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ABSTRACT 

 

Transient liquid phase (TLP) bonding has proven to be the preferred method for joining 

extremely difficult-to-weld advanced materials, including similar and dissimilar superalloys. In 

this work, an approach that combines experiments and theoretical simulations are used to 

investigate the effect of temperature gradient (TG) in a vacuum furnace on the temperature 

distribution in TLP bonded samples. When joining similar materials by this technique, the 

simulated results with experimental verifications show that, irrespective of where the samples are 

placed inside the vacuum furnace, a TG in the furnace can translate into a symmetric temperature 

distribution in bonded samples provided the diffusion direction is parallel to the source of heat 

emission. In addition, the effects of TLP bonding parameters on the joint microstructure were 

investigated during the joining of nickel-based IN738 and CMSX-4 single crystal (SX) 

superalloys. An increase in holding time and reduction in gap size reduces the width of eutectic 

product that forms within the joint region. It was also found that Liquid-state diffusion (LSD) 

can occur and have significant effects on the microstructure of dissimilar TLP bonded joints even 

though its influence is often ignored during TLP bonding. The occurrence of LSD produced 

single crystal joint when a SX and polycrystal substrate were bonded. This formation of a SX 

joint which cannot be exclusively produced by solid-state diffusion has not been previously 

reported in the literature. 
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CHAPTER 1 – INTRODUCTION 

 

1.1 Background information 

Superalloys are widely used in high temperature applications. These high performance alloys 

offer excellent mechanical strength, stress rupture, resistance to creep, corrosion and oxidation, 

as well as microstructural stability [1] [2] [3] [4]. They have austenitic FCC structure, and are all 

classified in terms of Nickel, Cobalt and Iron base alloy elements [3]. When manufacturing these 

alloys, a variety of strengthening mechanisms such as solid-solution strengthening and 

precipitation hardening are used [5].   

In the hot sections of aero and industrial gas turbine engines, Nickel (Ni) - based superalloys are 

developed to meet stringent demands and ensure increased performance. Joining is necessary 

when manufacturing these alloys, and a significant amount of work has been done on a number 

of different types of techniques that can be used to successfully fabricate them. Notwithstanding 

the high temperature capabilities of these alloys, the parts are prone to damage during service, 

therefore, considering the high cost of newly manufactured superalloy components, it is 

generally more economically sensible to also repair the damaged parts rather than completely 

replacing them. Welding is one of the most commonly applied techniques for joining structural 

materials. Unfortunately, the high susceptibility to cracking, predominantly in the heat affected 

zone (HAZ) has been a major weldability problem when using this technique to join superalloy 

parts containing high contents of Aluminum and Titanium. As such, these superalloys are 

generally considered as difficult-to-weld materials. However, a process known as Transient 

Liquid Phase (TLP) bonding has evolved as a preferred technique that is capable of joining 

several difficult to weld alloys due to a number of technological and economic advantages. This 

joining technique, which was developed by Duval et al. [6] combines the added advantage of 
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brazing and diffusion bonding. It involves sandwiching an interlayer material containing a 

melting point depressant (MPD) element such as Boron, Silicon, Hafnium or Phosphorus 

between the substrate materials; such that, after subjecting the assembly to a high temperature, 

the interlayer melts and forms a liquid phase. Thereafter, a bond region is formed as the liquid 

disappears isothermally and solidifies as a result of interdiffusion between the interlayer and base 

materials. This solidified bond zone can exhibit matching chemistry with the substrate. Thus, the 

problem of weld cracking can be avoided by using the TLP bonding for difficult-to-weld 

superalloys. In aero-engines (Figure 1.0) and power generation turbines, the desire to join 

dissimilar superalloys either during manufacturing or repair becomes increasingly important. 

However, it is generally more difficult to join dissimilar materials than joining similar materials 

(or superalloys with minor differences in compositions). When joining dissimilar superalloys, 

welding methods face significant problems due to a number of factors including the differences 

in the composition and melting temperatures of materials to be joined. Consequently, this 

limitations among others can be overcome by using TLP bonding. Microstructure controls the 

properties of engineering materials, however, the influence of various TLP bonding process 

parameters on the joint microstructure of dissimilarly bonded superalloys is not adequately 

understood. 
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Figure 1.0 - Jet turbine engine [7] M. France, FRANCE-METALLURGIE, 2015 
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1.2 Research objective 

The objective of this research work is to study the effect of bonding parameters such as gap size, 

bonding temperature and holding time on the joint microstructure of TLP bonded dissimilar Ni-

based IN738 & CMSX-4 SX superalloys. 

 

1.3 Major findings 

To achieve the objective of this work, since the joint microstructure is also dependent on the 

temperature distribution in the sample, simulated thermal analysis by ANSYS workbench is 

carried out to understand the effect of temperature gradient in a vacuum furnace on the 

temperature distribution in TLP bonding samples. The results show that, irrespective of where 

the samples to be bonded are placed inside the vacuum furnace, the formation of a symmetrical 

temperature distribution along the joint region can be obtained provided the sample is oriented 

such that the solidification direction is parallel to the emitting sources. However, in order to 

minimize temperature gradient in TLP bonded samples, the results of the simulation also show 

that the best position to place samples inside the vacuum furnace is at the centre of the furnace 

where limited temperature gradient in the sample can be achieved. 

Subsequently, experimental investigations on the influence of various bonding temperature, 

holding time and gap size on the joint microstructure of IN738 and CMSX-4 SX superalloys is 

carried out. The results showed that, longer holding time and reduced gap size decreases the 

eutectic width within the joint region. The isothermal solidification rate initially increases with 

an increase in bonding temperature up to a certain temperature beyond which it start to decrease. 

Furthermore, an important factor that affect the microstructure of TLP joint is the use of 

composite powder composition. It is found that a composite powder mixture (combination of 
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base alloy and filler alloy powder) in the ratio 3:7 resulted in the formation of a complete 

isothermally solidified joint within a shorter time frame relative to 100% filler powder used in 

conventional TLP bonding. 

When joining dissimilar superalloys by this technique, contrary to conventional TLP bonding 

mechanism which assumes that the influence of liquid-state diffusion (LSD) can be generally 

ignored; LSD is found to affect joint microstructure. The occurrence of LSD results in the 

formation of a SX joint between a SX substrate bonded to a polycrystalline substrate, which 

cannot be obtained exclusively by solid-state diffusion. However, in the presence of LSD, the 

rate of isothermal solidification is still controlled by diffusion taking place in the solid-state. 

   

1.4 Thesis structure 

 Chapter 1 provides the introduction, which consists of the background information, 

research objective, major contributions, and thesis structure. 

 Chapter 2 provides a literature review on the chemical, physical and mechanical 

properties of the IN738/CMSX-4 alloys, as well as the advantages and disadvantages 

associated with the various joining and repairing techniques applied onto metals and 

alloys. The TLP bonding process and the bonding parameters used for the bonding 

process are also discussed. 

 In Chapter 3, the materials and metallographic equipment for analysis purposes used in 

this research work as well as the sequence of the sample preparation prior to and after 

bonding are described in details. 
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 Chapter 4 is divided into two parts. Part 1 contains the result and discussion of the 

simulated thermal analysis with the use of ANSYS Workbench program. Part 2 is the 

result and discussion on the effects of the bonding parameters and LSD on the joint 

microstructure. 

 Finally, the summary and conclusions of this research work, along with recommended 

future work are presented in Chapter 5. 
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CHAPTER 2 - LITERATURE REVIEW 

 

Single crystal (SX) superalloys have been commonly utilized in high pressure turbine sections of 

aero turbine engines as well as in industrial gas turbine engines due to their exceptional 

performance and properties. Improvements in SX superalloys have mostly been on increasing 

creep resistance, higher temperature capability and improved fuel-use efficiency of turbine 

engines. Therefore, with the current trend of the use of Ni–based SX superalloys for critical 

components in aerospace and other related industries, there is the demand and need to develop 

the right techniques for joining dissimilar SX superalloys, so as to further increase their usage in 

aerospace applications.  

This review begins by discussing the metallurgy of superalloys in terms of the primary 

constituent phases of the most novel Ni-based superalloys, followed by the disparity in chemical 

composition between two different types of superalloys, IN738 and CMSX – 4, as well as the 

roles of some the main alloying elements used in these two Ni-based superalloys. Thereafter, 

since the economic rationale relating the costs for repair or replacement of superalloy materials 

suggests that it is generally more reasonable to repair damaged superalloys rather than 

completely replacing them, the joining techniques that can be used for dissimilar metals and 

alloys are discussed. The various joining methods will be exemplified in terms of the strengths 

and weaknesses of each technique that had been previously employed in joining metals and 

alloys; either to themselves or to others. Finally, a general overview of the concept and use of 

TLP bonding as an alternative means and promising approach of joining superalloys will be 

discussed in this chapter. 
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2.1 Physical metallurgy of superalloys 

Superalloys are undeniably outstanding materials. For some decades, their usage has been 

popular in the aircraft industry and industrial gas turbines due to the fact that they are considered 

reliable and cost effective materials that have high temperature capability and withstand stress 

conditions. They can be further categorized into three different forms, namely; 1) polycrystalline, 

2) directionally solidified (DS) polycrystalline and 3) SX superalloys. For example, the alloys 

used for turbine discs are often manufactured in poly-crystal form while it is typical to cast 

blades in the DS or SX form due to their increased creep properties. Iron Ni-based superalloys 

are used at lower temperatures, while cobalt (Co)- based superalloys may be used in place of Ni-

based superalloys depending on the substantive strength that is needed as well as the type of 

corrosive attack that is expected [8]. However, among these three groups of superalloys, namely, 

Co-, Ni- and iron Ni-based, the Ni-based superalloys are the primary high temperature alloys 

most often used in the critical hot sections of aircraft engines. The chemical, physical and 

mechanical properties in terms of high temperature strength, oxidation resistivity and high 

fatigue among others are the optimal properties of this class of superalloys. These alloys are 

described with a gamma matrix, which accommodates a significant amount of solid solution 

strengthening elements, such as Co, chromium (Cr), molybdenum (Mo), Al and tantalum (Ta). 

Also, the large volume fraction of gamma prime (Ni3 (Al, Ti)) precipitates coherently bond the 

matrix and results in the hardening of most Ni – based superalloys, thereby, acting as the main 

strength provider [9] [10]. Besides the gamma matrix and gamma prime phases, the 

microstructure of an ideal Ni-based superalloy also consists of a gamma-gamma prime eutectic 

phase, carbides (typically MC, M6C and M23C6 – due to high carbon contents of combinations 
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with refractory elements like Ti, Ta, niobium (Nb) or tungsten (W)), as well as borides which 

basically form as a result of the segregated boron particles [10]. 

2.2 Review of the base materials 

2.2.1 IN738 superalloy 

IN738 is a vacuum melted and cast precipitation hardened Ni-based superalloy with excellent 

high temperature creep-rupture strength combined with hot corrosion resistance. This alloy is 

largely used in industrial gas turbine engine components such as blades, guide vanes and 

integral wheels [8]. Two versions of the cast IN738 alloy are produced: a low carbon version 

designated as IN738LC (C ~ 0.09 – 0.13 wt %) and a high carbon version (C ~ 0.15 – 0.20 

wt. %). Low carbon is needed in this alloy for improved castability in larger sections. Tensile 

and stress-rupture properties are not affected by the lower carbon content [11]. Changes in 

certain variables, such as the composition of the alloying elements, service exposure and 

final heat treatment can affect the complex microstructure of IN738 superalloys. This 

superalloy, just like other common Ni-based superalloys, consists of an Ni-based austenitic 

face-centered cubic (FCC) gamma phase matrix (with a random distribution of different 

species of atoms) plus a collection of secondary phases. The polycrystalline form of this 

alloy has well serrated grain boundaries which makes it distinct, unlike the SX IN738 

superalloys which have no grain boundaries.  

 

2.2.1.1 Strengthening mechanisms for IN738 

The high strength of this alloy is due to the following mechanisms:  

1. solid-solution strengthening from Cr, Mo, W, Ti, Al, Nb and Co; 

2. precipitation hardening from a gamma prime phase that consists of Ni3 (Al, Ti); and 
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3. grain boundary strengthening by carbides. 

 

2.2.1.1.1 Solid- solution strengthening 

Co, Cr, Mo, Ti, Al, Nb and zirconium are all solid-solution strengtheners in IN738 superalloys. 

These elements vary with Ni composition in atomic diameter and concentration. As such, the 

changes in the lattice parameter depend on the atomic diameter of different species which can be 

related to the hardening observed in the IN738 alloy. 

2.2.1.1.2 Gamma prime 

Gamma prime precipitation is the primary high temperature strengthening phase in IN738. The 

composition of this phase in IN738 [12] has been suggested to be given by: 

(Ni.922Co.058Cr.017Mo.002W.0020)3(Al.518Ti.352Ta.046Nb.41W.014Cr.027). The gamma matrix has an 

FCC crystal structure, and the gamma prime is a Ni3 (Al, Ti) type of intermetallic phase with an 

ordered FCC structure with lattice parameters close to those of gamma. Yet, the mismatch due to 

the differences in lattice parameters between the gamma and the gamma prime phases is widely 

known to have indicative importance on the morphology of the gamma prime precipitates as well 

as the mechanical strength of the alloy phase. Figure 1.1 shows the structures of the γ and γ
’
 

phases. A gamma prime phase in an IN738 alloy, just like any other Ni-based superalloy, is 

generally cuboidal in shape. With increasing γ
’’ 

mismatch, the shape changes in the order of 

spherical (0 to +/- 0.2% mismatch), globular, blocky, and cuboidal (mismatch of about +/- 0.5% 

to 1%) [13]. Besides the lattice mismatch between γ and γ
’
, the precipitation strengthening due to 

the γ
’
 particles also depends on the precipitate order, precipitate size as well as volume fraction 

[8] 
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Figure 1.1 - The crystal lattice structures of: a) Ni3Al (ϒI phase) and b) NiAl (ϒ phase) 

 

 

 

 

Ni or Al Al Ni 
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2.2.1.1.3 Carbides  

Characteristically, carbides tend to have high hardness, good electrical and thermal 

conductivities, as well as high stability.  IN738 superalloys with high and low carbon contents 

are known to have nominal carbon compositions of 0.17 wt. % and 0.11 wt.% respectively. 

Therefore, a significant amount of carbides, the majority of which are the MC type, are formed 

both transgranularly and intergranularly in as-cast structures. It has been suggested by Garosshen 

et al [12] that MC carbides have the following formula: (Ti0.5,Ta0.2,Nb0.2,W0.04,Mo0.03,Cr0.02)C.    

However, any free carbon that is not used in the formation of MC type carbides either during 

heat treatment or service will tend to precipitate out as free M22C6 and/or M6C carbides [11]. In 

addition, carbides tend to increase IN738’s strength by stabilizing the grain boundaries contrary 

to excessive shear, but the principal strengthening precipitate phase in this superalloy is gamma 

prime. Table 1.1 shows the compositional ranges of the primary alloying inclusions in Ni – based 

superalloys, as well as the nominal chemical composition of IN738 and CMSX – 4 superalloys 

[14] [15] [16]. 

 

2.2.2 CMSX – 4 superalloys 

SX CMSX – 4 is a second generation Ni-based superalloy which has been broadly reviewed and 

reported in the literature [17] [18] [19] [14] [20]. This alloy is hardened by a gamma prime 

particle content of about 70 vol% and contains approximately 3 wt.% Re. Generally, the 

inclusion of Re has a profound effect on superalloy properties because it causes the formation of 

a directional and incompressible Ni – Re bond that impedes vacancy migration [14].  
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Table 1.1 - a) Compositional ranges of primary alloying additions in Ni-based superalloys [15]; 

b)  Nominal composition in Wt. % of Inconel 738 and CMSX-4 base alloys [14] [16]  

 

 

a) 

b) 

LAP: Low as possible 
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This Re bearing alloy has been widely employed in the rotating blade section following the 

combustion chamber in aircraft engines as well as in industrial gas turbine applications. Their 

exposure to notable combinations of increased temperature strengths as well as increased creep, 

fatigue and corrosion has been extensively examined based on the aforementioned applications 

of this material [21] [22]. 

CMSX – 4 has a two phase gamma/gamma prime microstructure. This microstructure is 

segregated into core regions with gamma/gamma prime eutectics and dendritic patterns. In 

addition, the CMSX-4 superalloy has a complex microstructure, and is characterised by high 

levels of refractory metals (Mo + Ta + W + Re) greater than 10 wt. %. The solid solution 

strengthening elements have a slow diffusion rate, and for this reason, the diffusion rate of other 

alloying elements is reduced during solution heat treatment [14]. 

The roles of the existing alloying elements in IN738 and CMSX – 4 superalloys are summarized 

in Table 1.2.  

 

2.3 Joining and repair techniques 

Joining techniques refer to the methods used to combine materials for specific applications. In 

some of the advanced materials (e.g. superalloys), joining is economically feasible due to the 

high cost of replacements (e.g. $5K USD per blade [23]). Therefore, commercially damaged 

joints are preferred to be repaired rather than replaced in the aerospace industry.  
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Table 1.2 - Roles of major alloying elements in IN738 & CMSX-4 superalloys [4] 
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Besides, it is also essential to note that joining techniques are employed for the primary 

fabrication of high performance components.  Consequently, a significant number of researchers 

have been making advances in terms of the techniques that could be utilized for the welding of 

SXs [24] [25] [26]. However, the creation of crack free welds in superalloys could be very 

challenging. Therefore, the joining of similar or dissimilar high performance alloys in any 

industrial frame of reference requires carefully determining the joining techniques. Since these 

kinds of alloys are known to be utilized at elevated temperatures where they should maintain 

most of their physical and mechanical properties room temperature properties, the joining 

techniques must be precisely tailored for them to withstand the operating temperatures and 

environments. Among the various kinds of joining techniques, fusion welding, brazing and 

diffusion bonding are the most common methods utilized in the industry for adhering materials 

that need to function at high temperatures. As mentioned in Chapter One, these popular bonding 

techniques have their respective strengths and weaknesses when applied to superalloys. Here, the 

advantages and drawbacks associated with various joining techniques are reviewed below. 

 

2.3.1 Adhesive bonding 

The use of adhesive technology has been known to provide a large degree of flexibility in 

designing because it can easily bond virtually all types of thermoplastic and thermosetting 

materials. Adhesive technology has various advantages, such as lack of susceptibility to crevice 

corrosion, possibility of joining large surfaces, uniform stress distribution, as well as high 

dynamic strength among others [27]. The procedure for this technique is structured such that, 

surface preparation is required prior to the application of an adhesive/glue material which is 
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always in the form of a liquid, after which the final strength of the adhesive bond is not gained 

immediately because it requires a period of time for curing. 

There is the possibility of adhesively joining metal to metal because little or no heat is required 

to create the joint. As a result, an added advantage of this technique is that, “the material 

structures of the adherents to be joined are not macroscopically affected” [27] – which can 

generally be related to the fact that the application of heat rarely occurs. Ultimately, the 

disadvantage associated with the use of adhesives is the relatively poor heat resistance of the 

joint [27] [28]. Therefore, adhesive joints are not known to be suitable for use in service 

temperatures above 300
0
C, thereby making its application as a means for joining either similar or 

dissimilar superalloys impracticable. 

 

2.3.2 Fusion welding 

Fusion welding uses the process of coalescence to make a weld. By using the heat derived from 

various energy sources, this joining technique involves the melting and subsequent solidification 

of the joint region during bond creation.  As such, it is one of the most important and extensively 

used welding approach for joining metallic materials.  However, this method applies to 

superalloy materials, especially those that have high Ti and Al contents (> 6% Al + Ti), and 

result in the development of different zones; namely, the HAZ, weld pool zone and a chill 

(unaffected base metal) zone within the joint region [29] as shown in Figure 1.2. The unaffected 

base metal zone that surrounds the HAZ is likely to be in a state of high residual stress due to the 

shrinkage in the fusion zone. Nonetheless, the microstructure of this zone does not undergo any 

changes.  
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In the interest of achieving more optimal joints with greater strength, the use of filler materials 

with lower melting point temperatures than the components to be joined, as well as the 

application of pressure, are in some cases effective when using fusion welding [29]. The three 

major types of fusion welding processes are as follows: 

1. Gas welding 

 Oxyacetylene welding (OAW) 

2. Arc welding 

 Shielded metal arc welding (SMAW) 

 Plasma arc welding (PAW) 

 Gas-tungsten arc welding (GTAW) 

 Gas-metal arc welding (GMAW) 

 Flux-cored arc welding (FCAW) 

 Submerged arc welding (SAW) 

 Electro slag welding (ESW) 

3. High-energy beam welding  

 Electron beam welding (EBW) 

 Laser beam welding (LBW) 

 

2.3.2.1 Limitations of fusion welding 

Fusion welding is unfavorable for joining superalloy components as the joint microstructure 

changes when a steep TG develops from the liquefied weld pool in the zone of the colder base 

metal, as well as the induced residual stress in which the effects indicate micro – fissures in the 

HAZ region. Even though the chemical composition of the weld filler is carefully determined to 
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incorporate solid solution strengthening elements like Al and Ti, and then prolonged pre and post 

bond heat treatments are usually carried out so that the aforementioned problems are avoided, the 

high heat input which is one of the prerequisites for fusion welding has been reported to have a 

key role in the detrimental modification of the microstructure of the parent materials in terms of 

the formation of grains in the fusion zone, grain size coarsening, micro-voids, and mechanical 

property degradation (especially fatigue resistance) inside the joint region [30] [29]. This 

prevents the welding of many modern superalloys like IN738 and CMSX – 4. Besides, an 

inherent limitation which invariably confines the use of fusion welding as a repair process is the 

difficulty that is mostly related to repair components that have complex geometries since the 

joint surfaces might not be easily exposed to the heat source. This method is specially 

problematic when joining dissimilar superalloys due to differences in their melting points. For 

this reason, fusion welding is also not the right approach for joining IN738 and CMSX – 4 

superalloys.  
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Figure 1.2 - Schematic presentation of several zones in a fusion welded joint. 
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2.3.3 Soldering and brazing 

Soldering of metal pieces is done with the help of filler metal (also called solder), which is 

melted and distributed through capillary action between the faying surfaces of the parts to be 

joined. In this case, only the filler metal melts, as there is no melting of the workpiece material. 

The filler material usually has a melting temperature below 450
0
C. 

Brazing has the same principle as soldering, but the major difference lies in the fact that the filler 

material has a melting temperature that is higher than 450
0
C. Brazing is one of the most widely 

accepted techniques for joining materials for over 5000 years [31]. There are two different types 

of brazing processes: 1) conventional brazing used for commercial products and 2) diffusion 

brazing used for bonding and repairing of gas turbine components.  Besides, brazing can take 

place with little or no dissolution of the parent materials, but the major disadvantage associated 

with soldering and brazing is that the resultant joints commonly have low strength as compared 

to welded joints.  

Brazing can be advantageous if considered from the viewpoint that components with complex 

geometries as well as a combination of narrow and wide sections can be consistently brazed 

together. Also, since brazing can allow the entire assembled part to be increased to the same 

operating temperature, localized heating which causes distortion in some sections will be 

avoided, unlike those produced during fusion welding. 
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2.3.3.1 Diffusion brazing 

Conventional brazing among other joining procedures like adhesive bonding and soldering do 

not have the issues as found in the use of fusion welding since the parent materials as well as 

their microstructure remain in a solid – state. But such technique can lead to poor mechanical 

properties within the joint region. As such, high temperature brazing or diffusion brazing has 

been considered as the most preferable technique for joining Ni-based alloys as well as other 

high temperature materials. Diffusion brazing consists on joining two substrates such that there is 

the interdiffusion of atoms across the mating surfaces, which will result in bond formation. The 

main techniques used to melt braze alloys involve either localized heat application by using a 

flame torch, through electrical resistance, electrical induction, or the general heat treating of the 

entire component in a furnace [32] [33] [34] [35]. This general heat treating technique is usually 

conducted under a vacuum of 10
-3

 – 10
-5

 torr or in an inert atmosphere (commonly, with argon, 

dry hydrogen or helium) so as to avoid the oxidation of the substrates. However, there is the 

added cost of vacuum brazing equipment, but this can often be justified by the improved joint 

quality [31].  

Therefore, joints with high integrity and the least amount of detrimental effects on the substrates 

of superalloy materials, without metallurgical discontinuity nor porosity across the interface, as 

well as an optimal joint when bonding dissimilar materials, are the advantages associated with 

diffusion brazing. Also, the possibility of the use of automation to control the basic variables of 

diffusion bonding such as temperature, time, pressure, and filler alloy selection is one of the 

greatest assets of this technique. 

Thus far, some of the limitations linked to the diffusion brazing of materials is the  possibility of 

the incomplete elimination of residual oxides on substrates, lack of reliable data on  joint 
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behavior e.g. fatigue life or fracture toughness; and inadequate methods for non-destructive 

testing of the quality of joints. However, it is expected that these constraints will be addressed in 

the future. For instance, brazing defects such as second phase precipitation which is one of the 

significantly negative effects resultant of Ni-based brazes in high temperatures that arise from 

excessive gaps or insufficient brazing time have already been addressed by considering TLP 

diffusion brazing as an alternative to diffusion brazing.  

 

2.3.4 Transient liquid phase bonding 

 Of particular importance in joining both similar and dissimilar superalloys is TLP bonding, 

which has been greatly improved and used in practice nowadays. It is an age – old technique in 

which liquid that fills a joint is due to the transient liquid phase that is produced from the 

reaction between the filler and the base material.  Consequently, TLP bonding has been used to 

carry out post service repairs of difficult to weld aerospace materials and land – based power 

generation turbines, which use Ni-based superalloys, metal alloys and composite materials 

among other types of high temperature materials. This joining process has been applied to the 

bonding of similar and dissimilar superalloys [6] [36] [37] [38], similar and dissimilar metal 

alloys [39] [40] [41] as well as composites [42]. TLP bonding was patented by Paulonis et al. in 

1971 [43] so as to address the deficiencies identified in the then known bonding techniques that 

were utilized on Ni – based superalloys since some of the conventional joining techniques such 

as the laser and tungsten inert gas welding processes in fusion welding have always resulted in 

the susceptibility of superalloy materials to cracking due to the material brittleness in the fusion 

zone and HAZ, therefore limiting their applications in the repair of damaged components [44] 

[30].  
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2.3.4.1 Advantages and disadvantages of TLP bonding 

Generally, difficult to weld alloys including Ni-based superalloys which contain high amounts of 

Al and Ti have been successfully joined by employing TLP bonding. In essence, this technique is 

a diffusional induced isothermal solidification process that results in a thin interlayer, which 

consists of MPD element(s) sandwiched between the faying surfaces of the substrates to be 

bonded. However, the added advantage of this technique over other joining techniques such as 

conventional brazing is that the solid – state homogenization following the isothermal 

solidification of TLP bonded joints can result in joints with mechanical properties and 

compositions similar to those of the base metal due to a wide range of inter-diffusion of elements 

between the substrates and the interlayer. As such, the re-melting temperature of the joints will 

exceed the initial bonding temperature. This technique is suitable for joining dissimilar materials; 

at the same time, the high thermal stresses associated with fusion welding can be avoided, 

thereby reducing the susceptibility of the formation of HAZ cracking in the joint region [6] [45].  

Since the processing parameters and interlayer design can be tailored for the specific application 

requirement of a given alloy, TLP bonding also influences the presence of secondary phase 

precipitates which can reduce the mechanical properties as well as the corrosion and oxidation 

resistance of the joint. In addition, wide gap TLP bonding allows repair of defects up to 0.1 mm 

in width. Theoretically, TLP bonded joints have no interface [46]. Yet there is the possibility of 

the formation of brittle phases within the joint region which have deleterious effects on the 

chemical and mechanical properties of a joint if complete solidification of the liquid interlayer is 

not carried out. As such, the brittleness of this phase would make it an undesirable situation 

especially under design considerations of creep strength and toughness. There are also 

requirements for long holding times (hours), restriction of high temperatures, and rapid heating 
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up, which are some of the key weaknesses associated with this technique [46].  Besides these key 

disadvantageous factors, joints bonded by using TLP bonding can often times perform below 

expectations due to inappropriate sample configuration/set-up, inadequate filler material in the 

joint region as well as poor vacuum conditions. 

 

2.3.4.2 TLP bonding setup and cycle 

During the setup of TLP bonding, jigs may be used to ensure that sample alignment is 

maintained during bonding [32].  The setup conventionally focuses on obtaining a thin interlayer 

with a melting point lower than that of the substrates to which it has been enclosed. One of the 

widely employed approach in TLP bonding practices is the placement of the interlayer material 

outside the joint region so that it flows in through capillary action. Although the interlayer 

materials can have diverse configurations, such as brazing foils (thin/amorphous foils) and 

brazing pastes, the most utilized materials are those in the powder form.  

Based on descriptions in [47] [48] [46], a TLP bonding cycle can be divided into four steps as 

shown in Figure 1.3. The first step is the bond set-up which is carried out at room temperature 

(RT). The assembled sample is then heated (on rare occasions in open, nitrogen, hydrogen or 

nitrogen and hydrogen atmospheres, but in most cases, inside a vacuum furnace) to a specific 

bonding temperature which is always above the liquidus temperature (T1) of the interlayer, but 

below the solidus temperature of the base materials under consideration, so as to produce a liquid 

in the bond region. At the bonding temperature, the interdiffusion process starts to take place 

(Step 3). By holding this assembly at the bonding temperature (Step 4), a brazed joint is obtained 

through isothermal solidification (due to diffusion), which could be with or without the 

precipitation of unwanted phases depending on the holding time and bonding temperature. After 
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solidification, the TLP bonding process concludes with the homogenization of the bonded 

sample which can be obtained at the bonding temperature, or at another suitable heat-treating 

temperature. 

 

2.3.4.3 TLP bonding kinetics 

Based on the preceding steps of the TLP joining process, it has been found that in previous 

studies, there are inconsistent description of the kinetics (Table 1.3). 

Therefore, by building on the different stages reviewed by various researchers as well as using a 

phase diagram (schematic) of binary eutectic alloy systems as shown in Figure 1.4, the kinetics 

behind the defined TLP bonding processes by and large include the following.  

 

 Heating-up stage 

Prior to the heating up stage, Figure 1.5 shows the concentration profile and binary eutectic 

phase diagram representative of a TLP bonding set-up initially at RT. As illustrated by this 

figure, the filler alloy has an initial thickness of Wo and initial MPD (boron atoms) composition 

of CF. 
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Figure 1.3 - Temperature profile and corresponding steps of joint formation for a TLP bonding brazing cycle 
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Table 1.3 - TLP bonding kinetics in previous experimental investigations by various research  

 

 

 

 

Figure 1.4 - Binary eutectic phase diagram 
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Figure 1.5 - Kinetics of TLP bonding: - initial condition of joint assembly a) Phase diagram 

schematic, b) bond schematic and composition profile across the joint [61, 50] 
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However, by simply heating this bond assembly from RT, solid-state inter – diffusion takes place 

between the substrates and the interlayer material. This causes changes in the elemental 

concentrations at the joint region as well as added-on changes in the solute concentration at the 

substrate/filler material interface. Nonetheless, the diffusion coefficient between the substrates 

and filler material in the solid state along with the heating rate and eutectic temperature influence 

the amount of elemental diffusion during this stage. Deficient solute concentration in the filler 

may result from slow rates of heating, thereby causing the solute concentration to be lower than 

the solidus composition at the bonding temperature. As a result, no liquid will form upon 

reaching the joining temperature. This problem becomes more critical with very thin filler alloys 

and low solute concentrations [35]. 

 

 Base metal dissolution and widening stage 

During the TLP bonding process, the total portion of the interlayer is expected to have 

completely liquefied due to reaching the melting point of the interlayer material. However, in 

order to ensure that there is complete melting of the interlayer, the bonding temperature is always 

above the melting point of the interlayer (Figure (1.6a)). As the heating continues to increase 

from the melting temperature to the bonding temperature, dissolution continues as more of the 

MPD interlayer or eutectic forming interlayer element diffuse into the base metal. This tends to 

dissolve (melt back) the substrate, thereby causing widening of the joint region. The aftermath of 

this dilution and widening of the interlayer brings the compositions of the interlayer and the 

substrate into local equilibrium. As illustrated in Figure 1.6, WMAX is the maximum dissolution 

width obtained at a specific bonding temperature, while Cs and CL represent the equilibrium 
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solidus and liquidus concentrations of the solutes which equal the solute concentrations in the 

solid and liquid at the interface. 

The dissolution stage becomes very significant in aerospace applications such as honeycomb 

structures, rocket fins as well as thin foil structures where large base metal dissolution can lower 

the load bearing capability of thin sections. The extent of base metal dissolution depends on 

many factors including the initial concentration of the MPD element in the filler (CF), initial gap 

size (Wo) and the solubility of the MPD solute in the base material. 

 

 Isothermal solidification stage 

The isothermal solidification stage is when solidification of the liquid zone occurs because 

subsequent to the liquid interlayer reaching its maximum width, isothermal diffusion takes place 

between the substrate and the interlayer materials. It is often considered as the most decisive 

stage with a completion process that depends on the time needed for the liquid in the joint region 

to solidify. By that, the duration of this stage is determined by the diffusion of the MPD into the 

base metal, which is directly influenced by the bonding temperature, as well as the initial 

thickness of the interlayer. In other words, isothermal solidification occurs until the liquid 

interlayer is completely dissolved as the solid/liquid interface reverses its direction, with the 

solidus composition Cs being the governing composition required for the completion of this 

stage. Figures 1.7a and 1.7b show the schematics of the concentration profiles and binary phase 

diagrams during and after the isothermal solidification stage.  
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Figure 1.6 - Kinetics of TLP bonding a) Melting of the interlayer, b) Substrate dissolution [61, 

50] 
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Terminologies:- 

                            CM = Composition of substrates;     CE = Initial (eutectic) composition of the liquid interlayer; 

TB = Bonding temperature;     CS = Solidus composition;     CL = Liquidus composition; 

MPD = Melting point depressant;     Ta & Tb = Homogenization temperatures above and below TB 
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However, during TLP bonding, if sufficient time is not allowed for the liquid in the joint to 

completely solidify, the residual liquid during cooling will result in detrimental microstructural 

phases along the joint region. 

 Homogenization stage 

TLP bonded joints undergo homogenization for some predetermined period of time (be it above 

or below the bonding temperature) so as to cause the solid state redistribution of the solute peaks 

that prevail at the end of the isothermal solidification stage. Consequently, homogenizing TLP 

bonded joints for an ample period of time could possibly result in a concentration profile with no 

gradient on the entirety of the bonded sample (fig 1.7c). Upon cooling, due to the formation of a 

uniform solute concentration and elimination of secondary phases at the bond line, the added 

advantage of solid-state homogenization during a TLP bonded process is that the re-melting 

temperature of a homogenized bond of a TLP joint is always above the initial bonding 

temperature. Hence, the microstructural and mechanical properties of TLP bonds can 

approximate those of the substrate materials, unlike brazing [49]. Thus, the result is notably high 

bond strength since there is the homogeneous distribution of the solute concentration throughout 

the entirety of the bonded sample. 

 

2.3.4.4 Processing parameters for transient liquid phase bonding 

To determine the applicability of the use of TLP bonding is to gauge whether it will work for a 

period of reasonable operating time. 
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Figure 1.7 - Kinetics of TLP bonding a) During isothermal solidification, b) End of isothermal 

solidification c) Solid-state homogenization 
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From this point of view, the literature shows that proper understanding of the consequences of 

applicable TLP bonding process parameters in order to obtain joints with qualities similar to the 

substrate materials, as well as creating joints free of detrimental intermetallic micro - constituents 

is significant for the optimization of this joining technique for industrial applications. The 

process parameters include the applied pressure, surface roughness, and most importantly, the 

bonding temperature, time, surface preparation and interlayer characteristics (composition, 

thickness and the filler form). 

 

1. Bonding temperature 

Bonding temperature has been considered as one of the most essential processing parameters in 

TLP bonding because it actively influences isothermal solidification and homogenisation. The 

bonding temperature (TB) is selected such that it stays above the liquidus temperature of the 

interlayer material, but below the solidus of the parent material. Increases in the bonding 

temperature is expected to greatly reduce the time required to complete isothermal solidification 

(tIS) which prevents the formation of intermetallic micro constituents (eutectic phase) within the 

brazed region as long as there is an increase in the MPD diffusion coefficient. However, there 

have been indications that relatively high temperatures can also have a negative impact on the 

rate of solidification and result in undesirable changes in the substrate material such as grain 

coarsening [50][60]. This means that increasing the bonding temperature above a critical 

temperature has negative effects on the time required to complete solidification. This decrease in 

rate of isothermal solidification at high temperatures can be due to the possible reduction in the 

MPD (example – boron) flux that has been utilized for the bonding operation, due to a decrease 

in its solubility as temperature increases [51] [52] [53] [54]. 
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2. Surface preparation 

Surface preparation is also a key factor that determines the quality of a brazed joint. A rougher 

faying surface of the materials means more residual voids on the bonding interface which 

adversely affects the quality of the joint. Therefore, the mating surface of the substrates to be 

TLP bonded must be thoroughly processed so as to avoid an uneven surface finish. This can be 

basically achieved through grinding, grit blasting, hydrogen gas cleaning, fluoride ion cleaning 

or a combination of these treatments [55]. Although grinding is commonly used to easily remove 

surface oxides, complete eradication of surface oxides can be accomplished by using gas 

blasting. Hydrogen gas has been considered satisfactory for the cleaning of Ni-based alloys with 

low Ti and Al contents, whereas Ni-based alloys with high Al and Ti contents contain significant 

amounts of Al and Ti oxides which cannot be easily broken down in hydrogen gas. For this 

reason, hydrogen fluoride has proven to be efficient for removing such embedded oxides that 

appear on the surface of Ni-based superalloys [55]. 

 

3. Holding time 

The time needed to form a TLP bonded joint is also considered as a decisive parameter that 

dictates the strength and microstructure of the joint region. The amount of residual liquid at the 

joint will decrease with an increase in holding time, thereby resulting in a decrease in the eutectic 

phase within the joint region which is known to be detrimental to the properties of the bonded 

materials. Costs can be reduced by determining the least possible amount of holding time that is 

required to achieve a completely solidified joint. However, the influence of the characteristics of 

the materials to be joined, gap size, characteristics of the interlayer material and bonding 
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temperature among other factors have significant roles in altering the time required to form a 

joint. As stated earlier, as the bonding temperature increases above a critical value, the time 

required to completely eliminate the eutectic phase will increase with a fixed initial gap size. As 

such, one of the most effective approaches that is used in the literature to reduce the time 

required to complete isothermal solidification during TLP bonding is by using a composite 

powder mixture of a gap-filler alloy and a brazing alloy instead of the convention 100% brazing 

alloy powder. 

 

4. Interlayer characteristics 

When considering TLP bonding as the means for repair or fabrication, the interlayer 

characteristics which embodies the thickness of the interlayer (gap size) as well as the interlayer 

makeup (foils, powders, pastes, etc.) and interlayer composition not only influence the 

optimization of the process, but are also crucial for prescribing the efficiency of the joint in terms 

of the strength and ductility relative to the parent materials. The interlayer can be a pure material, 

an alloy, or even a combination of interlayers of different metals [6] [56] [57] [58]. Alterations to 

the gap size and interlayer material chemical composition have been broadly researched for the 

TLP bonding of Ni-based superalloys. In TLP bonding, out of all the  MPD elements, such as 

silicon, phosphorus or their combinations, boron is the most favored because it has the highest 

diffusivity and very little is needed to reduce the melting point of Ni. Besides, the gap tolerance 

is always setup in such a way that the gap is narrowly sufficient for the braze interlayer to flow 

through by capillary action. In some cases, silicon and boron can both be considered as the braze 

filler material because the addition of the former has been found to increase the corrosion 

resistance of a TLP bonded assembly. Also, phosphorus acts as a good MPD element. Yet 
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despite its satisfactory brazing characteristics and an extremely low melting point, the low 

ductility, strength and greater fluidity of phosphorus in the molten state are some of its 

disadvantages in comparison to boron and silicon [34].  Likewise, recent research has examined 

the practicability of using hafnium as an MPD element [59]. Hafnium is attractive as an MPD 

element because it provides a more ductile joint than with the conventional use of silicon or 

boron. In addition, it also provides some resistance to high temperature corrosion [59].  

With an increase in initial gap size, the rate of joint solidification at a constant bonding 

temperature and time remains the same, but the volume of the liquid within the joint increases. 

Hence, the time required to achieve completely solidified joint increases with increase in initial 

gap size. 

 

2.3.5 Influence of base alloy composition on isothermal solidification rate 

Ghoneim and Ojo [50] used numerical modeling to show that TLP bonded joints produced by 

using composite interlayers with various base alloy compositions (without MPD elements) and 

various filler powder compositions (with MPD elements) can be effective in increasing the 

isothermal solidification rate than with the conventional use of entirely filler materials. They 

showed that, depending on a combination of parameters, such as: 1) the type of MPD solute, 2) 

the ratio of the volume of filler alloy powder to the base alloy powder, and 3) the concentration 

of the MPD element in the filler alloy, the composite powder mixture can be successfully used 

during the TLP bonding of SX superalloys without the formation of stray grains.  

This method was implemented for the TLP bonding of an SX intermetallic alloy, IC6  [60]. They 

joined two SX IC6 substrates together by using two different types of interlayer materials; 
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namely, 1) 100% Nicrobraz 150 powder, and 2) a mixture of Nicrobraz 150 powder and IN738 

gap filler powder at a ratio of 7:3. Their results, in which the same initial gap size and bonding 

temperature were used proved that the application of a composite powder mixture (in that ratio) 

as a substitute to only filler powder, can significantly reduce the isothermal solidification time, 

reduce the erosion of the SX substrate materials, and also produce a SX joint. 

 

2.3.6 Modelling of TLP diffusion bonding 

Based on the increasing usage of TLP bonding for the joining of advanced materials in recent 

years, some attempts have been made by a number of researchers to separately model the 

discrete stages (namely heating, dissolution, widening, isothermal solidification and 

homogenization) with numerical and analytical approaches. Since TLP bonding relies on the 

diffusion of the MPD element(s) out of the joint region, the models were all generated by 

applying Fick’s first and second laws of diffusion. 

At the steady state condition, Fick’s first law is given by:  

𝐽 =  − 𝐷
𝜕𝑐

𝜕𝑥
       (1) 

 

where J is the diffusion flux. Accordingly, Fick’s second law is also relevant for the kinetics of 

the TLP transient phase, such that the concentration profile (change in concentration with time) 

of the MPD element in the substrate is denoted by: 

𝜕𝑐

𝜕𝑡
=  𝐷

𝜕2𝑐

𝜕𝑥2
        (2) 
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where 
𝜕𝑐

𝜕𝑡
  (the rate of change in concentration of the MPD) provides an indication of the 

isothermal solidification rate; D (diffusion coefficient of the MPD element) strongly depends on 

the bonding temperature, and 
𝜕2𝑐

𝜕𝑥2 (concentration gradient of the diffusing solute in the parent 

material substrates) is influenced by the solute solubility. 

Equations (2) forms the basis for the analytical model derivations that describe the mass transfer 

in TLP bonding. Based on these equations, a general error function solution was employed for 

expressing the solute diffusion out of a confined interlayer into the semi-infinite parent materials 

given by [61]: 

       𝐶(𝑥,𝑡) =  1
2⁄  𝐶0  [erf

[ℎ−𝑥]

2𝐷𝑡1/2 + erf
[ℎ+𝑥]

2𝐷𝑡1/2]         (3) 

 

where C(x, t) –solute concentration as a function of the distance from the centre of the interlayer 

(x) and time (t), 

C0 – Initial solute concentration in the filler alloy, 

D – Diffusion coefficient of the solute in the substrate, 

t– Solidification time, and 

2h – Width of the interlayer. 

However, published works on TLP bonding models rely on principal assumptions which are 

provided below [61]. 

 The diffusion coefficient of the solute is independent of the composition. 

 A state of local equilibrium is maintained at the solid/liquid interface. 
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 The substrate material is treated as semi-infinite because the diffusion of solute into the 

substrate is very low.  

 

1. Heating-up stage 

Equation (4) was applied by Niemann and Garret [62] to account for the loss of the interlayer 

width during the heating up cycle from RT to the bonding temperature during the TLP bonding 

of Al – B composites with an electroplated Cu interlayer. 

𝑥𝜌𝑐 = 1.1284 𝜌𝑎 [𝐶∞𝑠 − 𝐶𝑚] [𝐷𝑠 𝑡]1/2       (4) 

 

The copper thickness that was lost as a result of diffusion is x, and 𝜌𝑐 and 𝜌𝑎  are the densities of 

copper and the substrate respectively. Ds is the diffusion coefficient of copper in Al, C∞s is the 

solubility of Cu in Al, and Cm is the initial Cu concentration in the Al substrate. 

Since both the solute solubility and the diffusion coefficients change with temperature, 

MacDonald and Eager [63] used the effective diffusion coefficient Deff, to compensate for the 

effects of changes in temperature. This is given by the equation: 

𝐷𝑒𝑓𝑓 =  
∫ 𝐷(𝑡)

𝑡
0 𝑑𝑡

𝑡0
       (5) 

 

2. Substrate dissolution stage 

Nakao et al. [64] estimated that a dissolution parameter (P) based on a derivation of the Nernst – 

Brunner theory could be used to examine the isothermal dissolution during the TLP bonding of 

Ni-based superalloys by using an Ni-15.5 wt. % Cr filler metal. The value of this dissolution 

parameter is given as: 
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𝑃 = 𝑘𝑡 = ℎ𝑙𝑛 [
𝑊0− (𝑊𝑡+ pℎ)

𝜌ℎ (𝑊0− 𝑊𝑟)
]        (6) 

 

where ρ is the ratio of the liquid to solid interface, Wt is the width of the dissolved base metal at 

time t, W0 is the equilibrium dissolution width, h is half of the initial liquid width, and K is a 

material constant at a temperature dictated by respective phase diagrams. 

Liu et al. [65] developed an analytical model that accounts for isothermal dissolution in TLP 

bonding by using a general error function solution from which the time required for dissolution 

of the brazed interlayer with a thickness of 2h at a known temperature is given by Equation (7) 

which is a function of the diffusion of the MPD element into the liquid phase, D
C
: 

𝑡𝑑 =  
(2ℎ)2

16𝑘1
2𝐷𝑐       (7) 

 

Their result showed that, although the time required for dissolution is directly proportional to the 

square of the initial thickness (Wi), they concluded that the dissolution rate is chiefly dependent 

on the diffusion of the solute into the liquid phase (not into the solid phase), which is not the case 

in actual practice since the process kinetics during base alloy dissolution can also be affected by 

solute diffusion into the solid.  

 

3. Isothermal solidification stage 

Thus far, various analytical models on isothermal solidification during TLP bonding have been 

developed and proposed by a number of researchers. The interdiffusion coefficient in the solid 

phase base material controls the rate of solidification as the liquid interlayer starts to solidify due 

to the diffusion of solutes from the joint region into the solid. During this stage of the TLP 



43 
 

bonding process, the distribution of solutes into the liquid is assumed to be uniform, and 

therefore, solute diffusion into the liquid can be neglected. Additionally, the substrates can be 

assumed to be semi-infinite because the diffusion of solutes into the solid is relatively slow. 

Analytical modeling approaches are largely used in practice. As such, various models are readily 

available in the literature.  

Stationary solid/liquid interface modeling, which is alternatively known as modeling of the 

single phase solution, is considered as the simplest modeling approach for predicting the time 

required for isothermal solidification during TLP bonding. The system is treated as a single 

semi-infinite phase with a fixed solute concentration, with the main advantage that the 

calculation of the final liquid width at the end of dissolution which basically requires extensive 

experimental work and/or complex model calculations in order to account for the moving 

boundary is not needed. Tuah-poku et al. [61] derived a method for estimating the completion 

time of isothermal solidification based on a stationary liquid/solid interface during TLP bonding. 

In their approach, an error function solution was used to explain for the solute distribution in the 

semi-infinite parent metal with a surface on which the concentration of the solutes was 

maintained at CoL: 

𝐶(𝑥,𝑡) =  𝐶𝑜𝐿 + (𝐶𝑚 −  𝐶𝑜𝐿) . erf (
𝑥

2√𝐷𝑠𝑡
)        (7) 

 

where 𝐶𝑚 is the initial solute concentration in the base metal, D is the solute diffusivity in the 

base metal and t is the solidification time. 

For the isothermal solidification modeling of a moving interface solution, Lesoult [66] followed 

the method derived by Dankwerts [67] for mass and heat transfer. The derived solution for the 
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isothermal solidification stage in TLP bonding was obtained by using Fick’s equations for a 

semi-infinite medium with a constant surface composition and a moving interface (Equation 8): 

𝐶(𝑥,𝑡) =  
𝐶0− 𝐶𝑤𝑐− 𝐶0

erf(𝑘)−1
+  𝐶𝑤𝑐 −  

𝐶0

erf(𝑘)−1
 . erf (

𝑥

2(𝐷𝑡)
)       (8) 

 

This derivation was also utilized by Tuah-poku et al. [61] and Liu et al. [65]. By using the 

equations: 

𝑊𝑚𝑎𝑥 =  
𝐶𝑓.𝑊0

𝐶𝐿∝
     and 𝑡𝑓 =  

𝑊𝑚𝑎𝑥
2

16𝑘2∆
          (9) 

 

they gave the time required for the completion of the isothermal solidification stage as: 

𝑡𝑓 =  
(𝑊)2𝑚𝑎𝑥

16𝐾2𝐷𝑐          (10) 

 

Ramirez and Liu [68] also derived this solution, which was used in a general form by other 

researchers like Sekerka [69], Jung and Kang [70], Li et al. [71] and Zhou [72]. However, they 

all used different approaches to generate the same result.  

 

2.4 Variants of TLP bonding 

2.4.1 Temperature gradient TLP bonding (TG-TLP) 

Considering the fact that in TLP bonding, the equilibrium compositions at solid/liquid interface 

are parameters which depend on temperature, it’s possible to create a composition gradient over 

the reaction zone by imposing a temperature gradient ΔT across it [45].  Due to such application, 

solute will start migrating from the higher solute concentration (lower temperature) region into 
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the lower solute concentration (higher temperature) region. And as the solute start diffusing to 

the hotter zone, its concentration will be reduced in the colder zone. Consequently, solidification 

will start from the colder side, and advance to the hotter side and stronger bonds results from this 

non-planar bond interface [45]. This indicates that a temperature gradient can change the 

solidification mechanism.   

 

2.4.2 Wide-gap TLP bonding. 

Wide gap TLP bonding has the advantage of traditional TLP bonding and is useful for repairing 

cracks which are resultant of extreme environments. Gaps more than 100 micron can be 

considered as wide gap. One of the main issues with wide gap brazing is the long holding time 

for eliminating the eutectic. Despite a fact that; in other to achieve complete isothermal 

solidification, MPD solute is required to diffuse into the base metal; the problem associated with 

wide-gap TLP bonding is mainly caused by the continual diffusion of MPD into the base 

material which results in the reduction of solute concentration gradient (𝜕𝐶/𝜕𝑥 ) below a critical 

value [73]. So a practical way to limit the reduction in ( 𝜕𝐶/𝜕𝑥) is to reduce the amount of MPD 

solute that is required to diffuse into the base material to achieve complete isothermal 

solidification [73]. This can be done by using composite powder mixture which contains a filler 

alloy powder with MPD and another powder without MPD (additive powder). 

 

2.4.3 Active TLP bonding. 

Ceramics have been widely used in structural components because of its good mechanical 

properties. However their inherent brittleness has limited their usage [74].This material has been 
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used mostly with metals; so joining of these two specimens have been an issue over time since 

differences in their mechanical responses and thermal expansion coefficients often causes 

fracture to occur within the ceramic substrate [75] [76]. By using an active TLP bonding 

technique, research has shown that metals and ceramics can be successfully joined by using 

ductile metal interlayer so as to relieve residual stresses [77]. 

 

2.4.5 Partial TLP bonding (PTLP)  

PTLP bonding is mostly used to join ceramic components. The bond set-up in PTLP bonding has 

the substrates to be sandwiched with a thick refractory metal/alloy between thin layers of low 

melting point metals/alloys as the interlayer materials; but generally, the process principles 

remains the same in both PTLP as well as the conventional TLP bonding technique [78]. One of 

the key advantages of PTLP is that, the twofold nature of the multi-interlayer material tends to 

provide some beneficial joint properties with limited or avoidable deleterious intermetallic 

reactions. 

 

2.5 Application of transient liquid phase bonding to dissimilar alloys 

The joining of two dissimilar alloys that have different physical and mechanical properties is a 

great challenge. A review of related research works shows that various attempts have been made 

to bond dissimilar superalloys by considering different joining techniques. However, the 

advantages of TLP diffusion bonding, as discussed earlier in Section 2.3.5, has so far 

demonstrated appreciable potential to join these types of complex alloys. As such, the possibility 

of bonding dissimilar superalloys with TLP bonding has been previously reported by a few 
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researchers after investigating the bonding behavior in terms of the microstructural and 

mechanical properties. Some of these works on TLP bonding of dissimilar superalloys are as 

follows. 

Liu at al. [79] successfully used TLP bonding to join a Ni-based superalloy, SX DD98 and a 

poly-crystal superalloy, M963 by using an interlayer foil of Ni-15Cr-3B amorphous alloy. The 

bonds obtained were characterised in terms of their microstructural evolution, crystallographic 

orientation and stress rupture. Their result showed that insufficient holding time results in the 

formation of eutectic micro constituents within the joint region, and at a constant temperature, 

and gap size, the width of the eutectic phase decreases as the holding time increases. This 

observation can be generalized to all TLP bonded joints. Differences in the crystallographic 

orientation, dissymmetry of the bonding line, along with gamma prime particles were detected 

within the joint region. The dissymmetry of the bonding line was attributed to the difference in 

the diffusion of the MPD element as a result of the difference in the isothermal solidification rate 

of the two substrates. 

Ghoniem and Ojo [80] used TLP bonding to join a poly-crystal alloy and a SX alloy. In their 

study, they predicted the location of the solid/liquid interface as well as the isothermal 

solidification time through a finite element (FE) numerical model. Their result showed that, 

when joining two dissimilar superalloys, the asymmetric distribution of the residual interlayer 

liquid can be attributed to the mismatch in the lattice coefficient of the diffusion of the substrates 

or the solute solubility. In addition, their result showed that, notwithstanding the fact that solute 

diffusivity increases with bonding temperature, an increase in temperature can also lead to a 

much longer time that is required to prevent the formation of the detrimental eutectic phase 

during the bonding of dissimilar alloys. However, in a situation where a material is coupled with 
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another material that displays a better capability of accommodating the MPD element diffusing 

out of the liquid insert, the occurrence of this deviating behavior in eutectic size with temperature 

can be reduced. 

 

2.6 Scope of the present investigation 

As shown in the previous sections, different bonding techniques are available for the joining of 

multi-material components. Without exception, each technique has its inherent advantages and 

disadvantages. When joining difficult-to-weld engineering materials like superalloys, TLP 

bonding has certainly proven to be the most preferred technique. Unfortunately, only a few 

scientific investigations have studied the TLP bonding behavior on the joint properties of 

dissimilar superalloys in the literature. In other words, the effects of the different process 

parameters on the microstructure of joints produced between two dissimilar superalloy materials 

is not adequately understood. Therefore, the primary objective of this work is to investigate the 

effects of the TLP bonding process parameters and interlayer material on the microstructural 

changes during the bonding of IN738 and CMSX-4 SX superalloys. 

The first part of this work aims to study how the TG inside a vacuum furnace will affect the 

temperature distribution in TLP bonded samples. This thermal analysis will be carried out by 

using ANSYS Workbench software. However, to complete this simulated thermal analysis of 

joints carried out inside a vacuum furnace, experimental verification will also be performed to 

affirm the validity of the information deduced from the simulation analysis. 

The second part of this work focuses on studying how variations in bonding temperature, holding 

time, and gap size influence the microstructure of TLP bonded joints between IN738 and 
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CMSX-4 SX by using a Ni-Cr-B filler alloy, AMDRY 775. Overall, this thesis contributes to the 

characterization of the joint properties when bonding dissimilar superalloy materials by using 

TLP bonding. 
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CHAPTER 3 - MATERIALS AND EXPERIMENTAL PROCEDURE 

 

3.1 Materials characterization 

Two different Ni-based SX superalloys are used as the parent alloys for this research work. The 

first alloy is Inconel 738 SX, and the second alloy is CMSX-4 SX. The former was received in 

the as-cast plate condition, while the latter in a rod form. The bonding coupons from each of the 

parent alloys were cut into 5 mm x 9 mm x 11 mm dimensions. In Table 1.5, the chemical 

compositions of the IN738 and CMSX-4 SX superalloys are listed in detail. 

    For the interlayer material, AMDRY 775 filler alloy powder having an actual composition of 

Ni-15Cr-3.5B was used. The solidus and liquidus temperatures of this filler alloy powder are the 

same, and given by 1052
0
C. 

 

3.2 Sample preparation 

The bonding coupons were sectioned from the parent alloys by using a numerically controlled 

wire electro-discharge machine (EDM). Thereafter, to remove the re-cast layers formed during 

the cutting process as well as producing uniform and flat surfaces from the sectioned coupons, 

the mating surfaces were grounded by using silicon carbide (SiC) paper to a 600 grit finish. Prior 

to bonding, the grounded coupons were ultrasonically cleaned in acetone for about 15 mins. 

 

3.3 Joining process and bonding equipment 

For the joining, a jig was used to keep the coupons in position and prevent them from shifting. 

Figure 1.8 shows the joint assembly. As shown in the figure, the sides of the samples and Al foils 

were coated, to serve as a guiding frame to prevent the liquefied interlayer material from flowing 
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out of the joint during the bonding process and also prevent a reaction between the substrate and 

the jig. Two different sizes of joint spacers (70 um and 127 um – Mo wires) are used in different 

conditions during the course of this study. In order to ensure a precise initial gap size and 

comparable results, a constant force was applied by using a torque wrench for all of the coupled 

samples. The TLP bonding operations were carried out in a LABVAC 11 vacuum furnace. The 

whole process was performed under a vacuum pressure of approximately 5 x 10
-5

 torr so as to 

reduce oxidation. The samples were bonded by heating them to a particular bonding temperature, 

holding them for specified times, and once the bonding cycle was complete, they were allowed 

to furnace cool to RT. The bonded specimens were sectioned perpendicularly to the bonding 

surfaces by using the EDM. They were then mounted on Bakelite, grounded and then polished 

down to a 5 um finish. Some samples were electro-etched by using 48 mL of sulfuric acid and 40 

mL of nitric acid and 12 mL of phosphoric acid solution.  

 

3.4 Microscopic examination 

The microstructure of the bonded samples were preliminarily examined by optical microscopy 

with the use of an inverted-reflected light microscope equipped with CLEMEX Captiva vision 

3.0 image processing software. The examination of the microstructure of the joint and 

compositional analysis of the joint were conducted by using a JEOL 5900 scanning electron 

microscope equipped with an ultra-thin window Oxford energy dispersive spectrometer (EDS) 

system. The scanning electron microscope was used in the secondary and back scattered electron 

modes to produce better images of the surface morphology as well as characterize the phases 

within the microstructure.  
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Table 1.4 - Chemical compositions in Wt. % of CMSX-4 and IN738 SX superalloys used for 

experimental studies 

 

 

 

 

 

Figure 1.8 - Joint assembly 
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The crystallographic orientation relationships between the joint region and the SX parent alloys 

were examined by using electron backscattered diffraction (EBSD) based orientation image 

microscopy (OIM). The analysis was carried out by using an EBSD detector that was attached to 

a Philips XL 30 scanning electron microscope. 
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CHAPTER 4 - RESULT AND DISCUSSION 

 

PART 1 

4.1 SIMULATION WITH EXPERIMENTAL VALIDATION  

Already noted in the literature review is that TLP diffusion bonding is a novel technique for 

joining certain difficult to weld advanced materials. Since this technique is known to be carried 

out in a vacuum furnace, a temperature gradient (TG) inside the furnace can translate to a TG in 

the sample, and this can affect the microstructure of TLP bonded joints. However, research on 

TLP bonding has not been carried out through thermal analysis simulation to understand how the 

TG in a furnace will affect the temperature distribution in the sample for TLP bonding. In order 

to carry out the simulation analysis, ANSYS Workbench was used. This study focuses on steady 

state three dimensional modeling, and various sample configurations in terms of orientation and 

position inside a vacuum furnace are considered. The simulation process is shown in figure 1.9. 

To verify the simulation results, experiments were also conducted. 

4.1.2 MODELING AND ANALYSIS 

4.1.2.1 Material property definition 

Two different types of materials were used in the analysis. Structural steel was used as the 

vacuum furnace material, and a superalloy for the samples. The material properties of the 

structural steel are already incorporated in the ANSYS software program as follows (Material no. 

1, see Table 1.5), while the material properties of the superalloy, IN718, used for the simulation 

analysis are Material no. 2, see Table 1.6.  
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Figure 1.9 - Workflow for the overall simulation process. 
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Table 1.5 - Material property of structural steel. 

 

 

Table 1.6 - Material property of IN718 [85] 

 

 

 

Material properties Unit Structural steel

Thermal conductivity (W/m0C) 60.5

Density (Kg/m3) 7850

Specific heat capacity (J/Kg0C) 434

Material properties Unit IN718

Thermal conductivity (W/m0C) 11.1

Density (Kg/m3) 8193

Specific heat capacity (J/Kg0C) 435
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Isotropic material properties are assumed for the FEM simulations developed in this study. All 

the material properties listed in tables 1.5 and 1.6 are assumed to be constant as a function of 

temperature in the simulations. 

 

4.1.2.2 Vacuum furnace and sample model 

ANSYS uses radiation effects only through the boundary conditions, and since the heat emitted 

by the vacuum furnace is caused by radiation, a heat transfer loading condition by radiation was 

the basis for determining the temperature distribution in the sample. 

 Other key assumptions that were made while modeling the process are given below. 

1. The modelled vacuum furnace consisted of two vertically oriented heating elements on 

the sides/walls of a rectangular shell with dimensions of 50 mm x 50 mm x 100 mm.  

2. In thermal analyses, ANSYS requires specifications for the ambient temperature. As 

such, the ambient temperature of the samples when placed in the furnace was set at 25
0
C. 

3. The temperature of the heating source used in the analysis was 1150
0
C. It is imperative to 

note that the heating source was constant during the entire simulation. In other words, 

since the two sides of the inner shell were considered as the sources of dissipating 

heating, therefore the temperature distributed on the samples is only significant to the 

stability of the radiating source temperature (Figure 2.0). Additionally, this figure shows 

that there will always be a TG in the vacuum furnace. 

4. The outmost cylindrical shield was 80 mm in diameter with a depth of 110 mm. Each of 

the two bonded samples inside the vacuum furnace was in the form of a square bar with 

bonded dimensions of 5 mm x 5 mm x 30 mm (Figure 2.1). 
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4.1.2.3 Meshed model of vacuum furnace and sample 

Figure 2.2 shows the meshed solid model layout of the vacuum furnace and sample. From this 

figure, the mesh used in all the computations of this work contained a total of 31,496 nodes and 

4592 elements, wherein 4152 nodes and 750 elements out of the total nodes and elements were 

attributed to the joined samples. Therefore, a comparison of the results was based on the same 

applied analytical procedure.  

 

4.1.2.4 Thermal analysis of the modeled system 

Figure 2.3 shows how the temperature is distributed throughout a bonded sample of the same 

shape and dimensions inside the vacuum furnace in a steady state condition. This figure indicates 

the existence of temperature variation across the sample. The highest temperature is at the joint 

interface of the bonded samples. With a heat source temperature of 1400
0
C, the maximum 

temperature is around 1395
0
C (T1). The temperature has a decreasing trend further away from 

center of the joint in both directions. At a distance of 7 mm away from the center of the joint, the 

obtained temperature is 1382
0
C (T2). Thus, a change in temperature with distance from the center 

of the joint can be found in the bonded samples inside the vacuum furnace. 

However, in the presence of a TG across a sample inside the vacuum furnace, symmetric and 

non-symmetric temperature distributions in the sample can be obtained. As shown in Figure 2.3, 

conformity to exactly the same temperature profile on each sample at the two sides of the joint 

implies a symmetric condition, while different temperature profiles on each bonded samples 

apply to the situation where symmetry is broken. 
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Figure 2.0 - Modeled vacuum furnace geometry from ANSYS design modular, 

showing temperature distribution in the rectangular shell casing. 

Figure 2.1 - Basic geometric dimensions for square-bar bonded samples 

modeled with the ANSYS design modular. 
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Figure 2.2 - Meshed model of the overall assembly. 



61 
 

For example, assume that the solid/liquid interfaces in a TLP bonded joint from which 

solidification proceeds inwardly as shown in Figure 2.4a are represented by equidistant positions 

from the centerline of the joint in Figure 2.4b of the simulated analysis with temperatures T1 

andT2 respectively. From this thermal analysis, the average value of temperature T1 after 

considering three different positions of 1, 2 and 3 is the same as that for temperature T2 after 

averaging three different positions of a, b and c. Similarly, across the solid/liquid interfaces (Fig 

2.4c), the average temperature from 6 differently identified positions within the face of 

‘ABCDA’ is the same at the two substrate interfaces. In this case, symmetry exists. 

Thus, the above simulation indicates that a TG in the furnace can translate into a symmetric 

temperature distribution in the sample. 

 

4.1.1.5 Temperature distribution based on two different sample orientations in the vacuum 

furnace 

It can be intuitively assumed that symmetry is mainly achieved if the sample is placed at the 

center of the furnace. By considering the different sample configurations in the furnace, the 

result of the thermal analysis at the steady state shows that symmetry can exist when samples are 

placed far away from the center of the furnace. To achieve this, however, it must be placed in a 

particular orientation as shown in Figure 2.5. In this case, the solidification direction needs to be 

parallel to the source of heat emission. 
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Figure 2.3 - Steady state temperature field for a bonded sample in a vacuum furnace due to the effect of 

radiation heat dissipation. 
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Figure 2.4 - Schematic (a), and simulated configurations (b, c) of a typical TLP bonded assembly showing the 

direction of joint solidification and the obtained temperature at the solid/liquid interfaces. 
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Figure 2.4 - Schematic (a), and simulated configurations (b, c) of a typical TLP bonded assembly showing the 

direction of joint solidification and the obtained temperature at the solid/liquid interfaces. 
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Figure 2.5 - Temperature distribution in steady state condition of a bonded sample placed far 

away from the furnace center, but whose direction of solidification is parallel to the emitting 

sources. 
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In Figure 2.6, the symmetry between the two bonded samples is broken when the solidification 

direction is perpendicular to the heat source. Therefore, an asymmetric microstructure is 

expected in the joint region. 

4.1.3 Experimental validation 

Experimental verification was carried out on two similarly coupled IN738 samples which were 

both placed far away from the center of the furnace. Bonding was carried out at a temperature of 

1150
0
C with a holding time of 4hrs 30mins. One of the coupling was oriented in such a way that 

the solidification direction was parallel to the source of heat emission, while the other coupling 

was oriented in a way that the direction of the solidification was perpendicular to the heating 

source (as already simulated, see Figures 2.5 and 2.6). 

Figure 2.7a shows the microstructural morphology of the bonded sample when the direction of 

the solidification is parallel to the source of heat emission, and figure 2.7b shows the 

microstructural morphology of the bonded sample when the direction of the solidification is 

perpendicular to the source of heat emission. 

The results indicate that at some distance away from the center of the furnace, there is a 

symmetric temperature distribution, which signifies the formation of a symmetric microstructure 

in the joint region (Figure 2.7a), where the eutectic (solidification product formed during 

cooling) is found approximately near the center of the joint.  The non-symmetric temperature 

distribution results in an asymmetric microstructure within the joint region (Figure 2.7b), where 

the eutectic is shifted towards one of the substrates. 
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Figure 2.6 - Temperature distribution in steady state condition of a bonded sample placed far 

away from the furnace center, but whose direction of solidification is perpendicular to the 

emitting sources. 
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Figure 2.7 - Optical micrographs of joints prepared at 1150

0
C for 4hrs 30mins when the 

direction of joint solidification is: a) parallel and b) perpendicular to the emitting sources. 
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Therefore, the simulated thermal analysis has been validated by the experimental observations. 

The key information here is that in the presence of a TG, a symmetric microstructure can be 

obtained anywhere away from the center of the furnace if proper orientation is used. Although, 

symmetrical temperature distribution may exist in a sample with TG, the magnitude of the TG is 

very important as this may induce residual stress in the bonded sample. Further simulations were 

carried out to investigate how the TG varies in a bonded sample placed inside the furnace, and 

with symmetric temperature distribution, by shifting it away from the center of the furnace 

(Figure 2.8). This figure shows that the TG increases as samples with symmetric orientations are 

shifted away from center of the furnace (CF) towards one of the sources of heat emission. By 

placing the samples at the center of the furnace (that is, 25 mm away from one of the heat 

sources), the average TG from the 6 faces of the bonded sample is 0.58
0
C/mm; while it is 1.39

0
C 

/mm at 8mm to one of the heat sources.  In other words, by moving the TLP bonded samples 

towards the center of a furnace (hot zone), the sample has the lowest temperature gradient. 
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Figure 2.8 - ANSYS simulation result of the variation in temperature gradient of symmetrically 

oriented samples bonded at different positions from one emitting source of the vacuum furnace. 
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Figure 2.9 - Temperature distribution in steady state condition of a bonded 

sample placed at the furnace center. 
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Thus, this study shows that to obtain symmetry in TLP bonded samples of same material; 

placement anywhere inside the vacuum furnace is acceptable if the direction of solidification is 

parallel to the source of heat emission. However, considering the added benefit of minimizing 

the TG so as to minimize the inducement of residual stress, the best position to place a sample is 

at the center of the furnace where both symmetry as well as the lowest TG can be obtained 

(Figure 2.9) 

However, it should be noted that when dissimilar materials are bonded, symmetry can be broken 

due to differences in the thermal properties of the substrate materials. Figure 3.0 shows how the 

temperature is distributed in the bond of two dissimilar materials (IN718 and IN625). From this 

figure, it can be observed that the temperature distribution in IN718 is not symmetric with that in 

IN625.  
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Figure 3.0 - Temperature profile due to lack of symmetry caused by difference in material properties of two bonded 

samples in the vacuum furnace. 
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PART 2 

4.2 EFFECT OF TLP BONDING PARAMETERS ON DISSIMILAR SUPERALLOYS 

4.2.1 Microstructural analysis 

In this study, scanning electron microscopy is used to investigate the microstructure of a TLP 

bonded joint that consists of IN738 and CMSX-4 SX superalloys. As shown in Figure 3.1a, after 

bonding at 1150
0
C for 3 hrs, four different microstructural zones are identified in the joint 

region. 

Zone 1 (athermally solidified liquid zone) in this study is the eutectic that was formed during 

cooling of the joint. This zone can serve as a site for crack propagation (Figure 3.1c) and was 

formed as a result of the incomplete diffusion of the MPD element (boron) out of the joint area 

into the substrate materials.  From the scanning electron micrograph shown in Figure 3.1b, it can 

be seen that three different phases are found in the eutectic. Table 1.7 which shows the results 

obtained from the EDS compositional analysis, suggest that they are Ni– rich and Cr – rich 

boride phases, and a gamma solid solution phase, based on what has been reported in the 

literature [81]. 

Zones 2a and 2b as shown in Figure 3.1a are the isothermally solidified zones in the joint 

region. The microstructure of this zone consists of Ni-rich gamma solid solution phase that 

contain some Al, Ti, Re, Mo, Nb and Ta that were not initially present in the filler alloy 

composition.  
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a) 

b) 

Solidified zone 

Figure 3.1 - (a) SEM Micrograph of a joint between IN738 & CMSX-4 SX’s prepared at 1160
0
C for 

1hr; (b) Higher magnification  of the eutectic phase formed in the joint; c) Crack propagation within 

the IN738/CMSX-4 eutectic phase 

c) 

Ƴ Solid solution 

Ni-rich boride Cr-rich boride 
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Table 1.7 - Compositions in at. % of eutectic constituents formed within the joint region 

 

 

Element Ni – rich boride Cr – rich boride Ni – based solid 
solution (ϒ) 

    
Ni 70.16 4.47 71.93 

Ti 
 

3.43 1.06 2.07 

Cr 9.13 87.16 13.60 

Co 9.11 4.91 4.69 

Al 2.86  5.70 

Nb 
 

     1.53       0.30 

Ta 2.45 0.12 0.64 

W 
 

Mo 

1.33 

 

2.10 

     0.18 

0.53 

0.54 
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Zone 3 is a region on the IN738 substrate affected by the diffusion of the MPD element (boron) 

from the interlayer material. The microstructure of this zone has been well-established from 

previous works that involve the diffusion brazing of the IN738 superalloy. This zone consists of 

two different morphologies of second phase particles which are blocky-like and needle-like [81]. 

A typical microstructure of the DAZ on the IN738 substrate in this study is shown in Figure 3.2  

Zone 4 is a region on the CMSX-4 substrate that is affected by the diffusion of the MPD element 

(boron) from the interlayer material. There are some discretely dispersed particles in the 

diffusion zone near the CMSX-4 region, with a greater number of white blocky particles 

surrounded by the gamma prime layers (Figure 3.3). The quantitative map analysis in Figure 3.4a 

reveals that, particles in the CMSX-4 DAZ contain significant amounts of Cr relative to the 

CMSX-4 substrate. Therefore, it is likely that CMSX – 4 also has some Cr – rich particles in its 

DAZ just like in the DAZ of IN738 which has been vastly known to contain Cr – rich boride 

(Figure 3.4b). 

 

4.2.2 Effect of initial gap size on joint microstructure 

In order to examine the effect of initial gap size on the microstructure of TLP bonded IN738 and 

CMSX-4 SX joints, samples with a gap size of 70 μm and 127 μm were bonded at 1160
0
C for 

various holding times, using AMDRY 775 filler powder. Figure 3.5 shows the microstructure of 

the samples at the considered gap widths for 5 hrs as obtained by a scanning electron microscope 

that was operated in the secondary electron mode. 

The average eutectic width (AEW) as shown by the dashed lines in Figure 3.5a was obtained by 

taking at least 20 different point measurements on each bonded sample.  
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Measurements of the eutectic width showed that the average width increases with increase in 

initial gap size from 40.21 μm with an initial gap size of 70 μm, to 101.24 μm with an initial gap 

size of 127 um, after 5 hrs of bonding time. This observation is due to the fact that since the 

diffusion of the MPD element from the liquated interlayer into the CMSX-4 and IN738 

substrates determines the isothermal solidification, the rate of solidification at a constant bonding 

temperature and holding time is expected to be comparable at different gap sizes. Thus, the 

increase in the volume of the residual liquid with increase in initial gap size implies an increase 

in the concentration of the MPD element; therefore consequently resulting in a larger eutectic 

and a longer time to achieve complete isothermal solidification in the sample with the larger (127 

um) gap size than the sample with the smaller gap size. 

Plots of the eutectic width as a function of holding time of the joints with a gap size of 70 μm 

and 127 μm are shown in Figure 3.6. The pattern in this figure also explains the observed 

increase in the eutectic width with increased initial gap size, such that a completely solidified 

joint, free of the deleterious eutectic phase, was achieved after 11 hrs of holding time with an 

initial gap size of 70 μm, but after 16 hrs of holding time with an initial gap size of 127 μm. 

 

 

 

 

 

 



79 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

Blocky particles 

Needle-like 

particles b) 

c) 

Figure 3.2 - Secondary and backscattered electron images of a) various kind of 

phases, b) needle-like phases and c) blocky phases formed in the diffusion affected 

zone of IN738. 
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a) 

b) 

Figure 3.3 - Backscattered electron images of: a) various kind of phases and b) blocky 

phases; formed in the diffusion affected zone of the CMSX-4 substrate. 
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CMSX – 4 Chromium (Cr) distribution 

a) 

b) 

Figure 3.4 - Quant map analysis showing Chromium distribution within the: a) CMSX-4 side and 

b) IN738 side. 
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Figure 3.5 - SEM micrographs of the joints made at 1160
0
C for 5hrs with initial gap sizes of 

a)70μm, and b) 120μm. 
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Figure 3.6 - Plot of eutectic width against square root of time in 70μm and 120μm initial gap 

size joints prepared at 1160
0
C. 
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4.2.3 Effect of bonding temperature on joint microstructure 

The effect of bonding temperature on the bond microstructure was studied during the TLP 

bonding of IN738 and CMSX-4 SX superalloys by using AMDRY 775 filler alloy powder. 

Samples with an initial gap size of 70 μm were bonded at two different temperatures: 1150
0
C 

and 1160
0
C for various holding times. The microstructure of the samples after 1 hr of bonding at 

the respective temperatures showed incomplete isothermal solidification of the liquid phase, thus 

resulting in the formation of continuously distributed eutectic constituents. The AEW at a 

bonding temperature of 1150
0
C is 79.32 µm and 64.72 µm at 1160

0
C after 1 hr of bonding. 

However, complete isothermal solidification occurred within the 11 hrs of holding time at a 

bonding temperature of 1160
0
C as the joint was entirely free of the eutectic, while continuous 

eutectic was observed in the joints prepared at a bonding temperature of 1150
0
C after 11 hrs of 

bonding. This observed result as shown in figures 3.7a and 3.7b indicates that the diffusivity of 

boron as the MPD element into the substrates increases as the bonding temperature increased 

from 1150
0
C to 1160

0
C. Consequently, this causes an increase in the rate of isothermal 

solidification, which has been conventionally predicted by TLP bonding models. 
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Figure 3.7 - Optical micrographs of 70µm initial gap size joints prepared for 11hr at a) 1150
0
C 

and b) 1160
0
C bonding temperatures. 

a) 

b) 
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However, by further increasing the bonding temperature to 1190
0
C, a continuously distributed 

eutectic was observed after the 11hrs holding time (figure 3.7c). Therefore, increasing the 

bonding temperature from 1160
0
C to 1190

0
C increased the time needed to complete isothermal 

solidification. As such, there is a significant deviation from the conventional expectation in the 

isothermal solidification behavior that an increase in bonding temperature would produce more 

diffusion of MPD element into the substrate, thereby resulting in a higher solidification rate. This 

anomalous behavior is in agreement with previous works, in which at higher bonding 

temperatures, the rate of isothermal solidification decreases when the concentration gradient of 

the diffusing MPD element (Boron) into the substrates reach a critical value, since the use of 

boron as an MPD element results in a reduction in its solubility as bonding temperature increases 

[50] [51] [82]. 

According to Fick’s second law of diffusion (
𝜕𝑐

𝜕𝑡
=  𝐷

𝜕2𝑐

𝜕𝑥2) , when the bonding temperature is 

lower than the critical temperature, the effect of increasing the bonding temperature on the 

coefficient of diffusion (D) was more significant than the decrease in solute concentration 

gradient (
𝜕2𝑐

𝜕𝑥2). Therefore increase in the bonding temperature from 1150
0
C to 1160

0
C increased 

the isothermal solidification rate. On the other hand, at higher bonding temperature of 1190
0
C, 

the decrease in 
𝜕2𝑐

𝜕𝑥2
 was more significant than the increase in the diffusion coefficient. 

Consequently, the elimination rate of the deleterious eutectic constituents decreased. 
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Figure 3.7c - Optical micrograph showing eutectic in bonds made at 1190
0
C for 11hr. 

 

 

 

 

 

c) 
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4.2.4 Effect of bonding time on joint microstructure 

Microstructure of a TLP bonded joint, which influences the joint performance depends on 

elemental interdiffusion between the substrates and the interlayer, which in turn is controlled by 

the bonding time. To analyze the effect of the holding time on the microstructure of the joint, 

bonding of the IN738 and CMSX-4 specimens with an initial gap size of 70 μm was done at 

1160
0
C by using AMDRY 775 filler alloy powder. Figure 3.8 shows the variation of the eutectic 

width with bonding time.                         

The microstructure of the joint produced after 4 hrs of holding time showed a continuous eutectic 

constituent (average of 55.92 µm), while the average eutectic thickness after 8 hrs of holding 

time is 23.14 µm. Thus, it can be inferred from Figures 3.8 that an increase in the bonding time 

reduces the width of eutectic-type micro-constituents in the joint region because more boron 

would have diffused into the base metals. 

 

4.2.5 Isothermal solidification rate in similar and dissimilar Ni-based superalloys 

In order to compare the time required to complete solidification when samples of same materials 

(IN738/IN738 SX) are bonded, to when samples of different materials (IN738/CMSX-4 SX) are 

bonded, a processing temperature of 1150
0
C over a range of holding times and a filler alloy 

interlayer (Ni-15%Cr-3.5%) with an initial gap of 70 μm were chosen. 

The microstructure of the joints developed at this bonding temperature for different durations are 

shown in Figure 3.9, while Figure 4.0 shows how the AEW varies with holding time. 
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Figure 3.8 - Plot of the eutectic width as a function of holding time in 70µm joints prepared at 

1160
0
C. 
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The microstructure of the joints bonded for 1 hr explicitly shows the presence of continuously 

distributed eutectics, which is an indication that the isothermal solidification of the liquid 

interlayer has not been completed after bonding the samples at 1150
0
C for 1 hr (Figures 6.8a and 

6.8b). The AEW after the 1 hr of bonding time was found to be 27.8 μm in the IN738/IN738 

sample, and 72.83 μm in the IN738/CMSX-4 sample. 

However, after increasing the bonding time to 5 hrs, the similarly bonded sample was completely 

free of the eutectic. On the other hand, with an increase in the bonding temperature from 3 to 5 

hrs, the width of the eutectic in the sample bonded with dissimilar materials continues to 

decrease. This observation suggests that the isothermal solidification time (tf) is significantly less 

when joining similar (IN738) Ni-based superalloys than dissimilar (IN738/CMSX-4) Ni-based 

superalloys at the same bonding temperature, same initial gap size and with the use of the same 

interlayer material. A possible reason for longer time with the IN738/CMSX-4 may be due to 

reduced diffusion in the CMSX-4. 

The inclusion of Re in Ni-based superalloys causes the formation of an incompressible Ni – Re 

bond which prevents vacancy migration [14]. As such, the presence of Re among other refractory 

elements like Mo, Ta and W in the CMSX-4 SX superalloy, which are all characterized by slow 

diffusion rates, can tend to decrease the rate of diffusion of other alloying elements during TLP 

bonding. 
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Figure 3.9 - Optical micrographs of joint prepared at 1150
0
C for 1hr between a) IN738 & IN738 

SX’s, and b) IN738 & CMSX-4 SX’s. 
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Figure 3.9c,d - Optical micrographs of joint prepared at 1150
0
C for 5hr between c) IN738 & 

IN738 SX’s, and d) IN738 & CMSX-4 SX’s. 

c) 

d) 
CMSX-4 

Substrate 

IN738 

Substrate 
IN738 

Substrate 

IN738 

Substrate 



93 
 

 

 

 

 

Figure 4.0 - Variation in average eutectic width with bonding time for IN738/IN738 and 

IN738/CMSX-4 single crystals at 1150
0
C. 
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Therefore, when joining CMSX-4 SX superalloys to other Ni-based SX superalloys by TLP 

bonding, an increased bonding time can be required to facilitate eutectic dissolution within the 

joint. 

 

4.2.6 Reduction in processing time during TLP bonding of CMSX-4 and IN738 SX 

superalloys. 

As mentioned in the literature, a key parameter when considering TLP bonding for commercial 

applications is to obtain a suitable holding time in order to achieve an eutectic-free joint at a 

specifically operating temperature. Since the investigation above has shown that the processing 

time (tf) during TLP bonding of IN738 and CMSX-4 SX superalloys is typically long, this can 

limit the commercial application of TLP bonding for the joining of dissimilar materials. 

Theoretically, 
𝜕𝑐

𝜕𝑡
 (changes in solute concentration with time) from Fick’s second law of diffusion 

(Equation 12) provides an indication of the isothermal solidification rate. 

𝜕𝑐

𝜕𝑡
=  𝐷

𝜕2𝑐

𝜕𝑥2        (12) 

 

where D (diffusion coefficient of boron into the substrates) strongly depends on the bonding 

temperature, and 
𝜕2𝑐

𝜕𝑥2
  (concentration gradient of the diffusing boron) is influenced by its 

solubility into the substrates. However, for a fixed bonding temperature and initial gap size, an 

increase in the rate of isothermal solidification is a consequent of limiting the extent at which the 

concentration gradient of boron diffusing into the IN738 and CMSX-4 substrates is reduced. 

Therefore, as already reviewed in the literature, one of the efficient ways to increase 
𝜕2𝑐

𝜕𝑥2 is by 

reducing the amount of boron that might diffuse out of the joint into the CMSX-4 and IN738 
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substrates. This has been reported to be feasible by applying a composite powder mixture that 

contains a filler alloy powder and another type of powder (gap-filler powder) which is free of the 

MPD solute, as the interlayer material. In addition, this approach has also been reported to be 

extensively favorable as it causes enrichment of the joint with base metal alloying elements as 

well as reduces the liquid phase erosion of the substrate materials [60].  For these reasons, the 

influence of a composite powder mixture of commercial- and gap filler alloys as the interlayer 

material, which has been used by different researchers for wide-gap TLP bonding, and 

particularly on similarly based materials [73] [60] [84] [85] [86], was also examined on the joint 

microstructure of bonded IN738/CMSX-4 SX substrates. However, it has been reported from 

previous experimental studies that, complete melting of a composite powder mixture with a 

volume ratio of commercial Ni-Cr-B filler alloy powder to that of IN738 base alloy powder 

(RCF/B) of 7:3 occurred at 1150
0
C [60]. 

In this study, IN738 and CMSX-4 SX samples were bonded and compared at a bonding 

temperature of 1160
0
C for various holding times by using: 

1. a composite powder mixture of filler alloy (AMDRY 775) and gap-filler alloy (IN738) 

ratio (RCF/B) of 70:30, and 

2. a 100% filler powder. 

Figure 4.1 shows the variation in AEW with [holding time]
 1/2

 for both the composite powder 

interlayer and the 100% filler powder. As shown in this figure, a comparison between the 

average values of the eutectic width shows that the use of the composite powder mixture has the 

advantage of producing smaller eutectic width compared to the 100% filler powder. This would 

therefore imply that the time required to complete solidification will be less when using a 

composite powder interlayer as opposed to only filler powder. As such, Figure 4.2 shows that 
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while a continuous eutectic is formed within the brazed region of the joint prepared with only 

AMDRY 775 powder at 1160
0
C after a holding time of 7 hrs and 30 minutes, a joint that was 

prepared with the composite powder mixture at the same initial temperature, gap size and 

bonding time was found to be completely free of the eutectic. 

Crystallographic orientation by electron backscattered diffraction (EBSD) technique was 

performed on the completely solidified joint produced from the composite powder mixture. The 

EBSD pattern within the joint region, as shown in figure 4.2c reveals the formation of a joint free 

of grain boundaries. Therefore, in addition to reducing the time required to complete 

solidification during the TLP bonding of dissimilar SX substrates, the use of the composite 

powder mixture also produced a single crystal joint. 
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Figure 4.1 - Variation in average eutectic width with square root of bonding time for 

IN738/CMSX-4 SX’s at 1160
0
C by using the 100% filler powder and composite powder mixture. 
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Figure 4.2 - Optical micrographs of joint between IN738/CMSX-4 SX are prepared at 1160
0
C 

for 71/2hrs using: a) 100% filler powder and b) 70/30% composite powder mixture. 
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Figure 4.2c – OIM map of IN738/CMSX-4 SX TLP bonded joint prepared with a composite powder 

mixture that comprises of 70% filler and 30% base alloy powder. 
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4.2.7 Influence of liquid-state diffusion on microstructure  

One of the main advantages of TLP bonding is the elimination of cracks that plagues welded 

superalloys. However, inadequate TLP bonding time leads to incomplete isothermally solidified 

joint that is unfavorable for the joint strength. Nevertheless, the joining of two dissimilar 

superalloys together by TLP bonding can induce Liquid-state diffusion (LSD), but its influence 

so far has been generally ignored since solid-state diffusion has been considered as the 

controlling factor of the process. For example, by using the test samples in this research work as 

a case study, in a situation where IN738 and CMSX-4 SXs are joined together by TLP bonding, 

the asymmetric microstructure (Figure 4.3) observed in the joint region when isothermal 

solidification is not fully completed has been conventionally attributed to the mismatch in solid-

state diffusion that take place in the substrates. 

Recently, Bigvand and Ojo [87] used numerical modeling to show that during TLP bonding, 

asymmetric eutectic can also be produced by LSD (Figure 4.4). If the asymmetric microstructure 

is produced by mismatch of solid-state diffusion, then the width of the isothermally solidified 

zone ahead of the CMSX-4 (ISW (CMSX-4)) as denoted in figure 4.5 will always increase with 

holding time. However, if the asymmetric microstructure is caused by LSD, then the ISW 

(CMSX-4) will initially increase and later decrease with holding time 
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EUTECTIC REGION Figure 4.3 - Micrograph of a joint between IN738 & CMSX-4 SX’s prepared at 

1160
0
C for 5hrs. 

Figure 4.4 - Schematic illustration of the proposed development of asymmetric joint microstructure 

caused by LSD [87]. 
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Figure 4.5 - Variation of ISW in the CMSX-4 region with bonding time, due to a) Conventional 

TLP bonding mechanism (no liquid-phase diffusion) and b) proposed mechanism (presence of 

liquid-state diffusion). 

 

a) 

b) 
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An experimental work was conducted to investigate which of the two mechanisms, mismatch of 

solid-state diffusion or LSD, occur during the joining of IN738 and CMSX-4 SX superalloys. 

Joints fabricated in a vacuum furnace by using a fixed temperature of 1160
0
C and different 

holding times (1 hr, 3 hrs, 5 hrs, 8 hrs and 10 hrs respectively) were used. 

The microstructure of the joint region as observed in the transversely sectioned samples after 1 

hr, 5 hrs, and 8 hrs of holding time are shown in Figure 4.6. The ISW (CSMX-4) bordered by the 

eutectic and the CMSX-4 substrate is indicated by A in this figure. The variation of this value 

with holding time is shown in Figure 4.7.  

The results show that, the average value of the ISW (CMSX-4) after 1 hr of holding time is 22.76 

μm, and the bonded sample that was created with a holding time of 5 hrs subsequently has an 

increase in the ISW (CMSX-4) value. The average ISW (CMSX-4) was found to be 36 μm after 

5 hrs of holding time. This increase in the ISW (CMSX-4) value from 22.76 μm to 36 μm with 

increase of holding time indicates that the solidification mechanism is attributed to the solid-state 

diffusion that is taking place in the CMSX-4 and IN738 substrates. However, at a longer 

exposure time of 8 hrs, the average value of ISW (CMSX-4) is 33.59 μm, and a decrease in this 

value was observed as the holding time was further increased. 
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Figure 4.6 - Optical micrographs of 70um IN738/CMSX-4 bonded joints showing the variation 

of ISW in the CMSX-4 region with holding times of: a) 1hr, b) 5hrs and c) 8hrs respectively; at a 

bonding temperature of 1160
0
C. 
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Figure 4.7 - Variation in ISW (CMSX-4) with bonding time for 70μm gap size at 1160
0
C 
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This decrease in ISW (CMSX-4) indicates a unidirectional solidification of the joint with an 

asymmetric microstructure that is due to the diffusion that took place in the liquid. Therefore, as 

observed in this work, when joining dissimilar SX superalloys by TLP bonding, the asymmetric 

microstructure observed in the joint region at short holding times can be attributed to solid-state 

diffusion, while at longer holding times, the asymmetric microstructure can be attributed to LSD.  

Another feature of LSD is that, in the case where two Ni-based SX superalloys with different 

orientations are bonded, the occurrence of LSD can produce a SX joint. In contrast, without the 

LSD, a bi-crystal joint will be produced. Figure 4.8 shows the schematic diagram of completely 

solidified joints with the TLP bonding of IN738 and CMSX-4 substrates following a situation 

where the influence of liquid state diffusion has been neglected, as well as a situation where its 

impact is considered. 

EBSD by OIM was used to study the crystallographic orientation of the TLP bond between 

IN738 and CMSX-4 SX, free of the detrimental eutectic in the joint. Figure 4.9 shows that the 

orientation in the joint region is the same as that in the IN738 substrate, and completely 

incomparable with the orientation in the CMSX-4 substrate. This suggests that a SX joint was 

produced. Inverse pole figure (IPF) in Figure 5.0 is used to support this information by randomly 

choosing two different points in the CMSX-4 substrate, joint region and IN738 substrate. The 

formation of a SX joint which is not exclusively achievable by solid-state diffusion is confirmed 

by the stereographic analysis. 
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Figure 4.8 - Schematic diagram of completely solidified joints for dissimilar TLP bonded substrates a) 

With and b) without the influence of liquid-state diffusion. 
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Figure 5.0 - Inverse pole figure of the above OIM mapped region. 
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Figure 4.9 - Electron backscattered pattern of an OIM mapped region across a completely solidified 

CMSX-4/IN738 bonded joint (same color signifies same orientation). 
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Thus, in terms of the joint grain structure, the occurrence of LSD which has been generally 

ignored in the literature has an essential role during the TLP bonding of dissimilar materials. In 

the aerospace industry, there are interests in joining SX to polycrystalline materials by TLP 

bonding. In such a situation, the occurrence of LSD can either produce a SX joint instead of a 

polycrystalline joint or vice versa, depending on the nature of the materials being joined. In this 

work, a Ni-based SX superalloy material and a Co-based polycrystalline alloy were bonded at 

1160
0
C for 20 hrs. Figure 5.1a shows an optical micrograph of the different grains observed in 

the Co-based alloy. The microstructure of the joint after etching (Figure 5.1b), and EBSD 

crystallographic orientation analysis (Figure 5.2) reveals the formation of a SX joint instead of a 

polycrystalline joint. Similarly, the microstructure of the TLP bonded joint between IN738 SX 

and ATI 718Plus polycrystal substrates as shown in figure 5.3 also produced a SX joint. 

However, in a situation where IN738 polycrystalline substrate was bonded to CMSX-4 single 

crystal (figure 5.4), a polycrystalline joint was produced. 
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Figure 5.1 - Optical micrograph of a) Co – based alloy showing grain boundaries and b) Co-

based/IN738 TLP bonded joint 
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Figure 5.2a – Orientation Image Microscopy (OIM) mapped region across a completely solidified 

Polycrystalline (Co – based) /Single crystal (IN738) bonded joint. 

Figure 5.2b - Inverse pole figure of the above OIM mapped region (same color signifies 

same orientation). 
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Figure 5.3a – Orientation Image Microscopy (OIM) mapped region across a completely solidified 

Polycrystalline (ATI 718Plus) /Single crystal (IN738) TLP bonded joint. 
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across a completely solidified Polycrystalline (IN738) /Single crystal (CMSX-4) TLP bonded joint. 
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4.2.8 Influence of liquid-state diffusion on isothermal solidification kinetics  

In theory, it has always been stated that when LSD takes place, the rate of isothermal 

solidification will be controlled by rapid liquid-state diffusion, and that the rate will be faster 

than that controlled by solid-state diffusion. However, recently, Bigvand and Ojo [88] used a 

numerical approach to show that, when LSD occurs, the solid-state diffusion can still control the 

rate of isothermal solidification. In this work, an experimental study of the isothermal 

solidification rate during the TLP bonding of IN738 and CMSX-4 SX superalloys was carried 

out by using 100% filler powder as the interlayer material with an initial gap of 127 μm. 

Figure 5.5 shows the variation in ISW (CMSX-4) with holding time at the bonding temperature 

of 1160
0
C. By confining the analysis to the domain where ISW (CMSX-4) increased with time 

(that is, the solid-state diffusion zone), the result shows that the AEW after 1 hr and 11 hrs of 

holding time are 143.58 μm and 41.78 μm, respectively. This means that within 10 hrs, 102 μm 

of the residual liquid had completely solidified. In this case, the rate of solidification is 10.2 

μm/hr. In the region where LSD occurred, after 13 hrs of holding time, the AEW is 23.96 μm; 

and after 15 hrs, the AEW is 19.21 μm. As such, within 2 hrs, 4.75 μm of the residual liquid had 

solidified. Accordingly, the solidification rate is 2.375 μm/hr. Therefore, from the results, the 

rate of solidification when LSD occurred is not faster than the rate of solidification controlled by 

solid-state diffusion. Furthermore, the experimental results display a linear relationship between 

the AEW and the square root of the isothermal solidification holding time during the stages with 

and without LSD (Figure 5.6). This shows that, the occurrence of LSD does not necessarily mean 

faster isothermal solidification rate due to rapid diffusion within the liquid. 
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Figure 5.5 - Variation in ISW (CMSX-4) with bonding time for 127μm gap size at 1160
0
C 

 

 

Figure 5.6 - Variation of eutectic width with bonding time for 127μm gap size at 1160
0
C 
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CHAPTER 5 – CONCLUSIONS AND SUGESTIONS FOR FUTURE WORK 

 

5.1 Summary and conclusions 

A study on the effects of the TG in a vacuum furnace on temperature distribution in TLP bonded 

specimens have been carried out by using numerical simulation with ANSYS software package 

and experimental investigation. 

1. It is observed that, in spite of presence of TG in a furnace, a symmetric temperature 

distribution in bonded samples with similar substrates can be obtained anywhere inside 

the vacuum furnace as long as the diffusion direction is parallel to that of the source of 

heat emission in the furnace. This implies that a symmetric TLP joint microstructure can 

be obtained notwithstanding the TG in a furnace. 

2. Nevertheless, to minimize the TG in the sample, in order to minimize the residual stress, 

the best position to place TLP bonded samples inside the vacuum furnace is at the center 

of the furnace. 

 

Experimental investigations were carried out to examine the effect of the bonding parameters 

and interlayer characteristics on the microstructure of TLP bonded IN738 and CMSX-4 SX 

specimens. The results show that: 

1. deleterious eutectic micro-constituents form from the residual liquid of the interlayer due 

to incomplete isothermal solidification during cooling to room temperature, 

2. an increase in gap size reduces the time required to achieve complete isothermal 

solidification of the liquid within the joint, 



117 
 

3. an increase in bonding temperature from 1150
0
C to 1160

0
C initially increased the rate of 

isothermal solidification of the liquid within the joint. However, a further increase in the 

temperature from 1160
0
C to 1190

0
C caused a decrease in the solidification rate, which 

can be attributed to the decrease in boron solubility with increase in temperature,  

4. the time required to complete isothermal solidification is observed to be longer during the 

TLP bonding of dissimilar materials (IN738/CMSX-4 SX) than IN738/IN738 SX, when a 

Ni-Cr-B filler alloy powder was used as the interlayer material, 

5. the use of composite powder mixture that comprises a 70% filler and 30% base alloy 

powder instead of the conventionally used 100% filler alloy powder caused a 

considerable decrease in isothermal solidification time, and also resulted in the formation 

of a single crystal joint, 

6. aside from what has been generally reported in the literature in that a joint with an 

asymmetric microstructure during TLP bonding of dissimilar substrates is attributed to 

the mismatch in solid-state diffusion in the substrates, it has been experimentally 

confirmed by this study that LSD can also produce a joint with an asymmetric 

microstructure, as suggested by Bigvand and Ojo [87] who used numerical modeling, 

7. it has also been shown that in the case where a SX and polycrsytal substrate are bonded, 

the occurrence of LSD produced a SX joint instead of a polycrsytal joint. The formation 

of a SX joint between a SX and polycrsytal substrate, which is not achievable by solid-

state diffusion, has not been previously reported in the literature, 

8. although it is generally expected that the presence of LSD would imply a faster rate of 

solidification, the results obtained from the experimental investigation showed that the 

rate of solidification in the solid-state region is comparable to that in the liquid-state 
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region. As such, the rate of solidification is still controlled by the diffusion mechanism 

that is taking place in the solid, as proposed by Arian and Ojo [88] who used a numerical 

approach.  

 

5.2 Future work. 

1. It has been reported that second phase precipitates that form within the DAZ in bonded 

materials could have damaging effects on high temperature properties of such materials 

[89]. Further work is therefore recommended to study the influence of post bond heat 

treatment to remove these precipitates within the DAZ in bonded materials used in this 

work.  

2. The effect of such post-bond heat treatment, on mechanical properties, such as fatigue 

and creep properties, of bonded materials should be investigated. 
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