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Abstract 

A two-dimensional thermal elasto-plastic numerical model is developed by finite element method to analyze and 
compare the mechanical driving factor for heat affected zone (HAZ) liquation cracking during laser welding and 
hybrid laser-arc welding techniques. Calculations of transient temperatures and cooling rates are used in 
conjunction with solidification theory to analyze weld pool characteristics during weld-metal solidification. The 
model is successfully verified by comparing calculated and experimental weld bead geometry and secondary 
dendrite arm spacing within the weld solidification microstructure. Computational analyses by the model provide 
valuable insights both into the influence of welding parameters on thermally induced strain rate gradient, which 
influences cracking, and possible reduced HAZ cracking tendency with the application of hybrid laser-arc 
welding compared to ordinary laser beam welding. 
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1. Introduction 

Precipitation strengthened nickel-base superalloys are extensively used in hot sections of aero engines and 
land-based power generation gas turbines, due to their excellent elevated temperature mechanical properties and 
resistance to hot corrosion. The harsh gas turbine service environment coupled with operating stress conditions, 
however, often cause these materials to suffer various forms of damage in service, such as, thermo-mechanical 
fatigue cracking and surface erosion degradation. Damaged components reduce structural integrity and operating 
efficiency. In most cases, it is more economically viable to carry out repair to return the degraded parts to 
serviceable condition rather than total replacement, due to higher manufacturing cost and longer delivery time of 
new components. Welding is a desirable economical and versatile technique for joining nickel-base superalloys 
both during fabrication as well as to repair damaged sections. Among various welding techniques, laser welding 
is an attractive welding process for joining superalloys due to its technological advantages, including low heat 
input that minimizes part distortion during joining. In the recent years, advancement in joining technology has 
resulted in the development of hybrid laser-arc welding, which has several advantages over conventional laser 
welding. The synergistic effect, produced by interaction of laser and arc produces extra energy for welding at 
increased travel speed and deeper weld penetration, along with better gap bridging capability and improved 
process stability and efficiency (Gao, et al., 2009; Ribic, et al., 2009; Claus & Flemming, et al., 2010). A 
problem that is often encountered during laser welding of nickel-base superalloys is heat affected zone (HAZ) 
cracking (Egbewande, et al., 2010; Liu, et al., 2011; Hong, et al., 2008). The HAZ cracking generally occurs 
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along the grain boundaries and it is usually associated with the formation of intergranular liquid film during 
welding. The inability of the liquid film to accommodate thermally induced stresses experienced during weld 
cooling results in grain boundary micro-fissuring through decohesion along one of the solid-liquid interfaces on 
the grain boundary. The rate of deformation of the HAZ while it contains solid grains and intergranular liquid is 
a major mechanical factor that drives cracking occurrence. Even though hybrid laser-arc welding offers a number 
of advantages over conventional welding, application of the joining technique to nickel-base superalloys in lieu 
of laser welding requires adequate understanding and comparison of cracking tendency during the two joining 
methods. This is the motivation for this research, which was initiated with the primary objective to develop a 
numerical model to analyze and compare thermally-induced strain rate and its dependency on process parameters 
during laser and hybrid laser-arc welding techniques. The model description and the results of the study are 
reported and discussed in this paper. 

2. Model Description 

In consideration of tractable object symmetry, a two dimensional model with 6 mm × 19 mm dimensions, which 
includes the weld-metal and the base-metal is adopted in this study. The model elements are substantially 
square-shaped with 50 μm size near the weld-metal fusion boundary line to adequately simulate the melting and 
solidification processes during welding. A non-uniform mesh is used along the transverse direction of the 
work-piece. The left side of work-piece is restrained in the x and y directions with symmetry boundary condition, 
while the right edge is constrained in the x direction. A sequential thermal-mechanical finite element analysis is 
performed by using the ANSYS 13 code. Specifically, two dimensional (2-D) thermal solid plane55 is used to 
simulate the temperature field and 2-D structure element plane42 is then used to calculate the stress-strain field. 
The base material and the filler material that are used in the model have the same physical and mechanical 
properties. Microstructural modifications in the HAZ, such as, changes in texture, recrystallization and grain 
growth, which may be negligible in cast materials, are not considered in the model. Temperature dependent heat 
conductivity, specific heat of thermal expansion and density, as well as, uniform absorption and release of latent 
heat of fusion are incorporated into the model. The Young’s modulus and Poisson’s ratio are used for the linear 
elasticity calculation in the elastic region, while the material follows von Mises yield criteria in the plastic region. 
Bilinear Kinematic Hardening rule is adopted for the temperature dependence of yield strength and tangent 
modulus. All the material properties used in the model are presented in Figure 1 (Luo, et al., 2002; Dye, et al., 
2001; Bonifaz, et al., 2009; Pottlacher, et al., 2002). 

The model utilizes sequential transient heating of the work-piece by laser and gas metal arc (GMA) heat sources. 
The laser beam is represented by the Rotary-Gauss heat energy distribution source, q, which is suitable for 
nail-shaped molten pool with large depth to width ratio along the work-piece thickness (Wu, et al., 2004) that is;  
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where H is the height of heat source, Q is the power of laser beam, R0 is the radius of heat source, and ηl is heat 
transfer efficiency of the laser. The efficiency of the laser beam heat transfer during welding is assumed to be 
0.21 (Hee, et al., 2010; Cho, et al., 2010). The distribution of the GMA heat energy is represented by Gaussian 
flux over the work-piece surface, i.e.; 
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where V and I are the voltage and current of the arc, respectively, and δ is the distribution parameter of the heat 
flux, which is taken to be 2.5mm (Tsai & Eagar, 1985). ηa is the heat transfer efficiency of GMA and it is 
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assumed to be 0.85 (Hee, et al., 2010). Heat exchange between the welded material and its surrounding through 
convection and radiation is taken into account by heat transfer coefficient hc, through which both the temperature 
dependence of convection and radiation are estimated by using the equation (Goldak, et al., 1984): 

 1.610.00241ch T                                 (5) 

where ε is the emissivity and T is the temperature. 

Assuming that mass is conserved during single pass welding process, the transverse cross-sectional area of the 
weld is given by (Ushio & Wu, 1997): 
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where A is the area of weld reinforcement, S is wire feed rate, d is the wire diameter and U0 is the welding speed. 
The dendrites, which are formed during weld pool solidification, are assumed to grow in a direction 
perpendicular to the solidification growth front. Local growth velocity of dendrite along the solidification front, 
as a function of undercooling, is represented by the following equation (Hunziker, 2000):  

  n
kinv T a T                                     (7) 

where n=3.05, a=1.2754×10-7ms-1K-3.05. The under-cooled liquid region is the defined as the region between the 
dendrite growth front and liquidus temperature.  

The total strain used in the model is given by: 

       el th pl                                   (8)  

where εel is elastic strain vector, εth is thermal strain vector and εpl is plastic strain vector. 

The incremental forms of stress-strain relation are described by (Kong & Kovacevic, 2010; ANSYS; Chang & 
Lee, 2009; Akbari & Sattari-Far, 2009): 

   ep thd D d D dT                                    (9) 

ep e pD D D                                          (10)  

where dδ is the stress increment, dε is the strain increment, [De] is the elastic stiffness matrix, [Dp] is the plastic 
stiffness matrix, [Dth] is the thermal stiffness matrix and dT is the temperature increment.  
3. Model Verification 

A primary criterion for a model to be suitable for studying thermally induced strain and its variation with time 
and distance along the weld profile, which is necessary in understanding the driving factor for HAZ cracking, is 
the ability of the model to reliably predict weld geometry. Therefore, verification of the model developed in this 
work was performed firstly by comparing calculated weld geometry by the model with experimental weld 
geometry. Figure 2 shows a comparison between the model predicted laser weld geometry and experimental 
laser weld geometry at a laser power of 4kW and a welding speed of 3m/min. As can be seen from the figure, a 
good correlation exists between the numerically computed and experimental results  

Weld cooling rate is known to have a significant effect on the size of the spacing between secondary dendrites 
that form within the weld microstructure during solidification. The secondary dendrite arm spacing, s, has been 
related to the cooling rate, Θ, through the equation (Quested & McLean, 1980)   

  s = ksΘ
n                                    (11) 

where ks and n are constants. The solidification growth rate, R, and the temperature gradient ahead of the 
solidification front, G, were used in the model to compute the cooling rates (G x R), which were then used to 
calculate the secondary dendrite arm spacing along the weld fusion boundary. Figure 3 shows variation of 
calculated and experimental s along the weld fusion boundary. A similar trend in the variation of s along the 
fusion boundary, starting from the weld top surface to the root of the weld, can be observed for the calculated 
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and experimental values. These, thus, indicate the reliability of the model for reasonably computing the weld 
geometry and cooling rate, which are vital in determining the requisite strain rate at different weld locations for 
accessing the HAZ cracking tendency. 
4. Results and Discussion 

The welding parameters used in the numerical simulation study are listed in Table 1. A fundamental factor that 
affects weld characteristics is the heat input involved during welding. In its basic form, heat input, HI, is 
dependent on the power of the welding heat source power, P, and welding speed, V, through the equation; 

HI = k P/V                                     (12) 

where k is a constant. Accordingly, welding heat input can be varied by either changing power or welding speed. 
In this study, both power and welding speed were varied, exclusive of each other, to analyze the effects of heat 
input on weld characteristics during laser and hybrid laser-arc welding techniques. Figures 4a, 4b, 4c & 4c show 
numerically calculated weld shape profiles produced by varying welding speed at a constant power and varying 
power at a constant speed during laser welding and hybrid laser-arc welding, respectively. The results obtained 
by changing the welding speed and power are consistent, in that, they show similar trend in the effect of heat 
input on weld geometry. Increase in the welding speed reduces weld surface width and weld depth, while 
opposite effects are produced with increase in power. The model calculated results are in agreement with 
reported experimentally observed trends in the literature (Chen, et al., 2006; Ribic, et al., 2008a; 2008b; Rai, et 
al., 2007). 

The metallurgical cause of weld HAZ cracking in nickel-base superalloys is generally known to be the formation 
of liquid film along the HAZ grain boundary regions during welding (Nishimoto, et al., 2002). The intergranular 
liquid degrades the ability of the material to accommodate thermally generated strains during weld cooling. The 
material recovers its capability to accommodate thermal strains only after the intergranular liquid had completely 
solidified at a lower temperature, which is often referred to as ductility recovery temperature (DRT) (Lin, et al., 
1992). The temperature range between the on-heating peak temperature, Tp, and the DRT, is usually referred to 
as brittle temperature range (BTR) (Lin, et al., 1992). Cracking occurs when significant amount of thermal 
strains are generated within the BTR during weld cooling. The rates at which strains develop at different weld 
locations, thus, become important in evaluating propensity to HAZ liquation cracking. Thermally induced strain 
rate during weld cooling is influenced by welding process parameters.  

The numerical model developed in the work was used to calculate the strain rates generated at various locations 
along the weld fusion boundary and how these values are influenced by welding speed and power. Figures 5a, 5b, 
6a and 6b show numerically calculated variation of strain rate along the weld profile for different values of 
welding speed and power, during laser welding and hybrid laser-arc welding, respectively. The abscissa shows 
the distance from the weld top surface to the root of the weld, along the weld fusion boundary. The right side 
ordinate shows the distance from weld centerline, along the weld top surface, while the left side ordinate shows 
the strain rate. The results show that while increased welding speed caused a significant increase in strain rate, an 
opposite effect is produced by increasing power. The two trends show the same influence of heat input on the 
rate at which thermal strains are generated along the weld profile, starting from the weld surface to the weld root. 
The extents of thermal contraction that different HAZ locations experience during weld cooling differ due to the 
variation in the peak temperatures attained at these regions. The non-uniformity in material contraction 
constitutes the primary source of thermally induced strain. In a low heat input weld, which can be produced at 
high welding speed or low power, the rate at which the temperature changes from one location to another is high. 
The sharp temperature gradient results in a high cooling rate, which causes strain to be generated at a rapid rate, 
as reflected in the outputs of the model.   

A careful study of the calculated results presented in Figures 5a, 5b, 6a and 6b shows another interesting 
behavior in terms of variation of the strain rate along the weld profile. A reverse in the strain rate behavior occurs 
at the neck region of the nail-shaped weld profiles. The strain rate initially decreases from the weld surface to the 
neck region, however, starting from the neck region, the rate increases towards the root of the weld. This 
behavior occurs both in laser and hybrid laser-arc welds. Reported experimental observations have showed that 
HAZ liquation cracks concentrate around the weld neck region (Nishimoto, et al., 2001; Idowu, et al., 2006). 
Moreover, the results show that the rate at which the strain rate increases with distance below the weld-neck 
region increases with decrease in heat input (Figures 5a, 5b, 6a and 6b). In concurrence with the numerical 
analysis results, reported cases exist in the literature where reduction in heat input was experimentally observed 
to have caused increased HAZ liquation cracking (Nishimoto, et al., 2001; Idowu, et al., 2006). This, thus, 
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indicates that the strain rate gradient within the weld-neck region is an important mechanical driving factor that 
can influence the occurrence of HAZ liquation cracking.  

The strain rate gradients within the neck region in laser and hybrid laser-arc welds were numerically calculated 
to compare the propensity to cracking during the two welding processes and under different welding conditions. 
As shown in Figures 7a and 7b, decrease in heat input, either by increasing welding speed or reducing power, 
produces increased strain rate gradient. Notably, the results show that there is a significant reduction in the strain 
rate gradient in hybrid laser-arc welds compared to in laser welds. This suggests that besides other technological 
advantages, reduction in propensity to HAZ cracking, through reduced thermally generated strain rate gradient, 
is another important benefit that can be achieved by the application of hybrid laser-arc welding compared to 
conventional laser welding, particularly, at low heat inputs. Limited experimental results on heat input 
dependence of cracking during hybrid laser-arc welding reported in the literature (Stelling. et al., 2005), provides 
credence to the theoretical analysis elucidated in this study. 
5. Summary and Conclusions 

1). A numerical model is developed to study the mechanical driving factor for HAZ liquation cracking during laser 
and hybrid laser-arc welding processes. The model is successfully verified with experimental weld geometry and 
secondary dendrite arm spacing within the weld fusion zone microstructure. 

2). Numerically calculated results of variation of thermally induced strain rate with welding speed and power 
along the weld fusion boundary show a similar effect of heat input. A decrease in heat input produces an increase in 
the strain rate both during laser welding and hybrid laser-arc welding. 

3). The model results reveal that increase in thermally generated strain rate starts at the weld-neck region and the 
rate at which it increases with distance along the weld profile becomes higher with decrease in heat input. This is 
consistent with reports in the literature where HAZ cracks have been experimentally observed to concentrate 
mainly in the weld-neck region and the magnitude of cracking increases with reduction in heat input. 

4). The present study, thus, indicates that strain rate gradient that is thermally generated within the weld-neck 
region during weld cooling is an important mechanical driving factor that can influence the occurrence of HAZ 
liquation cracking. 

5). Comparison of numerically computed strain rate gradient within the weld-neck region in laser and hybrid 
laser-arc welds shows a considerable reduction in the strain rate gradient in the hybrid laser-arc welds. This 
suggests that propensity to HAZ cracking can be reduced with the application of hybrid laser-arc welding 
technique compared to conventional laser welding, particularly, at low heat inputs.  
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Table 1. Laser and Hybrid laser-arc Welding Parameters 

 Laser power 
(kW) 

Arc power 
(kW) 

Welding speed 
(m/min) 

Time of laser 
heating (s) 

Time of arc 
heating (s) 

Time interval 

for hybrid (s) 

Laser 2 - 3 0.012 - - 

Laser 4 - 3 0.012 - - 

Laser 6 - 3 0.012 - - 

Laser 4 - 2 0.018 - - 

Laser 4 - 4 0.009 - - 

Laser 4 - 6 0.006 - - 

Laser-GMA 2 4.75 3 0.012 0.05 0.02 

Laser-GMA 4 4.75 3 0.012 0.05 0.02 

Laser-GMA 6 4.75 3 0.012 0.05 0.02 

Laser-GMA 4 4.75 2 0.018 0.075 0.03 

Laser-GMA 4 4.75 4 0.009 0.0375 0.015 

Laser-GMA 4 4.75 6 0.006 0.025 0.01 
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Figure 1 (a & b). Physical and mechanical properties used in the numerical simulations (Luo, et al., 2002; Dye, 
et al., 2001; Bonifaz, et al., 2009; Pottlacher, et al., 2002) 
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Figure 2. Comparison between model calculated and experimental laser weld geometry 

 
Figure 3. Variation of computed and experimental secondary dendrite arm spacing, s, along the weld fusion 

boundary of a laser weld produced using a laser power of 4kW and at a welding speed of 3m/min 
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Figures 4 (a & b). Model predicted laser weld profiles produced at (a) different values of welding speed and 
constant power and (b) different values of power and constant speed  
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Figures 4 (c & d). Model predicted hybrid laser-arc weld profiles produced at (c) different values of welding 
speed and constant power and (d) different values of power and constant speed  
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(a) 

 

(b) 
 

Figures 5 (a & b). Computed variation of strain rate along the fusion boundary of laser welds produced at (a) 
different values of welding speed and constant power and (b) different values of power and constant speed 
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(a) 
 

 
(b) 

 
Figures 6 (a & b). Computed variation of strain rate along the fusion boundary of hybrid laser welds produced at 

(a) different values of welding speed and constant power and (b) different values of power and constant speed 
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Figures 7 (a & b). Comparison of strain rate gradient in the neck region of laser welds and hybrid laser-arc welds 
produced at (a) different values of welding speed and constant power and (b) different values of power and 

constant speed 

  


