test. The sample with diameter of 16 mm 
and thickness of 2 mm shall be subjected to TIG spot welding. 
BSE analysis of thermal crack propagation after welding was 
carried out by scanning electron microscope (SEM). The wed-
ding process and SEM equipment is shown in Fig. 1.

Fig. 1. Welding process diagram

3. Results and discussion

3.1. Microstructure of the experimental alloy

As shown in Fig. 2, the diffraction peaks in the XRD of 
the Co-based superalloy can clearly show the μ phase and the 
matrix γ. The superalloy morphology is microscopically ob-
served by SEM in BSE mode. Fig. 3 shows the morphology of 
the experimental alloy. In Fig. 3(a), distinct contrast phase, dark 
gray phase, light gray phase and bright carbides are observed in 
the interdendritic region. From results of phase composition with 

EDS, it is known that the light gray phase is rich in W and Mo 
elements, and the dark gray phase is rich in Al elements. The light 
gray phases are Co3W or Co7W6 (also known as μ phase), and 
the dark gray phase is Al-Co (also known as β phase) [16-18]. 
Fig. 4 shows the chemical elemental segregation in each phase 
using the EDS mapping analysis. Fig. 4(a) shows the measured 
region morphology, and Fig. 4(b) shows the distribution of the 
corresponding Al-rich elements in the β region. Fig. 4(c) shows 
the distribution map of the μ region rich in the corresponding 
W element. Fig. 4(d) shows the distribution of the corresponding 
Mo elements enriched in the μ region. 

Fig. 5 shows the metallographic morphology of Co-based 
supperalloy. The area fraction of μ phase and β phase is calcu-
lated by Image Pro Plus software. The 15 sheets under the 200-
fold metallographic are used for the phase fraction calculation. 
The calculation results are shown in Fig. 6. The proportion of 
μ phase is 19.1%, and the proportion of β phase is 2.2%. The 
volume fraction of β phase is lower, so it does not appear in XRD 
tests. The μ phase is a kind of topologically dense phase, which 
is famous for its complex crystal structure and physical proper-
ties. The μ phase has the ideal STOichiometry of A6B7, and its 

TABLE 1
Chemical composition of Co-based superalloy (wt.%)

Element
Al W Ni Cr Ta Hf Ti C B Mo Co
4.0 10.0 30.0 5.0 8.0 1.5 2.0 0.050 0.024 5.0 Bal.

Fig. 2. XRD analysis results of Co-based superalloy

Fig. 3. (a) Microstructure of Co-based superalloy, (b) Magnified mor-
phology of the circle in (a)
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prototype is Fe7W6 with a rhombohedral cell of 13 atoms [19]. 
Due to the high volume fraction of the μ phase, its properties 
easily affect the mechanical properties and ductility. 

Fig. 5. Metallographic morphology of Co-based supperalloy, (a) 200×, 
(b) 500×

Fig. 6. Area fraction of each phase in the experimental alloy (%)

3.2. Morphology after welding

The molten pool after welding is mainly divided into three 
parts, namely fusion zone, heat Affected zone and base metal. 
These three parts can be observed, and the morphology is shown 

in Fig. 7(a). A region is fusion zone, B region is heat affected 
zone, and C region is base metal. Fig. 7(b) is a schematic diagram 
of the post-weld morphology simulated by ANSYS one-to-one 
scale, which includes the fusion zone (FZ), the heat-affected 
zone (HAZ) and the base metal (BM).

Fig. 7. (a) Morphology of welding pool, (b) regional distribution of 
BM, HAZ and FZ in numerical simulation

The TIG welding is employed on the superalloy, and 
the welding molten pool microstructure is shown in Fig. 8. 
In Fig. 8(a), obvious crater cracks in the fusion zone is observed. 
There are fine cracks in the heat affected zone. The macro-
scopic cracks are caused by the large heat input. In Fig. 8(b), 
the small cracks are appeared in the heat-affected zone, which 
are intergranular cracking. In Fig. 8(c), fine cracks pass through 
the μ phase between the base metal and the heat-affected zone. 
The magnified morphology is shown in Fig. 8(d), as circled in 
Fig. 8(a). It is observed that the equiaxed crystals are grown in 
the fusion zone, and the dendrites are grown in the heat-affected 

Fig. 4. EDS mapping results of each phase in the experiment alloys, 
(a) mophology, (b) (c) (d) element distribution

Fig. 8. Crack distribution in the welding region. (a) Macro cracks, (b) 
Crack distribution in the fusion zone close to the heat-affected zone, 
(c) Crack distribution in the heat-affected zone close to the base metal, 
(d) Solidification structure in the fusion zone
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zone. The cracks are intergranular. The metal melts during the 
welding process, and the heat generated by the arc is continuously 
transferred outward through the molten pool. At this time, the 
liquid metal in the molten pool is in a state of overheating. There 
is a positive temperature gradient at the solid-liquid interface. 
During the solidification process of the alloy, it is different for 
the diffusion coefficients of solute atoms in the solid and liquid 
phases. With the continuous advancement of the solidification 
process, the composition supercooling phenomenon will occur. 
Canada’s physical metallurgist Professor B. Chalmers and his 
research group put forward the concept of interface stability 
and the famous theoretical component supercooling theory [20]. 
Its judgment is based on the following Formula (1).
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Nowadays, the theory of composition supercooling has been 
confirmed by many experiments. When G/R is less to a certain 
range, a larger number of crystal nuclei are formed at the solid-
liquid interface, and crystal nuclei grow up continuously in the 
form of equiaxed crystals. The composition subcooling theory 
considers that the influence of temperature gradient and concen-
tration gradient on the interface can be convenient to analyze 
the influence of solidification on the crystal morphology under 
certain conditions. During the welding process, there is a sub-
cooling zone in the molten pool as shown in the Formula (2):
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In the above formula, ΔT0 is the solidification temperature 
range, G is the temperature gradient, R represents the advancing 
speed of the solid-liquid interface, mL is the slope of the liquidus 
line in the phase diagram, k represents the equilibrium distribu-
tion coefficient, Dl is the diffusion coefficient of the solute in 
the liquid phase. During the solidification of the weld pool, the 
size of the component undercooling will ultimately determine 
the solidified microstructure and morphology. The temperature 
gradient G and the advancing speed R of the interface can im-
pact on the microstructure and grain size of the solidified alloy. 
With the decreasing G/R ratio, the solidification microstructure 
underwent the transition from planar crystal to cellular crystal 
to columnar dendritic crystal to equiaxed dendritic crystal. 
In the actual welding molten pool, the ratio of G/R is different in 
the positions, and the distribution of the solidification structure 
in the weld in the experiment results is also uneven [21]. At the 
boundary of the welding pool, the temperature gradient is higher, 
and the crystallization speed is lower. It is difficult to generate the 
constitutional supercooling phenomenon. The crystals gradually 
grow towards the central fusion zone of the molten pool. The 
temperature gradient decreases from the edge of the molten pool 
to the center, and the crystallization speed gradually increases. 
The solute content increases, and the constitutional supercooling 
gradually increases. The microstructure of the crystals changed 
from cellular to columnar to equiaxed dendrites in turn. In the 

middle melting region of the molten pool, the change of tem-
perature gradient is the smallest, and the speed of crystallization 
is the highest. The phenomenon of constitutional supercooling 
resulted in the formation of equiaxed grains. Its growth trend 
is shown in Fig. 9.

Fig. 9. Crystallization structure distribution of solidification process [22]

3.3. Crack propagation in phases

The precipitation of the topologically close-packed phase 
will destroy the stability of the alloy structure. Spherical 
μ-phase precipitates are prone to debonding, while needle-like 
or sheet-like precipitates can lead to dislocation stacking and 
cracking [22]. The μ phase in the experimental alloys is flaky 
(Fig. 3). The welding crack propagation morphology are shown 
in Fig. 10. Fig. 10(a) shows that the hot cracks are concentrated 
between the heat-affected zone and the base metal. Microcracks 
at the edge of the base metal in the heat affected zone can be 
caused by welding residual stress, which further reduces the 
service life of the alloy. In Fig. 8(c), the cracks preferentially 
appear in the μ phase with flakes, and the angles of these cracks 
vary from 20° to 85°. These distinct cracks are observed only in 
the μ phase. These microcracks on the μ phase show a tendency 
to propagate from the μ phase to the matrix. Crack propagates 
pass through the μ phase to the matrix, as shown in Fig. 10(b). 
The crack penetrates the μ phase and extends to the next μ phase 
of the matrix, and finally generates the macroscopic crack. 
In Fig. 10(c), the cracks on the μ phase continuously expand 
along the growth direction of μ phase. The crack on μ phase 
is wider than that on matrix, and the crack propagation path is 
serrated. The precipitation of μ phase will destroy the stability 
of the superalloy structure.

The hardness tests of each phase and matrix of the ex-
perimental alloy are carried eout, and the results are shown in 
Fig. 11. The microhardness of the μ phase is the highest, fol-
lowed by t β phase and the matrix γ phase. There is a correlation 
between material hardness and its brittleness. The greater the 
hardness is, the greater the brittleness is. The μ phase has a higher 
microhardness, and the crack is easier initiated and propagated 
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in the phase. This further clarifies that the microcracks in the 
heat-affected zone close to the base metal preferentially appear 
in the μ phase and continue to expand along the growth direc-
tion of the μ phase.

4. Conclusions 

(1)	 The microstructure is observed for Co-based superalloy, and 
the μ-phase, β-phase and carbides are found. The μ phase 
is presented as a light gray block morphology, and it is rich 
in W and Mo elements. The β phase is presented as a dark 
gray block morphology, and it is rich in Al element. The 
carbide appears as the white and bright polyhedron.

(2)	 Co-based superalloy is carried out by TIG welding. The 
melting zone in the molten pool exists in the form of equi-
axed crystals, and the heat-affected zone exists in the form 
of dendrites. Crater cracks due to heat input crack grow 
along the equiaxed and dendritic grain boundaries.

(3) In TIG welding, the microcracks in the heat-affected zone 
are preferentially initiated in the μ phase and continue to 
expand along the growth direction of μ phase. The crack 
propagation path is along zigzag propagation. The micro-
hardness of the μ phase is higher than the β phase and the 
matrix, and the crack is easier initiated and propagated 
along the μ phase.
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