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A B S T R A C T   

Nickel alloy Inconel 740H, a candidate material for use in ultra-supercritical power plants, is susceptible to 
solidification cracking during high power deep penetration laser welding. Here we examine how cracking is 
affected by welding variables and determine the locations where the cracks occur experimentally and theoret
ically. We use a solidification cracking model to calculate the effects of welding variables on cracking and the 
locations where the cracks form during high power laser keyhole mode welding of IN 740H. The parameters 
needed for the cracking model are obtained from a well-tested numerical heat transfer and fluid flow model for 
keyhole-mode welding. Model predictions of cracking and their locations for different welding conditions are 
verified by experiments.   

1. Introduction 

With growing environmental concerns of burning fossils fuels, coal- 
fired ultra-supercritical power plants operating at high steam tempera
tures around 760 ◦C and pressures about 35 MPa have been developed 
(Viswanathan et al., 2006). These operating conditions help to achieve 
high energy efficiency and low CO2 emission rates (Tramošljika et al., 
2021). These power plants require materials with superior creep and 
corrosion properties (Siefert et al., 2016). Inconel 740H, a 
precipitation-hardenable nickel alloy, is a candidate material for use in 
these plants because of its superior creep and corrosion resistance 
(Gianfrancesco, 2017). Kościelniak et al. (2021) showed that the 
microstructure of IN 740H was stable during its study of oxidation 
behavior in the steam atmosphere. However, fusion welds of IN 740H 
demonstrated reduced creep rupture life compared to the base material 
arising from the presence of γ’ precipitate denuded zone (Bechetti et al., 
2015). In another study, the mechanical properties of gas tungsten arc 
welds of 3.2 mm plates of IN 740H in a supercritical CO2 atmosphere 
(Brittan et al., 2019) were found to be slightly impacted by the CO2 
atmosphere. The study of the susceptibility of the alloy to various types 
of cracking is also needed as a part of the material selection criteria. 
However, reports on cracking susceptibilities are available for a prede
cessor version of the alloy i.e. IN 740. Ramirez (2012) reported that IN 
740 is highly susceptible to liquation cracking but not susceptible to 

ductility dip cracking. In a solidification cracking susceptibility study of 
several nickel alloys by Saito et al. (2019), IN 740 showed moderate 
susceptibility. The use of IN 740H in ultra-supercritical power plants will 
need the joining of thick plates. However, the cracking behavior of deep 
penetration welds of this alloy is not available in the literature. 

Several investigations of solidification cracking of precipitation- 
hardenable Ni alloys have been reported in the literature. David et al. 
(2015) combined all recent efforts on welding and weldability of 
candidate Ni-based superalloys for advanced ultra-supercritical fossil 
power plants. Pakniat et al. (2016) compared weld penetration and the 
tendency of solidification crack in pulse laser welds of 2 mm thick 
Hastelloy X plates. Solidification cracking was found to decrease with an 
increase in pulse frequency and pulse duration. Wang et al. (2004) 
studied the effect of grain boundary misorientation on solidification 
cracking during welding of Ni-superalloy single and bi-crystals and 
showed that high grain boundary misorientation favors cracking. So
lidification cracking in pulse laser welds of thin foils (0.2 mm thick) of 
IN 718 was reported by Lin et al. (2021) to propagate along Laves phase. 

Solidification cracks form during the last stages of solidification 
when the mushy region experiences tensile stress, and the high solid 
fraction (fs>0.9) restricts the flow of liquid to backfill the cracks 
(Boellinghaus et al., 2016). Factors responsible for the solidification 
cracking include solidification temperature range, solidification pa
rameters such as temperature gradient, solidification growth rate, and 
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cooling rate, and the amount of residual liquid during the last stages of 
solidification (Kou, 2020). The temperature gradient and the solidifi
cation growth rate influence the morphology of the solidification 
structure and lead to conditions that promote cracking susceptibility (Li 
et al., 2021). 

Here we report the solidification cracking in laser keyhole mode 
welding of thick plates of IN 740H (12.7 mm) using high powers for 
several welding speeds. The origin of cracking is related to a cracking 
model that is based on the heat transfer and fluid model of the keyhole 
welding process. Additionally, the location of the cracks for each of the 
experimental welds is predicted from the cracking model. 

2. Materials and methods 

2.1. Experimental welds 

Keyhole mode welds were made on 12.7 mm thick plates of IN 740H 
using a laser radius of 0.524 mm. The laser power was varied between 5 
kW and 10 kW and welding speeds of 12.7 mm/s, 25.4 mm/s, and 38.1 
mm/s were used. The composition of the IN 740 H alloy plates used in 
this work (in wt%) is 50.07 Ni, 24.6 Cr, 20.3 Co, 0.2 Fe, 1.49 Nb, 0.05 
Mo, 0.24 Mn, 1.4 Al, 1.5 Ti. 0.1 Si 0.03 C and 0.02 Cu. 

Transverse cross-sections of all the welds were polished using stan
dard metallographic techniques and observed in an optical microscope 
to identify the fusion zone size and shape. The locations of the cracks for 

Table 1 
Thermophysical properties of IN 740H. These values were obtained from cal
culations using JmatPro for the alloy composition of IN 740 H. Here T represents 
the temperature in K and γ is the surface tension. The viscosity is at liquidus 
temperature.  

Properties used for laser keyhole welding simulation 

Density (Kg/m3) 8200 
Dynamic viscosity (Kg/ms) 0.007 
Solidus (K) 1425 
Liquidus (K) 1669 
Boiling point (K) 3063 
Latent heat of fusion (J/Kg) 2.82× 105 

Specific heat (J/KgK) 10− 3T2 + 0.4T + 298 
Thermal conductivity (W/mK) 0.013 T + 9.177 
dγ/dT (N/mK) − 0.33× 10− 3 

Laser absorption coefficient 0.2 
Laser power distribution Gaussian 
Laser radius (mm) 0.524 
Laser power (W) 5000 − 10,000 
Welding speed (mm/s) 12.7–38.1  

Fig. 1. (a) The temperature vs solid fraction (fs) curve for IN 740H alloy 
calculated using ThermoCalc. (b) The maximum slope (|dT/d(fs)1/2|) of tem
perature versus (fs)1/2 curve (near fs = 0.96) calculated using ThermoCalc 
where fs is the mole fraction of solid is an important indicator of the suscep
tibility of an alloy to cracking. 

Table 2 
Comparison of experimentally observed crack depth and that predicted by using 
the model.  

Laser 
power 
(kW) 

Welding 
speed mm/s 

Crack depth 
(Experiment) mm 

Crack depth from crack 
susceptibility coefficient of 
1.2 

5  12.7 3.7–4.4  4.1 
7.5  12.7 5–6.5  5.7 
10  12.7 6.4–8  7.2 
5  25.4 2.9–3.4  3.2 
7.5  25.4 4.3–5.4  4.7 
10  25.4 5.5–6.3  6.1 
7.5  38.1 4–4.6  4.3 
10  38.1 5.4 − 5.9  5.5  

Fig. 2. (a) Representative etched optical cross-section image showing solidifi
cation crack in the keyhole region for a 5 kW weld and 12.7 mm/s welding 
speed on a 12.7 mm thick plate; (b) Inverse pole figure map of the region of 
crack (~depth of 5 mm) shows that it follows the grain boundary. 
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various laser powers and welding speeds were determined by scanning 
electron microscopy (with electron backscatter diffraction system) and 
3D x-ray computed tomography (CT) scans. At least five measurements 
were made for determining the location of the depth of each crack for all 

the welding conditions. 

2.2. Heat transfer and fluid flow model 

We used a well-tested keyhole mode 3D heat transfer and fluid flow 
model to calculate the temperature fields, cooling rates, and the solidi
fication behavior for various welding conditions. The details of the heat 
transfer and fluid flow model are available in our previous papers (Rai 

Fig. 3. (a) The calculated temperature and velocity fields during keyhole mode 
laser welding of IN 740H for 5 kW power and 12.7 mm/s welding speed. One- 
half of the pool is shown in a 3D isometric view due to symmetry across the 
vertical plane (XZ). The liquid metal flow is shown by the black velocity vectors 
and a reference vector is shown to estimate their magnitudes. Calculated 
temperature gradient (b) and cooling rate (c) in the mushy zone for different 
laser powers and 12.7 mm/s welding speed. 

Fig. 4. Comparison of calculated and experimental weld geometry for different laser powers for a welding speed of 12.7 mm/s using 0.524 mm laser radius and 
12.7 mm thick plate. 

Fig. 5. (a) A schematic diagram showing the location of different solid frac
tions (fs) in the mushy zone. The contours for solid fractions of 0.4, 0.9, and 
0.99 for horizontal cross-sections (XY planes) with 5 kW at Z = 0 mm indicate 
contours at the top surface (Fig. b), the Z = 2 mm plane (Fig. c), and the 
Z = 4.1 mm plane (Fig. d). 
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et al., 2007a) and only the salient features are presented here. The 
calculation of the keyhole geometry is done first and then followed by 
heat transfer and fluid flow calculations (Rai et al., 2009). The calcu
lation of the keyhole profile is done by a point by point heat balance at 
the keyhole wall which is at a temperature of the boiling point of the 
alloy (Rai et al., 2007b). The keyhole profile and the resulting heat flux 
are then used in a heat transfer and fluid flow model as a heat source and 
the equations of mass, momentum, and energy are solved for enthalpy 
and velocity. The 3D computed temperature fields are then used to 
calculate the solidification parameters. The thermophysical parameters 
of IN 740H used in the heat transfer and fluid flow model are extracted 
from JmatPro and are provided in Table 1. 

3. Results and discussion 

Solidification cracking has been associated with alloys having a large 
difference between the liquidus and solidus temperatures (Kou, 2020). A 
large solidification temperature range results in an expanded 
solid-liquid mushy zone volume, which shrinks considerably when 
cooled and increases the possibility of cracking. Calculations using the 
thermodynamic package ThermoCalc® show that Inconel 740H has a 
solidification temperature range of 244 K. The calculations show that 
solidification starts with the formation of primary γ followed by MC 
carbides, γ’ precipitates, and finally terminates with the formation of 
Laves phase (Fig. 1a). The intermetallic Laves phase has an A2B general 
stoichiometry, where A elements (Ni, Cr, Fe) are smaller than the B el
ements (Nb, Mo, Ti) (Radhakrishna et al., 1995) Both γ’ precipitates and 
the brittle Laves phase have been associated with solidification cracking 
in Ni alloys (Dupont et al., 2009). Sivaprasad and Raman (2008) con
ducted gas tungsten arc and electron beam welding on IN 718 and re
ported cracks to be prevalent adjacent to the Laves phase. Ye et al. 
(2015) reported that an increase in welding heat input increased the size 

of the Laves phase leading to increased weld metal solidification 
cracking susceptibility. Inconel 740H is characterized by both a large 
solidification temperature range and γ’ precipitates which makes it 
susceptible to solidification cracking. 

The relative susceptibility of solidification cracking has been suc
cessfully evaluated from temperature versus square root of fraction solid 
plots (Kou, 2015). A higher slope of the plot indicates a higher cracking 
susceptibility (Liu and Kou, 2017). For IN 740H, a plot of temperature 
versus square root of fraction solid calculated using ThermoCalc is 
shown in Fig. 1b. The plot has an increasing slope with decreasing 
temperature, and the steepest slope is observed when the solid fraction 
reaches about 0.96. This slope is higher than that for nickel alloy IN 718 
which makes IN 740H more crack susceptible (Xia and Kou, 2020). 

Our experiments showed cracks to be common in high-power 
keyhole mode laser welds of IN 740H. Table 2 shows the lowest and 
the highest depths where cracks were observed experimentally for 
various laser powers and welding speeds. A transverse cross-section of 
the weld for a 5 kW laser and 12.7 mm/s speed shows the characteristic 
wine glass shape of the fusion zone which is typical of the keyhole mode 
welding. A solidification crack is observed in the finger region of the 
fusion zone and extends beyond the fusion line boundary (Fig. 2a). Both 
horizontal and vertical orientations of the cracks were observed in 
several cross-sections of welds. The lowest and the highest depths of 
each crack were measured and the results are presented in Table 2. The 
intergranular nature of the solidification cracks in a deep penetration IN 
740H weld is also evident from the inverse pole figure map shown in 
Fig. 2b. During welding of thick plates, the multi-axial stress states are 
transient and complex and the evolution of grain structure depends on 
welding parameters and the properties of the alloy. They are contrib
uting factors to the geometry and orientation of cracks. In this investi
gation, cracks were observed in a plane normal to the plane of welding. 
Thus, the orientation of the cracks is different from that of the centerline 
cracks observed in some previous investigations. The reason for this 
difference is not known. 

A quantitative investigation of solidification cracking in deep pene
tration keyhole mode welding requires knowledge of the temperature 
field, solid fraction distribution, and the fusion zone geometry for 
various welding variables. The cooling rates, temperature gradients, and 
the solidification growth rates affect the solidification microstructure 
(Blecher et al., 2014) which affects the cracking behavior. A computed 
weld pool geometry showing three-dimensional temperature and fluid 
flow patterns for IN 740H is shown in Fig. 3a. Model validations for 
several power levels and 12.7 mm/s welding speed is shown in Fig. 4. 
The high depth to width ratio of the keyhole weld is evident from this 
Fig. 3a. Heat transfer by conduction and convection in three dimensions 
affects the shape and size of the fusion zone. The keyhole geometry is 
indicated by the red-colored region enclosed by the boiling point of the 
alloy which is 3063 K. Liquid metal flows are indicated by black velocity 
vectors from the keyhole to the edge of the molten pool. The flow occurs 
because of the spatial gradient of surface tension which is stress known 
as the Marangoni stress. Since surface tension depends on temperature, 
the large spatial gradients of temperature at the weld pool surface result 
in large surface tension gradients which drive the flow. The mushy zone 
is bound by the liquidus temperature surface of 1669 K and the solidus 
temperature field of 1425 K. The weld pool and the mushy zone lengths 
decrease with increasing depth measured from the weld pool surface. 

The scale and the morphology of the solidification microstructure are 
determined by the cooling rate and the ratio of the temperature gradient 
to the solidification growth rate, respectively. The computed values of 
the temperature gradients in the mushy zone along the welding direc
tion as a function of depth are shown in Fig. 3b. They are calculated by 
dividing the difference between the liquidus and solidus temperatures 
by the length of the mushy zone at various depths and represent the 
temperature gradient at 1547 K. The computed values of the tempera
ture gradients change from 32 to 1003 K/mm for a weld made using 
5 kW laser power and 12.7 mm/s welding speed. Multiplying the 

Fig. 6. (a) The calculated ratio of vulnerable time to relaxation time (cracking 
susceptibility coefficient) for different laser powers and 12.7 mm/s welding 
speed; (b) Relation between computed and experimental crack depth for 
different welding variables (Table 1). 
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temperature gradient by the welding speed provides the cooling rate at 
each depth measured from the surface of the welds. The results are 
presented in Fig. 3c. The computed results show that the cooling rate 
increases from 405 K/s at the weld surface to 12,741 K/s at a depth of 
about 6 mm, which is the bottom of the keyhole for 5 kW laser power 
and 12.7 mm/s welding speed. Higher cooling rates have been associ
ated with the formation of cracks (Chelladurai et al., 2015). Our 
experimental data show that for all power and speed combinations, 
cracks occurred in the keyhole region at various depths but not at the 
bottom of the keyhole (Table 1). Since both the temperature gradient 
and the cooling rate increase continuously with depth, they cannot be 
directly used to determine the location of the cracks within the 
weldments. 

Clyne and Davies (1981) proposed a hot cracking susceptibility co
efficient, which is the ratio of the duration when the solid-liquid two-
phase region is vulnerable to cracking and the relaxation time available 
for the stress relief process. The vulnerable time is defined in their model 
(Clyne et al., 1982) as the time needed for the solid-liquid mixture to 
solidify from the solid fraction of 0.9–0.99. During this period, the liquid 
metal available in the two-phase solid-liquid mixture is thought to be 
insufficient to fill up and compensate for the shrinkage of the last liquid 
as the two-phase mixture cools. On the other hand, the relaxation time is 
defined by the progression of solidification during changes in the solid 
fraction from 0.4 to 0.9. During this time, the solidification shrinkage 
can be easily backfilled because of the availability of a large volume of 
liquid. The procedure for the calculation of the hot cracking suscepti
bility coefficient is illustrated in Fig. 5a. A high value of the coefficient 
indicates a greater time of exposure of the two-phase mixture to 
vulnerable conditions indicating a greater likelihood of cracking. As 
illustrated in Fig. 5a, specific locations where the solid fractions are 0.4, 
0.9, and 0.99 within the two-phase region in the molten pool are needed 
to use the hot cracking model. They are calculated from the 
three-dimensional temperature field which depends on the welding 
variables such as laser power and welding speed. Furthermore, the 
cracking susceptibility coefficient can be calculated at different depths 
of welds. Such calculations will enable an evaluation of the values of the 
hot cracking susceptibility coefficient at locations where the cracks are 
found within the weldments from experiments for different conditions of 
welding. The relation between temperature and the solid fraction is 
obtained from the Scheil curve calculated from the thermodynamic 
package ThermoCalc. The calculations show that temperatures of 
1425 K, 1551 K, 1652 K, and 1669 K corresponded to solid fractions of 
0.99, 0.9, 0.4, and 0, respectively. The solid fractions contours at three 
depths are shown in Fig. 5b, Fig. 5c and Fig. 5d. They show the green 
regions bound by solid fractions between 0.4 and 0.9, which represent 
the relaxation region and the red regions bound by solid fractions of 0.9 
and 0.99, which represent the vulnerable region at three depths. 

We consider several XY horizontal cross-sections which represent 
various weld depths to examine the changes in the lengths of vulnerable 
and relaxation regions and the corresponding hot cracking susceptibility 
coefficients. The weld pool and the mushy zone lengths decrease with 
increasing depth from the pool surface. The coefficients calculated for 5, 
7.5, and 10 kW laser powers and 12.7 mm/s welding speed shows that 
for each power, the ratio of the vulnerable time to relaxation time in
creases continuously with depth as shown in Fig. 6a. Furthermore, the 
depths corresponding to the vulnerable time to the relaxation time of 1.2 
matches the depths where cracks are observed experimentally in each 
case. Fig. 6b shows a plot of the location of the cracks observed exper
imentally to the depth at which the ratio of the vulnerable time to 
relaxation time has a ratio of 1.2. The agreement shows that for the deep 
penetration keyhole mode laser welding of alloy 740H, the crack depth 
observed experimentally agrees with that calculated theoretically for a 
ratio of vulnerable time to relaxation time ratio of 1.2. When this 
threshold is crossed, i.e., when the value of the crack susceptibility co
efficient is higher than 1.2, no other cracks have been observed 
experimentally. 

As we have seen in Fig. 6a, the computed values of the crack sus
ceptibility coefficient increase with depth. Why then are no other cracks 
observed at higher depths? It seems that once the value of the coefficient 
reaches 1.2, a higher value of the coefficient does not nucleate new 
cracks, but rather propagates the existing crack. What is most important 
is that this threshold value of the ratio holds for all powers and speeds 
investigated in this work and it allows identification of the depth where 
the cracks appear in each case. This analysis of the threshold can also 
help to avoid cracking by changing the laser power and welding speed. 
Increasing laser power (at constant welding speed) while providing 
greater depth of weld penetration also shifts the crack to greater depths 
(Fig. 6a). 

Summary and conclusions 

In summary, we present experimental data and theoretical calcula
tions to examine the cracking behavior of high power, keyhole mode 
laser welding of Inconel 740H. We related the welding variables with the 
occurrence of cracks and their locations using a cracking susceptibility 
model. The necessary values of vulnerable time and relaxation time 
were obtained from a well-tested keyhole mode heat transfer and fluid 
flow model. The model predictions were compared with the experi
mental results. The following are the main findings.  

(a) Inconel 740H suffers from solidification cracking during thick 
section keyhole mode laser welding at laser powers of 5 kW, 
7.5 kW, and 10 kW and 12.7, 25.4, and 38.1 mm/s welding 
speeds. This behavior is consistent with the large solidification 
temperature range of this alloy of 244 K.  

(b) Increasing power at a constant welding speed increases the pool 
volume. Thus the two-phase mushy zone volume, enclosed be
tween isotherms of 1425 K and 1669 K, also increases.  

(c) At a constant welding speed, the cracks occurred at greater 
depths with the increase in laser power from 5 kW to 10 kW. At 
constant laser powers, the cracks occurred at lower depths with 
increasing welding speed.  

(d) The cracking susceptibility model could predict the locations of 
cracks using computed values of the cracking susceptibility co
efficient of 1.2 for all values of laser powers and welding speeds 
investigated. 
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Appendix A. Calculation of the ratio of the vulnerable time to 
relaxation time 

The temperature field in the mushy zone is obtained from the heat 
transfer and fluid model. Each temperature in the mushy region repre
sents a specific solid fraction. The Scheil plot of IN 740H (Fig. 1) shows 
that 1652 K, 1551 K, and 1425 K correspond to solid fractions of 0.4, 
0.9, and 0.99, respectively. The following figure shows the top view of a 
molten pool at the top surface (Z = 0). The green region of the mushy 
zone shows solid fractions between 0.4 and 0.9 and the red region shows 
solid fractions between 0.9 and 0.99. 

The length of the vulnerable region (BC) = 3.967 mm. 
The length of the relaxation region (AB) = 6.011 mm. 
The times spent in these regions are obtained by dividing the zone 

lengths by the welding speed (12.7 mm/s). Thus, the time spent in the 
vulnerable region is (3.97/12.7) s and the time spent in the relaxation 
region is (6.01/12.7) s. The cracking susceptibility coefficient is the ratio 
of time spent in the vulnerable region to that in the relaxation region. Its 
value is the ratio of lengths BC and AB and is obtained as 3.97/ 
6.01 = 0.66. 
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