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1. Introduction 

Repairing is a well-known strategy used in the frame of sustainable metallurgy to enhance above all the lifespan of 
those products that requires a lot of energy to be produced such as nickel-base turbine blades (Wilson et. al, 2014). 
Laser welding is an excellent technology particularly suitable for metal repairs as it reduces the area altered by heat to 
a minimum, allows the fusion of dissimilar metals and can cover cavities resulting from the removal of a possible 
surface defect through the deposition of filler metal (Rinaldi et al., 1997; Sandy et al., 2000). Unfortunately, some 
alloys such as Aluminum or nickel-base alloys, suffer from solidification cracking (SC) that is a tremendous but also 
intriguing challenge to face. The crack forms and grows immediately behind the fusion zone where the alloy is in a 
semi-solid state or just in a solidified state (sub-solidus weld cracking (David et al. 1997)), due to an unfortunate 
combination of metallurgical, thermal and mechanical factors. Different works can be found in literature dealing with 
the SC phenomenon. In their work, Hu and Richardson (2006) studied the transverse solidification cracking 
phenomenon in aluminum alloys and proposed some strategies to obtain sound welds. For instance, they found that 
using a lower welding speed in combination with a lower heat input can prevent the SC formation. Alternatively, the 
use of a secondary source to reduce the cooling rate and therefore the thermal longitudinal stresses in the mushy zone 
could be used to obtain sound joints. Other mitigating actions against SC, suggested by Norouzian et al. (2023), are 
the use of grain refiners, laser beam oscillation and ultrasonic vibration. Coniglio and Cross (2020) focused their 
attention on the influence of welding speed on SC producing three review papers. In the first one they highlighted the 
opposite effects that increasing welding speed have on SC. In fact, a higher welding speed enhances SC by increasing 
the crack-susceptible zone (CSZ) length, decreasing the time to feed shrinkage, and generating centerline grain 
segregation but at the same time it shifts the compression cell to the mushy zone, reducing the time exposed to strain, 
and refining weld metal grains. In the second work, the authors discuss the importance of selecting properly the 
metrics, while, in the third paper they detail the different methods to model the effect of welding speed on solidification 
cracking occurrence. 

Among nickel-base alloys, Inconel 792 (IN792) is often selected to produce aircraft gas turbine (jet) engines and 
therefore is mainly used in the directionally solidified (DS) state, but it can also be found in the equiaxed (E) form. 
Repairing is highly recommended in these kinds of components because of their high cost. However, repairing by 
fusion welding is not an easy task due to an embrittlement phenomenon occurring during cooling in a specific range 
of temperature (“strain-age” cracking). To solve this issue, Suharno and Sugianto (2012) suggest using the arc welding 
process provided that the component to be repaired is pre-heated and remains during the repair in a temperature range 
between 500 and 1010 °C. Barbieri et al. (2024) were able to laser weld 2 mm thick plates of IN792, in directionally 
solidified state, using optimized parameters and a pre-heating of 200 °C. Similar investigations were also carried out 
by Angella et al. (2017) on the same directionally solidified alloy but using the electron beam source. In that case, 
cracks-free weldments were obtained using a pre-heating temperature of 300 °C with process parameters as follows: 
power = 1 kW, acceleration voltage = 50 kV, beam current = 20 mA, welding speed = 41.7 mm/s. 

In this scenario, to better understand the influence of process parameters (welding speed, power, pre-heating 
temperature) on thermal history, thermal and residual stress field, induced by high density welding processes on IN792, 
a numerical model was developed and used to interpret the structural integrity of data coming from literature and some 
additionally melt-run trials carried out on equiaxed (E) IN792. 
 

2. Experimental and numerical method 

2.1. Material and methods 

Table 1 collects the chemical composition of the analyzed alloy, IN792. 
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     Table 1. Chemical composition of IN792. 

C Al Cr Ti Co Mo W O Ta Ni 

0.39 3.1 11.2 3.9 8.7 1.7 3.8 3.1 4.3 Bal. 

 
The raw material was provided in the form of cylindrical ingots (Φ = 25 mm, L = 60 mm) that underwent to a 

solubilization heat treatment at 1120 °C for 2 h in vacuum and ageing at 845 °C for 12 h followed by air cooling. 2 
mm and 3 mm thick plates were obtained by spark-erosion cutting along the ingot axis. Some bead on plate (BoP) 
trials were carried out by varying the pre-heating temperature (P-HT), the laser power and the welding speed. 

 

2.2. Numerical model 

The numerical model was developed following the computational welding mechanics (CWM) approach that 
involves the application of the thermal load by applying a power density distribution that simulates the welding source. 
The source parameters are calibrated using some macrographs of the weld and possibly some thermal histories 
measured with thermocouples positioned near the weld bead.  

To obtain an optimal match between the predicted an experimental fusion zone (FZ) shape and dimension, a 
combination of two conical shape heat sources, with gaussian power density distribution, was used. The schematic is 
shown in Fig. 1 while the volumetric power density distributions functions are given in Eq. (1) and (2). 
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where, re, rm and ri are the radius at the top, middle and bottom, respectively, 𝑟𝑟𝑟𝑟 = 2𝜉𝜉𝜉𝜉(𝑡𝑡𝑡𝑡)1 +𝜓𝜓𝜓𝜓(𝑡𝑡𝑡𝑡)1, where x and y 

are the coordinates of the local systems moving in the xy plane along the welding path at a constant laser source speed 
v0, and ze, zm, zi are the upper, medium and lower plane of the source, respectively.  The welding path is described by 
the position as a function of time of the local reference system described by the coordinates (x0(t), y0(t)). For a straight 
welding path along y direction, x0(t) = cost and y0(t) = Y0+vt (with Y0 initial position of the source and v the welding 
speed). The same power P is defined in both the sources given by Eqs. (1) and (2). However, the total absorbed energy 
(bP, where b is the laser-beam absorptivity) is split into two parts by using different absorption coefficients for the 
two conical heat sources: 

 
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 = (𝛽𝛽𝛽𝛽! + 𝛽𝛽𝛽𝛽1) ∙ 𝛽𝛽𝛽𝛽                                                                     (3) 

 
For geometrical and loading symmetry reasons, only one half of the joint was modelled using 32480 8-nodes brick 

finite elements. To capture the high thermal gradient induced by the high-power density welding process, a mesh with 
a graduated density was adopted, being the lowest element size 0.2 mm along the thickness (fig. 2). 
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Fig. 1. Volumetric heat source superposition and local reference system moving along the y direction at a speed v. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Numerical model (mesh) with reference system and geometrical parameters. 

 
Exploiting the symmetry of load and geometry, adiabatic condition was applied to the symmetry plane shown in 

Fig. 2. Convective heat transfer coefficient (hc) and the emissivity of the material were set to 25 [W/(m2K)] (Solomon 
et al., 2018) and 0.7, respectively. Physical and thermal material properties were taken as a function of temperature 
from ThermoClac® database. To consider the latent heat produced during the liquid to solid transformation (and vice 
versa) the apparent heat capacity approach was used (Zeli et al., 2012). 

Following the CWM approach, the temperature history calculated at each node of the numerical model is used as 
input load for the mechanical computation (uncoupled thermomechanical analysis). The kinematic strain hardening 
model was chosen while clamping condition was imposed as isostatic. Thermo-mechanical properties as a function of 
temperature were taken from the report of Nickel Institute and the work by Du et al. (2018). Finally, to simulate the 
effect of fusion zone in mechanical computation, a function is used that deletes the mechanical history of those 
elements that reach the solidus temperature of the alloy 
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3. Numerical results 

3.1. Thermal results 

The geometrical parameters of the heat source were calculated by numerical run trials aimed at matching the 
numerical and experimental weld pool shapes. Some parameters of the laser source, such as P and v, are those used in 
BoP tests. The values of H1 and H2 (Fig. 1) are calculated by using a macrograph of the cross section of the bead. 
Therefore, the only unknown parameters to calibrate via numerical run trials are b1, b2, re, rm and ri (Eqs. (1) and (2)). 
Best results were obtained by using the parameters collected in Tab 2. 

 
 
Table 2. Laser welding source parameters. 

Source P (W) v (mm/s) re (mm) rm (mm) ri (mm) H b 

1 1250 25 1.8 0.25 - 0.8 0.4 

2 1250 25 - 0.25 0.44 1.2 0.3 

 
Fig. 3 shows the good match obtained between the experimental and numerical shape of the weld pool with 

parameters reported in Tab 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Matching between experimental and numerical results about weld pool shape (red zone) obtained with a pre-heating of 200 °C 
 

3.2. Pre-heating effect on weld pool morphology and residual stress 

As expected, by keeping constant the laser source parameters (power and welding speed), the FZ dimension 
increases as the pre-heating temperature (P-HT) increases (Fig. 4a). Finally, by using as target value for the FZ shape 
and dimension the experimental results obtained with the P-HT of 200 °C, the laser power was adjusted to keep 
constant the FZ width (Fig. 4b). In this case, it was numerically found a linear relation between the laser power (P) 
and the pre-heating temperature (P-HT) (Eq. 4): 

 
P=-A∙P-HT+B                                                                               (4) 
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3. Numerical results 

3.1. Thermal results 

The geometrical parameters of the heat source were calculated by numerical run trials aimed at matching the 
numerical and experimental weld pool shapes. Some parameters of the laser source, such as P and v, are those used in 
BoP tests. The values of H1 and H2 (Fig. 1) are calculated by using a macrograph of the cross section of the bead. 
Therefore, the only unknown parameters to calibrate via numerical run trials are b1, b2, re, rm and ri (Eqs. (1) and (2)). 
Best results were obtained by using the parameters collected in Tab 2. 

 
 
Table 2. Laser welding source parameters. 

Source P (W) v (mm/s) re (mm) rm (mm) ri (mm) H b 

1 1250 25 1.8 0.25 - 0.8 0.4 

2 1250 25 - 0.25 0.44 1.2 0.3 

 
Fig. 3 shows the good match obtained between the experimental and numerical shape of the weld pool with 

parameters reported in Tab 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Matching between experimental and numerical results about weld pool shape (red zone) obtained with a pre-heating of 200 °C 
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As expected, by keeping constant the laser source parameters (power and welding speed), the FZ dimension 
increases as the pre-heating temperature (P-HT) increases (Fig. 4a). Finally, by using as target value for the FZ shape 
and dimension the experimental results obtained with the P-HT of 200 °C, the laser power was adjusted to keep 
constant the FZ width (Fig. 4b). In this case, it was numerically found a linear relation between the laser power (P) 
and the pre-heating temperature (P-HT) (Eq. 4): 
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Fig. 4. Shape and dimension of weld pool in the cross section obtained by the numerical model as a function of pre-heating temperature (P-
HT): (a) by keeping constant power and welding speed (P = 1250 W, v = 25 mm/s); (b) by adjusting the laser power (via Eq. 4) to keep constant 

the weld pool width 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Temperature map highlighting the weld pool tail as a function of pre-heating temperature: a) by keeping constant welding parameters 

(P = 1250 W, v = 25 mm/s); b) by adjusting the laser power (via Eq. 4) to keep constant the weld pool width. L = 20 mm 
 
 
At constant laser welding parameters, also the weld pool tail length increases as the P-HT increases (Fig. 5a); on 

the other hand, by adjusting the laser power (through Eq. 4) to keep the weld pool width constant, the weld pool tail 
length tends to remain quite constant, with only a slightly increases as the P-HT increases (Fig. 5b).  

Only the distribution of the longitudinal residual stress (RS) will be reported below as it has the highest values 
compared to the other components. Longitudinal residual stress distribution is reported in Figs. 6 and 7 as a function 
of the pre-heating temperature. The analyses were carried out by both keeping power and welding speed (P = 1250 
W, v = 25 mm/s) constant and adjusting only the laser power to keep the weld pool shape and dimension constant. 
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Fig. 6. Longitudinal RS (MPa): (a) along the welding line and (b) in form of 3D iso-stress surfaces as a function of P-HT. Power and welding 

speed were kept constant (P = 1250 W, v = 25 mm/s). Geometrical parameters (Fig. 2): H = 2 mm, W = 15 mm, L = 40 mm. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Longitudinal RS (MPa) (a) along the welding line and (b) in form of 3D iso-stress surfaces as a function of P-HT calculated by keeping 
constant the weld pool dimension and shape. Geometrical parameters (Fig. 3): H = 2 mm, W = 30 mm, L = 20 mm. 

 
 

 
If welding parameters (power and welding speed) are kept constant (Fig. 6), the iso-stress surface characterized by 

the maximum RS values (red area in fig. 6b) tends to de-crease as the P-HT increases (starting from the boundaries); 
however, to see a significant reduction in the maximum value of residual stresses, the preheat temperature should 
exceed 500 °C (Fig. 6a) in agreement with the work by Suharno and Sugianto (2012). Finally, the higher the preheating 
temperature, the lower the plateau extension of the longitudinal RS distribution along the welding line (Fig. 6a) and 
starting from a preheating temperature of 450 °C the plateau disappears. It can be argued that such behaviour is induced 
by boundary effects and is related to the ratio between the FZ tail length (Fig. 5a) and the plate length (L). It is in fact 
noted that the longest plateau is reached with the lowest value of the above-mentioned ratio in combination with a 
lower P-HT, since stationary conditions are reached more easily. 

By keeping the weld pool constant, again the higher the P-HT, the lower the overall RS values. However, by 
focusing on the distribution of longitudinal RS along the weld line (Fig. 7a), it is found that a significant RS reduction 
starts using a P-HT over 500 °C. Comparing Figs. 6 and 7, it is observed that, with constant preheating, increasing the 
laser power reduces the RS values, starting from P-HT = 450 °C. It is worth mentioning that the reference case that 

     RS (MPa) 
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was considered in this numerical analysis is the experimental one (P-HT = 200 °C, P = 1250 W) that is therefore the 
same in Fig. 6 and Fig. 7. 

 

3.3. Effect of welding speed 

In the following, the welding speed was reduced to 20 mm/s to assess its influence on RS. Laser power was kept 
both constant (P = 1250 W) and reduced to 1000 W to obtain the same heat input (P/v) of previous analyses. For the 
sake of simplicity, only the longitudinal residual stresses are reported in Fig. 8 as a function of P-HT. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Influence of welding speed on longitudinal RS as a function of laser power and pre-heating temperature: a) 200 °C, b) 500 °C 
 
 
It is observed that at 200 °C the reduction of welding speed has not benefit in terms of RS value reduction. On the 

other hand, at 500 °C a significant RS value reduction is associated with the lowest welding speed (20 mm/s) in 
combination with the highest laser power (1250 °C). In this condition the results are comparable to those predicted 
with a P-HT of 600 °C, P = 1250 W and v = 25 mm/s (Fig. 6). Further investigations were carried out by reducing the 
welding speed more significantly to 5 mm/s while setting P-HT at 400 °C. The laser power was set both at 1250 W 
and 250 W to compare the results keeping the heat input constant. Results are summarized in Figure 9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. Thermal and mechanical results as a function of laser power (P) with welding speed 5 mm/s, P-HT 400 °C, thickness 2 mm. 
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Despite the lower value of the P-HT, compared to previous results (Fig. 8), the reduction of laser speed to 5 mm/s 
reduces the RS field both keeping the power constant at 1250 W and reducing it to 250 W to maintain the same heat 
input of original data (say, P = 1250 W and speed 25 mm/s). The combination P = 1250 and v = 5 mm/s has the major 
effect in reducing the residual stress.  

The welding speed influences the growth direction of dendrites during solidification, which could play an important 
role in the solidification cracking phenomenon. The grain growth rate is proportional to the cooling rate (DuPont, 
2011) [16]. If θ is the angle between the laser scan speed (v) direction and the solidification direction, the solidification 
rate, R, is given by (Zhanga and Zhang, 2019): 

 
R=v∙cosθ                                                                                   (5) 

 
Thus, R ≈ 0 at the fusion line at the two sides of the melt pool and R = v at centerline. The higher the scan speed 

the lower the grain size due to higher cooling rate. Depending on process parameter the grain structure type can be 
that due to‘competitive grain growth’ where the grains at the fusion line are oriented in a favourable direction for 
growth but other grains may surpass the first ones as the fusion line changes its orientation. As a result, the grains at 
the centerline will grow toward the laser direction. The other grain structure type is called ‘centerline grain boundary 
forming’. In this case, grains grow straight from the fusion line to the centerline until they touch each other forming 
the centerline grain boundary. It is found (Zhanga and Zhang, 2019) that by increasing the scan speed, the 
microstructure changes from ‘competitive grain growth’ to ‘centerline grain boundary forming’. 

Another important feature influencing solidification cracking (SC) is the extension of the so-called crack-
susceptible zone (CSZ) defined as the zone that extends usually from the coherency (Tc) to the solidus (Ts) 
temperature range. Here, for the sake of simplicity it is considered the coherency temperature equal to the liquidus 
temperature. The higher the CSZ, the higher the risk of SC. Using the Rosenthal equation for calculating the 
temperature distribution induced by a point source, in full penetration mode is it possible to estimate the CSZ size (x, 
in fig. 10) by Eq. (6): 
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Fig. 10. Schematic of CSZ extension (x) 

 
 
 
Where Ts and Tc are the lower and upper temperatures respectively (Fig. 10), T0 is the reference temperature (or 

preheating temperature), α is the thermal diffusivity, K is the thermal conductivity, and h is the plate thickness. It is 
interesting to note that keeping the heat input (P/v) constant, the CSZ size increases as the welding speed (v) increases 
as shown in Fig. 11. The time ts within the CSZ, i.e., to drop temperature from Tc to Ts, is simply given by: 

 

 

 Tc 

Welding direction 
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𝑡𝑡𝑡𝑡7 =
89:
3

                                                                              (7) 

 
 

that, according to Eq. (6), results proportional to the square of heat input, (P/v)2 and therefore constant in Fig. 11. It is 
the time available for backfilling, i.e., liquid feeding of the opening mushy. Consequently, different solidification 
cracking behaviours are expected when changing welding conditions because of the associated changes in CSZ lengths 
and available backfilling time. Since ts doesn’t change at constant heat input (HI), it is supposed that the lowest risk 
of hot cracking could be reduced by reducing the CSZ size and therefore, for a fixed value of HI, reducing the welding 
speed. It is observed in Fig. 11 that the higher the P-HT the higher the CSZ size but even ts increases proportionally. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 11. CSZ and ts as a function of welding speed for a 2 mm thickness IN972 plate, laser butt welded at a constant value of heat input equal to 

50 J/mm, h = 2 mm, P-HT = 200 °C and 400 °C. 
 
Interestingly, if the laser power is kept constant, an opposite effect of welding speed on CSZ size is predicted by 

using the Rosenthal equation (Fig. 12). At constant power, the higher the welding speed the lower the CSZ and thus 
the hot cracking susceptibility. Again, the higher the P-HT, the higher the CSZ size and ts, but in this case ts decreases 
with the welding speed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 12. CSZ and ts as a function of welding speed for a 2 mm thickness IN972 plate, laser butt welded at a constant value of power (P) equal 

to 1250 W, h = 2 mm, P-HT = 200 °C and 400 °C. 
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A thermomechanical simulation was carried out with a welding speed of 5 mm/s and results were compared with 
those obtained using a welding speed of 25 mm/s, keeping the same heat input (P/v), 50 J/mm. The focus was on the 
dimension of mushy zone (MZ) in relation with its stress and strain field (in the longitudinal direction) promoting 
transversal SC. Fig. 13 shows a comparison between the temperature-stress filed in 5 mm/s and 25 mm/s laser welding, 
while in Fig. 24 the temperature and longitudinal stress along the welding line is plotted for the two welding speeds. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Comparison between the temperature-stress filed in 5 mm/s (a) and 25 mm/s (b) laser welding of IN792, thickness 2 mm, P-HT = 400 

°C (W = 30, L = 20) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 14. Comparison between the temperature-stress filed in 5 mm/s (a) and 25 mm/s (b) laser welding of IN792, thickness 2 mm, P-HT = 400 °C 
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Both figure 13 and 14 highlight the great variation of mushy zone (MZ) size moving from 5 mm/s to 25 mm/s 
welding speed with the lowest value for the 5 mm/s welding speed. However, in MZ the longitudinal stress is positive 
and about 1.5 MPa, while using the 25 mm/s welding speed, in the corresponding MZ a compressive RS stress is 
calculated, equals to about -10 MPa. Even the thermal stresses in the sub-solidus zone are extremely different (tensile 
in Fig. 14a and compressive in Fig. 14b) and can play a role in hot cracking formation. 

 

3.4. Effect of butt-welded joint geometry on longitudinal residual stress 

By keeping constant the plate thickness (2 mm), P-HT (500 °C) and welding parameters (P = 1250 W, v = 25 
mm/s), both the width (W) and the length (L) of the plate were varied with the aim to study their influence on 
longitudinal RS (syy). Results are summarized in Fig. 15. By observing Figs. 15a and 15b, no influence of the width 
(W) on the longitudinal RS distribution is observed. On the other hand, by doubling the joint length the RS increases 
and reach a plateau along the welding line (Figs. 15c and 15d) which value is in the range of those observed in Figs. 
6 and 7 for P-HT lower than 450 °C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15. Longitudinal residual stress (MPa) as a function of geometrical parameters of the welded joint with P-HT = 500 °C: a,b) W = 30÷15 mm 
and L = 20 mm; c,d) W = 30 mm and L = 40 mm (P = 1250 W, v = 25 mm/s) 

 
 
Further parametric analyses were carried out by rising the P-HT to 600 °C to search for RS reduction even in the 

40 mm length plate, both at constant laser power (1250 W) and constant weld pool width, as described above. It was 
found that by keeping laser parameters constant, the P-HT of 600 °C effectively reduces the RS (compare Fig. 15 with 
Fig. 16) even if a high RS peak (above 1200 MPa) remains. By reducing the laser power to maintain constant the FZ 
width (Fig. 16), RS at P-HT of 600 °C tends to be comparable with that obtained at P-HT = 500 °C but with a higher 
power. 
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Fig. 16. Longitudinal residual stress as a function of laser power with P-HT = 600 °C: a) distribution along the welding line; b) 3D iso-stress 

surfaces (MPa) 
 
 

4. Preliminary experimental results 

Some BoP trials were carried out according to parameters summarized in Fig. 17 on IN792 plates in the equiaxed 
grain state. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 17. Parameters used in BoP trials 
 
 
Unfortunately, no parameters combination resulted in sound welds. Transversal cracking was the main drawback, 

as shown in Fig. 18. 
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Fig. 18. Transversal cracks in the weld beads after laser BoP tests 
 
 
As discovered by numerical simulations, apparently no combination of parameters leads to simultaneous 

minimization of thermal stresses in CSZ and CSZ size. A preheating of 400 °C is still insufficient to avoid the presence 
of solidification cracks as indicated by Suharno and Sugianto (2012), as well. However, it should be noted that the use 
of preheats above 500 °C, the only ones that can reduce welding stress significantly, are also difficult to manage in 
laser welding and other strategies should therefore be considered before increasing the preheating temperature, such 
as the use, for example, of a double heat source as indicated in literature (Hu and Richardson, 2006). 

 
 

5. Conclusions 

A laser welding numerical model of IN792 was developed with the aim at assessing the influence of process 
parameters on thermal field, thermal and residual stresses. Moreover, some preliminary ‘bead-on-plate’ trials were 
carried out to evaluate the laser weldability of the investigated alloy in the equiaxed grain state. The main outcomes 
can be summarised as follows: 

 
• IN792, in the equiaxed grain state, has a very low weldability. It is affected by transversal cracking. 
• According to simulation and literature, P-HT over 500 °C should be necessary to significantly reduce 

residual and thermal stresses and obtain sound welds.  
• Since it is difficult to operate at so high P-HT, it is suggested in the future to investigate the use of a double 

heat source (laser-laser or arc-laser). 
• Effect of welding speed is controversial: lower welding speeds reduce the CSZ extension but increase the 

thermal stress, above all in the sub-solidus zone, and ‘vice versa’ for higher welding speeds. 
 

To better understand which further mitigating actions could be necessary to operate to obtain sound weldments, 
EBSD and SEM analyses will be carried out on welding cracks to find information about their origin (solidification 
cracking or sub-solidus weld cracking) and the different behaviour between the equiaxed grain alloy and the 
directionally solidified one. 
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