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Abstract:  
 

In this article, A three-dimensional finite element model was used to study localized thermal residual stresses generated in 

the Transient liquid phase (TLP) bonding of Ni-base superalloy (IN738LC, IN939) which are the main materials of gas 

turbine blades, with BNi-2 foil as a filler alloy. The models simulated the thermal residual stresses that developed as a joint 

is cooled in the furnace from the bonding temperature (1120 ºC) to room temperature (25 ºC) during 4 hr. (1440 sec), 

using Abaqus-CAE software. The same materials and geometries that were tested experimentally were used in the model. 

The results show larger thermal residual stress is generated in the interface (bonding zone) and the stress decreases 

gradually to both ends due to property mismatch between the base metal and filler alloy, These stress are below the yield 

point of base metals in all the types of bonding in this study. 
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INTRODUCTION 

 

Because of its great strength and corrosion resistance, nickel-based superalloys are utilized at high operating temperatures of the 

turbine. To obtain increased efficiency and production, current gas turbine engines need to utilize higher gas pressures and 

operating temperatures [1,2]. superalloys based on nickel (IN738, IN939) are obtained by precipitation hardening from gama 

prime phase (Ni3(Al, Ti)), and carbides (MC type) are widely described as materials meeting these requirements, and they have 

found a considerable application in gas turbine blades and vanes [3]. Andersson. [4] showed that The presence of precipitates 

(such as metallic carbides and intermetallic particles) improves the operation at high temperatures but affects the weldability of 

these alloys. Precipitation hardened of superalloys based on nickel (with high Al and Ti concentrations) is very hard to weld [5-7]. 

Gonzalez et al. [8] shown the influence of microcrack development in the HAZ by Residual stresses and material cleanness.  As a 

result, residual stresses are important in both mechanical performance, and micro-cracking of the weld and heat-affected zone of 

IN939, and IN738LC during heat treatments. When no external pressures are applied, Residual stresses are self-balancing stresses 

inside a structure. Material processing and manufacturing procedures can result in a residual stress field (RSF) in the finished 

component. Traditional welding procedures for metallic structures generate one of the most undesired RSF, where high tensile 

residual-stresses RS occur from a persistent mismatch between the near-weld zone and the body of the workpiece [9]. Premature 

failure of a component is typically caused by post-weld tensile residual stresses, which show themselves as faster crack 

propagation at the weld zone [9,10]. 

The use of transient liquid phase bonding (TLPB) to link high-temperature materials with excellent integrity is a good option. 

Nonetheless, several difficulties are discovered during TLP bonding as a result of thermal mismatch and temperature distribution. 

Transient Liquid Phase Bonding (TLPB) is a joining technique used to combine similar and dissimilar metals that cannot be 

joined using traditional fusion welding methods. The bonding procedure results in a joint that is resistant to surface oxides and 

geometrical defects. This bonding technique has a wide range of applications in the aerospace industry, including turbine engine 

maintenance and manufacture, as well as fuel cladding in nuclear power stations. [11-13].  

The filler alloy (interlayer) is placed between the base metals and maybe thin foil, paste, or powder. The melting point should be 

less than the melting point of the base metal substance. The overall specimen is placed in a furnace and heated below the melting 
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point of the base metals for a fixed length of time for isothermal solidification at the bonding temperature. The remelting 

temperature is above the original melting temperature of the base metals. [11-15]. In the topic of superalloy based on nickel 

bonding, much of the research focused on the experimental investigation which focused largely on phase transitions, changes in 

the microstructures following bonding, preheating effects, and heat treatment after bonding [16–19]. However, only a few 

research have been conducted on modeling and numerical analysis of the Ni-based bonding process. 

Hynes and Raja [20 ] studied numerical simulation of ceramic/metal TLP bonding process, According to simulation tests, 

lowering the bonding temperature increases beneficial temperature distribution and, as a result, the joint efficiency of 

graphite/copper joints. Danis et al. [21] investigated the relationship between mechanical, thermal, and metallurgical parameters in 

the region of HAZ. by examining the influence of different IN738 welding conditions. They observed that reducing welding RS 

was the most significant element in preventing cracking in the heat-affected zone area, highlighting the importance of welding RS 

prediction using an accurate and comprehensive finite element model. Bonakdar et al. [22] studied the electron beam welding of 

an IN 713LC gas turbine blade using finite element modeling.In this present paper, thermal residual stress (TRS) of  IN939, and 

IN738 joints using BNi-2 as a filler metal were Simulated. The Simulation of TLP bonding for Ni-base superalloy and prediction 

of TRS through the cooling joint from bonding temperature to room temperature is the major purpose of this work, which is 

relatively new, and similar works in this field are quite limited in the literature. 

 

MODEL CHARACTERISTICS 

 

A three-dimensional finite element model was built. The Model containing the geometry of the three-dimension solid component 

partitions with different material properties (base metals and filler alloy), their assembly, and the mesh characteristics in addition 

to boundary conditions. The dimensions of the base metal parts in the joint sample are (0.01m×0.01m×0.005m) for each base 

metal parts and BNi-2 foil having dimensions (0.01m×0.01m×0.00007m) is used as interlayer for the similar and dissimilar joint 

that used in this simulation. The geometry and dimensions used for each part in the model were identical to the dimensions used 

for the samples in the experimental work as shown in “figure 1”. “Figure 2” shows the modeled geometry.  

 

 
FIGURE 1: The experimental work for the TLP bonding: a: base metal in diminutions (0.01m×0.01m×0.005m), b: filler metal in  

in diminutions (0.01m×0.01m×0.00007m), c: assembly after bonding in the vacuum  furnace (10-5 Toor), d: a bone sample with 

dimensions (0.01m×0.01m×0.01m). 

 

 
FIGURE 2: Geometry definition of the different material partition zones used for the model of the joint. 

 

ASSUMPTIONS 
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1. Only thermal loading is applied. 

2. The ambient temperature was considered to be between 20 and 25 degrees Celsius. 

3. The materials are stress-free at the joining temperature.  

4. The filler alloy was assumed to exactly fill the gap between the base metals at high temperature without diffusion between 

the filler alloy and base metal because of the difficulty in representing the diffusion in the model. 

5. Uniform cooling and the base metals and filler alloy in dissimilar and similar materials are perfectly bonded at the interface 

and free from any defects. 

6. Temperature equilibration throughout the system occurs instantaneously. 

7. The models simulated the thermal residual stresses that develop as a joint is cooled from bonding temperature to 25 ºC. 

 

MATERIAL PROPERTIES 

The materials are base metals (IN738LC, and IN939), and BNi-2 as the filler metal. The temperature-dependent properties 

(thermal and mechanical) for IN738LC, IN939, and Bni-2 (Bonding zone) were extracted from the references [23-27]. Which are 

listed in “Tables 1, 2, and 3”. 

 

TABLE 1:  Thermo-mechanical properties for IN738LC used as a base metal in the modeling of IN738LC/BNi-2/IN738LC, and 

IN738LC/BNi-2/IN939 [23,24]. 

 
 

TABLE 2: Thermo-mechanical properties for IN939 used as a base metal in the modeling of IN939/BNi-2/IN939, and 

IN738LC/BNi-2/IN939 [25,26]. 

 
 

TABLE 3: Thermo-mechanical properties for BNi-2 used as filler metal in the modeling [27]. 

 
 

BOUNDARY CONDITIONS IN THE MODEL 

 

To simulate the thermal residual stress of the bonded samples, the model was assumed to be subjected to thermal load. The 

thermal load applied to the 3D model is temperature changes from the bonding temperature (1120 °C) to room temperature (25 

ºC) during 4 hr (1440 sec) as shown in “figure 3”. To avoid mismatching during the TLP bonding in a vacuum furnace, the base 
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metals and filler metal should be assembled and fixed tightly. The bottom face was constrained in Y-direction. As a result, This 

prevented rigid movement. The top of the face for the model in Y-direction was fixed to simulate the clamping. 

 

 
FIGURE 3: Thermal load of the model 

 

 

MESH BUILDING 

 

A hexahedral structured mesh element was created in all the regions of the samples. A good finite element mesh may be defined 

as the mesh with a minimum number of elements necessary to provide acceptable solution accuracy. Therefore, the size of meshes 

are used in this model: 

1. Base metals meshed in approximate element size 0.0005m for the base metal parts in the 3D model as shown in "figure 4a”. 

2. Filler alloy meshed in size of element 0.00001m for the interlayer in the 3D model as shown in "figure 4b”. 

 

 
FIGURE 4: a: Meshing size of the mode, b: Mish size of the interlayer 

 

RESULTS AND DISCUSSION 

 

The finite element models provided a qualitative understanding of the thermal residual stress state in the TLP bonding with 

0.00007m interlayer thickness undercooling in the furnace from bonding temperature 1120°C to room temperature 25°C. The 

simulation of thermal residual stress is important in the bonding between the base metal and the interlayer (filler alloy) to predict 

the lifetime of the joint to take consideration that in fabrication them or repairing these materials. 
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FIGURE 5: Von-Mises residual stress in TLP bonding for similar IN738LC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6: Von-Mises residual stress in TLP bonding for similar IN939. 
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FIGURE 7: Von-Mises residual stress in TLP bonding for dissimilar IN738LC/IN939. 

 

The results show that the von-mises equivalent stress for the TLP bonding of Ni-base superalloy (similar IN738LC, similar IN939, 

and dissimilar IN738LC/IN939) mostly concentrated at the interface ( bonding zone) between the filler alloy and base metal. This 

is due to the different properties especially the thermal expansion coefficient between them. It clear that the stress decreases 

gradually to both ends, this is due to the decreasing the sharpness in material properties change as can be observed in figures (5, 6, 

7). These figures show the results for TLP bonding of Ni-base superalloy, it clear that the von-mises stress in IN738LC higher 

value than the stress of IN939, and in dissimilar (IN738LC/IN939) bonding, the values of stress are high in the side of IN738LC 

and lower values in the side of IN939. This is due to the difference in thermal expansion coefficient between IN738LC and filler 

alloy higher than the difference between IN939 and the filler alloy. And as observed in "figure 6"  the stress distribution occurred 

in a larger area dissimilar than the similar bonding. 

The figures (8,9,10) show the effect of transition between the filler alloy and base metal. the maximum stress concentrated at the 

points near the interface and in the center of the interface as can be seen in figures (8,9), and the bond sample in figure 7 for 

similar IN738 LC shows much higher peak stress than the peaks seen in IN939 bonding in figure 8. While in figure 10 for 

dissimilar bonding, high-stress concentration near the interface in the side of IN738 LC (upper part) and decrease near the side of 

IN939 (lower part).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 8: Distribution of thermal residual stress perpendicular to the interface for TLP bonding of IN738LC. 
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FIGURE 9: Distribution of thermal residual stress perpendicular to the interface for TLP bonding of IN939. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 10: Distribution of thermal residual stress perpendicular to the interface for TLP bonding of IN738LC/IN939. 

 

The model results to evaluate the thermal residual stress agrees with the literature results of modeling researches [25, 28 -30 ]. In 

all these types of TLP bonding for the similar (IN738LC, IN939) and dissimilar (IN738LC/IN939), the von-mises stress was 

below the yield point of the base metals. So, these joints are safe, and as mentioned above in assumptions, the filler alloy was 
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assumed to fill the gap between the base metals at high temperature without diffusion because of the difficulty in representing the 

diffusion in the model. So, this thermal residual stress is higher than the real stress in experimental due to the effect of inter-

diffusion between the base metal and filler alloy makes the gradational in the properties lower, so the stresses in real condition 

will be much lower than that in the model simulation. 

 

CONCLUSIONS 

 

In the present work, prediction of the thermal residual stress of TLP bonding of Ni-base superalloy during cooled them from 

bonding temperature to room temperature. Three types of TLP bonding are studied, similar IN738LC, and dissimilar 

IN738LC/IN939, also similar IN939, were carried out by ABAQUS finite element code. The following conclusion can be made: 

1. Large stresses are generated in the interface (bonding zone) due to property mismatch especially thermal expansion coefficient 

between the base metal and filler metal. 

2. In the model of TLP bonding samples, stress distribution showed approximately the same overall behavior with the highest 

concentration occurring at the region near the interface. 

3. For comparison between the stress that generated in similar IN738LC, IN939 and dissimilar IN738LC/IN939, for similar 

IN738 LC shows much higher peak stress than the peaks in similar IN939 bonding, and for dissimilar,  the values of stress are 

high in the side of IN738LC and lower values in the side of IN939. This is due to the difference in thermal expansion coefficient 

between IN738LC and filler alloy higher than the difference between IN939 and the filler alloy.   

4. The von-mises stresses for all these types of TLP bonding of Ni-base superalloy were below the yield point of the base metals. 

So, these joints are safe. 
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