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Chapter 1: Introduction 

Aircraft and land-based power generation turbine engines are designed to perform 

effectively at severe operating conditions which require proper selection of materials for 

producing the engine components. Increased demand for higher efficiency which requires 

the engines to operate at higher temperatures has led to rapid degradation of engine parts 

due to creep, fatigue and oxidation among others. Nickel-based superalloys are used 

extensively in the manufacture of turbine engines due to their excellent elevated 

temperature strength and corrosion resistance [1]. They, however, degrade during service 

due to harsh operating condition. As a result, significant effort has been made to develop 

repair techniques for damaged components made of these alloys including conventional 

methods such as fusion welding.  Nickel-based superalloys containing a significant 

amount of titanium and aluminum, however, have been found difficult to weld due to 

their high susceptibility to hot cracking during welding and post-weld heat treatment [2]. 

As a result, Duval et. al. [3] have developed the transient liquid phase (TLP) bonding 

process, also known as diffusion brazing, which combines the beneficial features of 

liquid phase joining and diffusion bonding technique for joining difficult-to-weld 

supersalloys. The process has evolved into an attractive joining technique due to its 

technological and economical advantages such as significant reduction of pressure 

required during bonding compared to solid state diffusion bonding.  

  

In TLP bonding process, an interlayer alloy containing a melting point depressant 

element such as boron, silicon or phosphorous, melts between two base metals that are to 

be joined. Subsequent to melting of the filler alloy, base metal dissolution occurs 
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resulting in rapid displacement of the liquid-solid interface. The liquid phase rapidly 

attains equilibrium with the solid base metal and inter-diffusion of alloying elements 

between the base metal and the liquid occurs resulting in increase in the melting point of 

the interlayer liquid that results in isothermal solidification of the liquid. As isothermal 

solidification progresses, the liquid present at the joint decreases and the liquid-solid 

interface recedes to the center of the joint. If sufficient holding time is provided, complete 

isothermal solidification of the liquid and homogenization of the joint with the base metal 

could occur. Insufficient holding time for complete isothermal solidification will result in 

residual liquid interlayer transformed into eutectic-type microconstituents at the joint 

centerline. These microconstituents are brittle in nature and have been found to reduce 

mechanical properties of bonded materials [4].  

  

Holding time required to achieve complete isothermal solidification depends on certain 

process parameters such as bonding temperature, initial gap size, and type of filler alloy. 

Proper selection of process parameters is, therefore, paramount in optimizing the bonding 

process and achieving reliable TLP bonded joints. In addition to the bonded part having 

optimum mechanical properties, an efficient and economical bonding process is desired. 

Proper process parameter selection and minimization of bonding times will reduce 

component repair duration and labor time which could translate into significant cost 

reduction. In some instances where it becomes practically impossible to obtain eutectic 

free joint in realistic holding time, the use of post-bond heat treatments to modify the 

joint’s microstructure has been suggested [5]. 
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Despite the significant potential benefits of the TLP process, its commercial applications 

are rather limited. This is due to insufficient understanding of various process parameters 

on the microstructure of TLP joint. Therefore, the objective of the present research was to 

perform theoretical and experimental study of TLP bonding of nickel based materials to 

advance the understanding of influence of process parameters on microstructure of TLP 

bonded materials.  

 

The first part of this work reports the results of theoretical and experimental 

investigations carried out to better understand the causes of a previously reported 

anomalous behaviour of prolonged isothermal solidification completion time with 

increase in temperature during transient liquid phase (TLP) bonding. The study was 

carried out using Inconel 738 superalloy as the base metal and MBF80(Ni-Cr-B) as the 

filler alloy. Contrary to conventional TLP bonding analytical models, which assume a 

parabolic relationship between solid/liquid interface migration and holding time, 

deviation from this law was observed experimentally and by numerical simulation. This 

deviation is suggested as a new alternate phenomenon for the anomalous extension of 

holding time required to produce eutectic free joint with increase in bonding temperature. 

Increased extent of this deviation was found to be related to decrease in the rate of change 

of the solute concentration gradient in the base metal beyond a critical value. The study 

showed that decreasing certain process parameters such as initial filler alloy thickness, 

initial concentration of the MPD solute in the filler, and the use of a filler alloy having a 

MPD element with high solubility in the base metal could reduce the extent of deviation 

and, as a result, increase the critical bonding temperature above which increase in 

isothermal solidification completion time occurs.   
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The second part of this thesis is focused on the effect of process parameters, such as filler 

alloy thickness, bonding temperature and time, on the microstructure of TLP joint using a 

phosphorous-containing filler alloy. Using commercially pure nickel as the base metal, 

insufficient time for complete isothermal solidification resulted in formation of centerline 

eutectic along the joint. SEM EDS and X-ray line scans across the eutectic showed 

significant segregation of phosphorous into the centerline microconstituent. An increase 

in average width of the eutectic constituent from 16.85 µm to 27 µm was observed with 

increase in initial thickness of the filler alloy from 38 µm to 76 µm. Two different effects 

of bonding temperature on the centerline eutectic product were observed. At short 

holding time of 1 h, an increase in temperature from 1100 
o
C to 1180 

o
C resulted in 

increased eutectic thickness from 22 µm to 32 µm due to increased base metal dissolution 

while longer holding time of 24 hrs at 1180 
o
C produced reduction in eutectic width 

compared to 1100 
o
C owing to higher diffusivity effect.  

 

The third part of the thesis is focused on the effects of post-bond heat treatment 

temperature and holding time on the microstructure of TLP bonded Inconel 738 

superalloy with Ni-P filler alloy. No significant change in the average size of eutectic 

microconstituent and interface second phase particles that formed in the alloy during TLP 

bonding was observed at post-bond heat treatment temperature below the Ni-P eutectic 

temperature of 870 
o
C. While an increase in holding time and temperature resulted in 

reduced centerline eutectic, noticeable decrease in the number density of the interface 

precipitates was only observed by an increase in temperature. The difference in the 

responses of the eutectic and interface precipitates to post-bond heat treatment parameters 

can be related to their mode of formation during TLP bonding.  
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Chapter 2: Literature Review 

The physical metallurgy of nickel-based superalloys is both complex and sophisticated, 

and the development of these superalloys came out of a need to produce elevated 

temperature materials with remarkable tensile strength, creep rupture strength, corrosion 

and oxidation resistance as required in gas turbine engine applications [1]. Components 

made from these materials, however, often suffer degradation over time due to their use 

in stringent environments. Repair processes such as conventional welding has proved 

ineffective for precipitation hardened nickel-base superalloys due to their high 

susceptibility to heat affected zone (HAZ) cracking [2]. Transient Liquid Phase (TLP) 

bonding has evolved as potential alternative joining technique for these materials. This 

chapter reviews the literature on physical metallurgy of the nickel-based super alloy used 

in this work, Inconel 738 (IN738), and reviews the techniques used to join heat resistant 

alloys. 

 

2.1 Overview of the Base Materials  

2.1.1 Microstructure of as-cast Inconel 738 

Inconel 738 (IN738) is a nickel based superalloy developed to provide gas turbine engine 

components with excellent creep strength at high temperatures and it is capable of 

withstanding hot corrosion in aircraft turbine engine environment [6]. The alloy is 

vacuum melted and cast to prevent the formation of voids which can be initiated by the 

introduction of gases. It is usually available in either low or high carbon versions and the 

low carbon version contains some amount of Zr that increases castability of larger 

sections [7]. 
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The microstructure in IN738 is complex due to the large amount of alloying elements in 

it and the process by which it is normally produced; that is investment casting. The 

microstructure consists of precipitation of �’ in a � matrix, carbides, and possible 

topologically close packed (TCP) phases such as � in long-term service exposed 

materials. [7]. 

 

The high strength of IN738 is derived primarily by the precipitation of ordered Ll2 

intermetallic Ni3(Al, Ti) – type �’ phase in austenitic � solid-solution matrix and also by 

carbides at the grain boundaries. Alloying elements play a major role in its properties 

where concentrations of Mo, Ta, W, Cr, Co and Re add solid solution strengthening to 

the superalloy. Its relatively high Co content increases the ability of the alloy to form �’ 

phase which is obtained by the addition of Al and Ti [6]. Table 2.1 lists the nominal 

composition of Inconel 738.  

  

2.1.1.1 Gamma matrix (�) 

The matrix of IN738 is an FCC solid solution � phase and it acts as a medium for the 

dispersion of ordered Ni3(Al, Ti)-type �’ precipitates as well as carbides and other phases 

[7]. The common solid solution elements in the � phase include cobalt, iron, chromium, 

molybdenum, tungsten, titanium and aluminum [8]. 

  

The � matrix gains some of its strength by solid solution strengthening which can be 

related to the increase in resistance to dislocation motion due to induced lattice distortion 

caused by the difference in atomic size between nickel and the alloying solute atoms,  
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Table 2.1: Nominal composition of IN738 [6] 

Element Nominal Composition (wt%) 

Ni Bal. 

Cr 15.84 

Co 8.5 

Mo 1.88 

W 2.48 

Nb 0.92 

Al 3.46 

Ti 3.47 

Fe 0.07 

Ta 1.69 

C 0.11 

B 0.012 

Zr 0.04 

S 0.001 
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aluminum, tungsten, molybdenum, and chromium contribute strongly in solid solution 

strengthening whereas iron, titanium, cobalt and vanadium serve only as weak solid 

solution strengtheners. At temperatures of about 0.6 of the melting temperature (Tm), the 

strengthening of the � phase becomes diffusion dependent and the slow diffusing 

elements molybdenum and tungsten constitute the most contributing hardeners [7].  

 

2.1.1.2 Gamma prime phases (�’) 

The major contributor to the high strength of IN738 are ordered FCC Ll2-type Ni3(Al, Ti) 

�’ phase particles that have a lattice parameter that is very close to that of the � matrix. 

Similar unit cell dimensions allow the �’ precipitates to be coherent with the � matrix. 

Hagel and Beattie [9] observed that �’ exhibits spherical shapes at 0 – 0.2% lattice 

mismatch, becomes cubes at mismatches around 0.5 – 1% and then becomes plates at 

mismatches above 1.25 %. 

  

Increased strength due to the presence of �’ precipitates can also be attributed partly to 

their ordered structure. It is known that ordered precipitates have an energy called 

Antiphase Domain Boundary energy (APB) which represents the extra energy associated 

with ordered atom positions versus normal disordered or random positions [10]. 

Increasing the APB energy associated with the precipitates results in an increase in the 

force required for dislocations to shear them. 

  

Upon thermal exposure above 0.6Tm, �’ particles increase in size at a significant rate that 

facilitate dislocation by-pass. Minimizing the size increase is required to achieve long-

term creep resistance. The coarsening of �’ is retarded significantly by combined addition 
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of cobalt, molybdenum, or a combined addition of molybdenum and tungsten. Increasing 

molybdenum from 2 to 5% was found to markedly reduce the coarsening rate despite an 

increase in coherency strains [7].  

 

2.1.1.3 Carbides 

Carbides form in IN738 when carbon combines with other refractory elements such as 

titanium, molybdenum, tantalum and tungsten to form MC carbides as shown in Figure 

2.1. They usually form during ingot solidification of the alloy and typically with coarse 

random cubic or script morphology [7]. 

 

The mechanical properties of nickel-base superalloys can be strongly affected by the 

morphology and distribution of carbides. Script-type MC carbides along the grain 

boundaries can lower creep ductility by acting as a crack initiation site and crack 

propagation path if their distribution is continuous [11]. Discrete and disconnected grain 

boundary secondary M23C6 carbides can strengthen grain boundary regions by inhibiting 

intergranular sliding at elevated temperatures [10].  

  

During heat treatment and service exposure MC carbides slowly decompose to yield 

carbon which permeates the alloy and triggers a number of important reactions such as:  

MC + � � M23C6 +  �’. A similar reaction where MC carbides transform to M6C carbides 

has also been reported. Likewise, M23C6 can transform to M6C depending on the 

composition of the superalloy and heat treatment [12]. 
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Figure 2.1: MC Carbides and �’ phases in IN738 as obtained by Scanning Electron Microscopy (X3000) 
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2.1.2 Pure nickel 270 

Commercial pure nickel 270 has 99.98 % nickel and the rest are trace elements present in 

very low concentrations as listed in Table 2.2. This metal has excellent thermal 

conductivity and high ductility which allows for heavy cold deformations without 

annealing. Pure nickel is used in cathode shanks, hydrogen thyraton components, heat 

exchangers and heat shields. Compared to nickel alloys, commercial pure nickel has 

higher electrical conductivity and a high curie temperature. Nickel, like gold, silver and 

copper, has a relatively low work hardening rate [13]. 

 

2.2 Joining and Repair Techniques for Nickel-Based Superalloy 

Components 

Repair of damaged gas turbine nickel-based superalloy components due to the severe 

working conditions is usually more economical than total replacement of affected engine 

parts. As a result, a lot of research on joining and repair of nickel-base super alloys has 

been undertaken. The common joining methods for repair of nickel-base superalloys are 

fusion welding and diffusion brazing that is also known as transient liquid phase 

bonding. 
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Table 2.2:  Composition of commercially pure nickel 270 [13] 

Element Nominal Composition (wt %) 

Ni 99.98 

C 0.01 

Mn <0.001 

Fe 0.003 

Si <0.001 

Mg <0.001 

Cu <0.001 

Co <0.001 
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2.2.1 Fusion welding 

Fusion welding involves joining two mating surfaces by controlled melting through 

localized heating and subsequent cooling of the liquid metal. Welding is usually done 

such that the base material is at or near the room temperature which results in significant 

temperature gradients between the weld pool and the base material [14].  

 

2.2.1.1   Welding processes 

The three major types of fusion welding are as follows: 

1. Gas Welding: 

 Oxyacetylene welding 

2. Arc Welding 

 Shielded metal arc welding 

 Plasma arc welding 

 Gas-tungsten arc welding 

 Gas-metal arc welding 

 Flux cored arc welding 

 Submerged arc welding 

 Electro-slag welding 

3. High-energy beam welding 

 Electron beam welding 

 Laser beam welding 

 

The heat sources for gas, arc, and high-energy beam welding processes are gas flame, 

electric arc, and high energy beam, respectively. Gas welding produces the highest heat 
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input in a work piece and the lowest power density compared to arc welding and high 

energy beam welding techniques, such as electron beam and laser beam welding. High 

heat input increases damage to the work piece while high energy beam welding, with 

the lowest heat input, increases penetration and general quality of welds. Joints that 

require multiple-pass arc welding can be welded in a single pass by electron beam 

welding at high speeds which results in a very narrow heat-affected zone and little 

distortion [14]. The equipment required for electron beam welding, however, is very 

expensive and the associated x-ray shielding can be inconvenient and time consuming.  

 

  2.2.1.2   Limitations of fusion welding 

Fusion welding is generally used to join some superalloy materials but its application to 

nickel-based superalloys that contain significant amount of titanium and aluminum is, 

however, limited. This is due to the high susceptibility of these materials to heat affected 

zone (HAZ) cracking during welding and subsequent heat treatments. Additionally, 

distortion of components can exist in the HAZ due to thermal gradient developed 

through the use of a concentrated heat source in the process [2]. The mechanical 

properties, such as fatigue resistance of welded joints are usually inferior to those of the 

base alloy. Fusion welding of complex geometries is sometimes not very effective as 

surfaces may not be easily accessible to heat sources. Also, the process can not be used 

in joining metals to non-metals [14].   
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2.2.2 Brazing 

Brazing is used extensively in the aerospace industry due to its ability to join difficult-

to-weld nickel-based superalloys. Conventional brazing is a joining technique that 

involves joining of two metal surfaces by the use of a filler metal and heating to 

temperatures above 425 
o
C. The filler metal melts at the brazing temperature and the 

resultant liquid is held within the joint by surface tension. Metallurgical reactions 

between the liquid and the substrate results in the joint formed upon cooling. Due to the 

short holding time associated with conventional brazing, limited extent of solid state 

diffusion of solute elements is possible [14]. Some brazing processes such as diffusion 

brazing involve much longer holding times so that significant diffusion of elements can 

take place.  

 

2.2.2.1   Brazing techniques 

Effective capillary joining during brazing requires efficient transfer of heat from the heat 

source into the joint. The size of individual assemblies, the numbers required, and the rate 

of production influence the selection of the heating method used. Consideration of the 

rate of heating, thermal gradients and cooling rate is also important when choosing a 

heating method since these factors vary tremendously with different heating methods.  

 

The most common methods of heating are as follows [15]: 

• Torch brazing 

• Furnace brazing 

• Induction brazing 

• Dip brazing 
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• Resistance brazing 

• Wide-gap brazing 

 

Manual torch brazing is most frequently used for repairs with short production runs as an 

alternative to fusion welding. Heating of the assembly is achieved by using a gas 

(oxyfuel) as the heat source and a flux material is usually used to promote wetting of the 

filler metal [15].  

 

Furnace brazing is a high volume production process for self-fixured assemblies with pre-

placed filler metal. The furnace is usually purged with a gaseous atmosphere or evacuated 

of air and heated to a temperature above the liquidus of the filler metal but less than the 

melting point of the base metal. Pre-placed filler metal can be in the form of wire, foil, 

powder, paste, slugs or preformed shapes [15].  

 

Induction brazing employs material’s resistance to the flow of electricity induced by coils 

around a work piece to provide the heat required for brazing. The process relies on high-

frequency alternating current flowing through the induction coils to create 

electromagnetic fields around the work piece. The opposing currents that are induced into 

the work piece generate the heat required for brazing. Some advantages of the process 

include selective heating of the work piece and quick attainment to brazing temperature. 

Induction brazing is also well suited for high-volume production applications that can be 

controlled remotely. High-strength components can be induction brazed with little loss of 

strength because of the precise heating capabilities of the process [15]. 
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In dip brazing, the assembly is immersed in a heated bath of either molten metal or a flux 

bath of molten salt. The dipping technique is used for manufacturing of electronics and 

similar very small components. The parts being joined are held together and immersed in 

a bath of molten metal that flows into the joints for brazing [15].  

 

Resistance brazing is most applicable to relatively simple joints in metals that have high 

electrical conductivity. In resistance brazing, the work piece with the filler pre-placed, is 

part of an electric circuit. Brazing heat comes from either placing carbon electrodes in 

contact with the brazement to conduct heat into the work or by relying on resistance of 

the brazement to generate heat [15].  

 

Wide-gap brazing is usually employed to fill large defects and wide gap cracks and to 

rebuild large worn surface areas of airfoils. It uses a filler which is often a mixture of a 

filler metal and a high-temperature-melting powder. During brazing, the gap-filler 

powder particles remain largely un-melted and provide the necessary capillary forces to 

retain the molten filler metal and avoid excessive fluidity within the gap of the faying 

surfaces. The mixture, therefore, behaves like slurry with sufficient bridging power to fill 

the large crack [15]. 

   

2.2.2.2   Advantages of brazing 

Brazing has many distinct advantages including the following [15]: 

• Economical fabrication of complex and multi-component assemblies 

• Simple method to obtain extensive joint area or joint length 

• Excellent stress distribution and heat transfer properties. 
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• Ability to preserve protective metal coating and cladding. 

• Ability to join non-metals to metals. 

• Ability to join metal thicknesses that vary widely in size. 

• Ability to fabricate large assemblies. 

• Ability to preserve special metallurgical characteristics of metals.  

Additionally, strong, uniform and leak proof joints can be made rapidly and 

inexpensively. Complicated assemblies comprising thick and thin sections, odd shapes, 

and differing wrought and cast alloys can be successfully brazed. Closer tolerances can 

be met using brazing than with fusion welding due to the much lower amount of base 

metal melting [16].  

 

2.2.2.3   Limitations of brazing 

Brazing, however, has the limitation of producing a joint with physical and mechanical 

properties that are inferior to the base metal due to the presence of intermetallic phases at 

the brazed joint. Brazements of several materials with different characteristics of 

deformation resistance can cause non-uniform stress distribution under externally applied 

loads. In addition, brazing foils in the form of paste has organic binders which burn 

during the brazing cycle causing voids and carbonaceous residues that weaken the joint 

[15]. 

 

2.2.2.4   Brazing atmosphere  

It is necessary for brazing to be conducted under a protective atmosphere, including 

vacuumed environments to prevent the joint from volatile contaminants and the 

formation of oxides. Brazing in chemically inert gas atmospheres such as nitrogen, argon 
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or helium exclude oxygen and other gaseous elements that might react with the 

components to form surface films and inhibit flowing and wetting of the liquated 

interlayer [16]. Hydrogen-type atmosphere has been used in the past due to its ability to 

dissociate oxides developed at high temperatures during bonding. Its effectiveness is, 

however, reduced if employed on titanium and aluminum containing alloys such as Ni-

base superalloys. Controlled gas atmospheres require a confining vessel which enables 

the incorporation of a heating furnace. This can reduce post-processing operations such 

as cleaning and removal of flux residues. 

 

Brazing conducted in a high vacuum atmosphere can control the formation of oxide 

layers on the filler mating surfaces. Some advantages of using a vacuum atmosphere 

include reduction in formation of certain oxides, prevention of vacuum chamber hot 

corrosion, oxidation and elimination of volatile gases and impurities. Inert atmospheres 

such as argon and helium may also be employed by performing multiple inert gas purging 

prior to furnace brazing [16]. 

 

Some potential disadvantages of using a gaseous joining atmosphere include the high 

capital costs of the equipment, including the associated gas atmosphere handling or 

vacuum system and the recurring costs due to consumption of gas atmospheres used for 

processing and maintenance of vacuum pumps. Additionally, certain metals may not be 

compatible with standard atmospheres. Hydrogen atmospheres can cause hydrogen 

embrittlement of some metals including titanium, zirconium and tantalum. Likewise, 

nitrogen atmospheres cannot be used when the parent materials and filler metals contain 

elements susceptible to nitriding such as molybdenum, titanium and zirconium [15].  
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2.2.2.5   Surface preparation 

Surface preparation is of paramount importance for the production of good quality joints. 

Any residual oxide films, grease or oils may inhibit the initiation of spreading and 

wetting of liquid filler after melting. The influence of low surface energy non-wettable 

interlayer oxides on liquid surface energies is practically important. Oxides entrapped at 

the liquid/solid interface may also act as a diffusion barrier. A good brazing surface 

requires sufficient surface roughness and good wetability by the filler alloy. Low 

viscosity and good flow are also important qualities that help improve the quality of 

brazement [16].  

 

Mechanical cleaning involving grit blasting, grinding and brushing, which slightly 

roughens the surface, is sometimes necessary and is usually used when there are large 

amount of surface oxides. Traces of oil or grease may be removed by chemical cleaning 

methods which involve the use of degreasing solutions. Spraying, soaking, and 

suspension in hot vapor are some of the general techniques used during chemical 

cleaning. Chemically cleaned components can subsequently be cleaned ultrasonically in 

alcohol to ensure complete removal of all traces of degreasing solutions. Fluoride 

cleaning is another method of surface cleaning employed to effectively remove oxide 

layers on thermal fatigue cracks and other narrow hard-to-reach cracks. Cleaning is done 

by exposure to fluoride ions in a reducing atmosphere but proper control of the process is 

important to ensure adequate cleaning of deep narrow cracks and to avoid excessive 

surface depletion [15]. 
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2.2.2.6   Fluxes 

The primary purpose of brazing fluxes is to promote wetting of the base material by the 

liquid filler metal. Flux must be capable of dissolving any oxide remaining on the base 

metal after it had been cleaned and oxide films on the filler metal. In some instances, 

fluxes may serve to suppress the volatization of high-vapor-pressure constituents in a 

filler metal [15]. Fluxes need to be applied as an even coating and must completely cover 

and protect the surfaces until the brazing temperature is reached. Viscosity and interfacial 

energy between the flux and mating surfaces are important for good wetting and it is 

recommended that fluxes should be used in their proper temperature ranges and on the 

materials for which they are designed for.   

 

Many chemical compounds are used in the preparation of fluxes. The most common 

ingredients of chemical fluxes are [15]: 

• Borates (sodium, potassium, lithium, etc.) 

• Fused borax 

• Elemental boron 

• Fluoborates (potassium, sodium, etc.) 

• Fluorides (sodium, potassium. etc.) 

• Chlorides 

• Alkalis (potassium hydroxide, sodium hydroxide) 

• Wetting agents 

• Water 
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Certain filler metals contain alloy additions of deoxidizers, such as phosphorous, lithium, 

and other elements that have strong affinities for oxygen. In some instances, these 

additions make the filler metal self-fluxing without the application of prepared fluxes or 

controlled atmospheres. Such fillers are self-fluxing only in the molten state and will 

oxidize during heating cycle [15]. Therefore, the use of protective atmospheres or fluxes 

in conjunction with these fillers is usually preferred.  

 

2.2.2.7   Filler alloys  

Brazing filler alloys usually contain melting point depressant (MPD) elements such as 

boron, silicon, or phosphorous, which are added to depress their melting temperature. 

Other elements such as carbon, titanium and aluminum are deliberately excluded from 

filler alloys due to their tendency to form undesirable stable phases during bonding that 

can embrittle the joint. Suitability of a filler alloy for use in TLP bonding depends on 

some criteria that must be met. The liquidus temperature of the alloy must be less than 

the solidus temperature of the base material. Proper fluidity of the liquid filler at the 

brazing temperature is necessary to ensure wetting and flow over base material surfaces 

[16].  

 

Filler alloys are available in various forms such as amorphous foil, tape, powder/paste, 

and rapidly solidified sheet. Brazing foils are usually made by rapid solidification during 

melt spinning operations, while powdered forms are usually produced by gas 

atomization. The powders may be mixed with plasticizers or organic cements to facilitate 

their positioning on the base metal surface. Tape forms are usually made up of powders 

that are uniformly applied to a flexible organic backing strip. In some instances organic 
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binders tend to burn during brazing causing voids at the joint. Cored fillers are another 

type of fillers where a base material such as pure nickel is surrounded by a surface rich in 

melting point depressant element produced by diffusion treatment. Some elements such 

as chromium are often added to Ni-base filler alloys to increase the oxidation and 

corrosion resistance of the resulting joint [16].  

 

2.2.2.8   Base material characteristics 

Certain characteristics of the base metal must be met to achieve an optimum joint. Firstly 

the base metal must be able to sufficiently accommodate the MPD solute. The base 

material should have sufficient strength and thermodynamic stability at the bonding 

temperature. Base metals which do not form second phases are well suited for brazing. 

The solidus temperature of the base alloy should be significantly higher than the liquidus 

temperature of the filler alloy. Another important factor to consider is that base materials 

that have an initial concentration of the MPD element may behave differently compared 

to base metals with no initial concentration of MPD elements [16].  

 

2.2.3 Transient liquid phase (TLP) bonding 

Transient Liquid Phase (TLP) bonding evolved from brazing as a high temperature 

fluxless process that combines the beneficial features of liquid phase joining and solid-

state diffusion bonding. It has been used to produce high strength joints in difficult-to-

weld heat resistant alloys. Fundamentally, the process involves no plastic deformation 

of the components being joined, although some pressure may be needed to ensure that 

mating surfaces are in intimate contact [15]. 

 



 - 24 - 

The process involves the use of an interlayer material (filler alloy) that contains a 

melting point depressant (MPD) element(s) such as boron, silicon and phosphorous. At 

the joining temperature below the solidus temperature of the base metal, the interlayer 

melts and interdiffusion of alloying elements occurs between the substrate and the 

liquated interlayer.  This results in changes in the composition of the solid and the liquid 

phases until equilibrium is established at the joint’s interface. Further diffusion of the 

MPD into the base metal raises the melting point of the liquid resulting in its isothermal 

solidification. Complete isothermal solidification can be achieved if sufficient holding 

time at the joining temperature is provided before cooling to the ambient temperature. 

Longer holding time, after achieving complete isothermal solidification, may also be 

necessary to homogenize both the microstructure and the composition of bonded 

materials. 

 

In contrast to brazing, TLP bonding is more suited for joining components intended for 

demanding elevated temperature service. The microstructure and mechanical properties 

of the TLP bonded joint can closely approach those of the base material. Dissimilar 

base alloys with complex shapes and varying thicknesses can also be joined by TLP 

bonding and mass production can be employed which can significantly reduce 

production costs [17]. Due to the solid state diffusion that must occur during TLP 

bonding, long holding time may be required to achieve complete isothermal 

solidification; which somewhat limits the use of the process commercially. An 

incomplete isothermal solidification results in the formation of eutectic-type 

microconstituents at the joint, which are brittle and provide easy path for crack 

initiation and propagation. Precipitation of second phase particles within the joint-
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substrate interface due to the diffusion of the MPD into the base material may also have 

detrimental effect on mechanical properties of bonded materials. Improper or 

inadequate surface preparation or poor bonding atmosphere can also result in a poorly 

joined part or filler spillage upon melting. 

 

2.3 Mechanisms of TLP Bonding 

Various models have been developed to further the understanding of the TLP bonding 

process. In these models, it is generally assumed that after the formation of a liquid 

phase, the solid and liquid phases rapidly equilibrate to their respective solidus and 

liquidus compositions at the bonding temperature. Solid-state diffusion of the MPD in 

the base alloy follows the equilibration and results in gradual isothermal solidification of 

the liquated filler. Duvall et. al. [18] defined three stages of TLP bonding as: i) base 

metal dissolution; ii) isothermal solidification of liquid filler; and, iii) homogenization of 

the solid bond region. Tuah-Poku et. al. [19] defined a fourth stage, namely, 

homogenization of the liquid after base metal dissolution. An initial stage prior to base 

metal dissolution (stage 0) was added by MacDonald and Eager [20] to account for the 

heating time from room temperature to just before the onset of liquation of the filler. 

This is due to possible loss of solute during heating of the joint, which was also reported 

by Niemann and Garrett [21]. They noticed that at slow heating rates insufficient liquid 

forms at the interface due to premature diffusion of MPD solute into the base material. 

Zhou et. al. [22] re-classified TLP bonding into four stages: i) Heating stage, ii) 

dissolution and widening which is subdivided into two stages, ii(a) heating from melting 

point to bonding temperature and ii(b) isothermal dissolution at the bonding temperature, 

iii) Isothermal solidification and iv) homogenization. 
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2.3.1 Initial bonding condition  

A binary eutectic diagram shown in Figure 2.2, with A being the base material and B the 

MPD solute, can be used to explain the bonding process where the B composition of the 

MPD solute in the filler alloy is usually slightly higher than the liquidus composition  of 

the base alloy at the bonding temperature. As illustrated in Figure 2.3, the filler alloy has 

an initial thickness of Wo and initial MPD (B atoms) composition of CF. In practice, the 

base material may or may not have an initial MPD solute present.  

 

2.3.2 Heating and melting of filler alloy  

During the heating stage, the TLP bonding assembly is heated up from room temperature 

to a temperature above the melting point of the filler. The filler may melt over a range of 

temperatures but the alloy is normally assumed to have compositions close the eutectic 

composition. During heating to the melting temperature of the filler, some solid-state 

diffusion between the filler alloy and the base metal may occur. The extent of diffusion 

will depend on several factors including the eutectic temperature, heating rate and 

diffusivity of the MPD element. Very slow heating rates may result in severe depletion of 

solute concentration in the filler causing its concentration to be lower than the solidus 

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

the joining temperature heating. This problem becomes most severe with very thin filler 

alloys and low solute concentrations [21]. Upon melting, the filler wets the solid substrate 

and flows throughout the joint. Wetability depends on the surface energy of both the 

liquid and the solid as well as on the viscosity of the liquid. 
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Figure 2.2: Binary eutectic phase diagram [23] 

 

 

Figure 2.3: Initial conditions of TLP bonding assembly [23] 
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2.3.3 Base metal dissolution 

Base metal dissolution occurs after liquation of filler alloy and progresses during heating 

from filler melting temperature to the bonding temperature. The amount of solute at the 

liquated joint is generally higher than the solidus and liquidus compositions required to 

achieve equilibrium to the bonding temperature. Therefore, to attain equilibrium at the 

solid-liquid interface, the base alloy melts-back into the liquid, which results in increase 

in the volume of the interlayer liquid phase.  

 

The interfacial reactions are rapid and are controlled by liquid diffusion. The maximum 

width of the liquid represents the maximum dissolution width Wmax which is reached 

some time after reaching the bonding temperature TBonding and the solute concentrations 

in the solid and liquid at the interface equals to the equilibrium solidus and liquidus 

concentrations C�L and CL�, respectively, as illustrated in Figure 2.4.  

 

The dissolution stage becomes very important in aerospace applications such as thin 

honeycomb structures, rocket fins and 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 MPD 

solute in the filler CF, initial filler thickness and solubility of the MPD solute in the base 

material.  

 

Several authors have suggested various analytical models to represent the dissolution 

stage. Nakao et. al. [24] analyzed base metal dissolution based on the Nernst-Brunner 

theory and formulated the equation shown below:  
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Figure 2.4: Base metal dissolution and widening during TLP bonding [23] 
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where Cs is the solute concentration at the saturated state; Ct is the solute concentration at 

spontaneous time t; K is the dissolution rate constant. A is the surface area of the solid 

and V is the volume of the liquid. Cs and Ct can be calculated as shown in the following 

equations 2.2 and 2.3: 
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where Ci is the initial concentration of the MPD in the liquid filler; p is the ratio �l/�s 

where �l is the density of the liquid filler and �s is the density of the base metal; h is half 

the initial thickness of the filler; x is the instantaneous dissolution width and xs is the 

maximum dissolution width at the saturated state. A dissolution parameter P was then be 

expressed as follows:  
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Nakao et. al. [25] reported that there was a linear relationship between the dissolution 

parameter P and the holding time. Dissolution time was found to be in the order of 

seconds or few minutes and did not play a significant role in the total time required for 

TLP bonding which is usually in hours. Nakao et. al.’s model [24] assumes that the liquid 

and adjacent solid have compositions fixed by respective liquidus and solidus values 

before and after equilibration. In order to improve the analysis, Gale and Wallach [26] 

used equation 2.5 where the concentration of the melting point depressant in the base 

alloy can be obtained as a function of the holding time. They assumed that the MPD 

solute diffuses out of a finite liquid interlayer into a semi-infinite solid substrate. They 
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also assumed that the diffusivity of the solute is that observed in the solid substrate and 

ignored its greater diffusivity in the liquid. This results in flattening of the concentration 

profile in the liquid, which influences the diffusion in the solid substrate.  
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where C(x,t) is the concentration of the solute as a function of distance from the center of 

the interlayer (x) and time (t); 2h is the width of the interlayer; D is the diffusivity of the 

solute in the substrate and Co is the initial solute concentration in the filler. 

 

2.3.4 Isothermal solidification stage 

Isothermal solidification is normally assumed to commence after the dissolution stage 

and proceeds at a constant bonding temperature during which the MPD solute diffuses 

into the base material across the liquid-solid interface. Local equilibrium is maintained at 

the solid-liquid interface throughout the isothermal solidification process and the 

compositions of the liquid and the adjacent solid remain fixed at C�l and Cl�. A decrease 

in the amount of liquid that can be maintained at constant temperature due to the loss of 

the MPD solute causes isothermal solidification to occur by migration of the liquid-solid 

interface towards the centerline of the joint as illustrated in Figure 2.5. If the holding time 

is sufficient, the liquid can be removed entirely resulting in complete isothermal 

solidification.  

 

The isothermal solidification stage is much slower than the dissolution stage since it is 

controlled by solid-state diffusion of the MPD solute in the base metal. The time required  

 



 - 32 - 

 

 

 

 

 

 

 

Figure 2.5: Isothermal solidification stage during TLP bonding [23] 
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to complete the isothermal solidification process is system specific because it depends on 

the diffusion flux of the solute in the base metal and on the amount of solute that must be 

diffused. These depend on many factors including diffusion coefficient of the solute in 

the base metal, initial filler thickness, solubility of the MPD element and its concentration 

gradient in the base material. 

 

Modeling of the isothermal solidification stage has been done by various authors in an 

effort to understand the controlling mechanism of the isothermal solidification process. In 

these models, local equilibrium is assumed to exist at the solid-liquid interface at the 

bonding temperature and the effect of convection in the liquid is assumed to be negligible 

due to the small thickness of the liquid interlayer and its assumed uniform composition. 

The interdiffusion coefficients in the liquid and the solid are assumed to be independent 

of composition and the base metal is generally taken to be semi-infinitely long medium.  

 

Analytical modeling approach is used extensively in practice and a close examination of 

its basic concepts indicates that it can be classified into two categories, single phase 

solution and two-phase solution. The single phase solution treats the system as a single 

semi-infinite phase, the base metal, having a constant solute concentration (C�l) at the 

surface of the base metal. This eliminates the trouble of dealing with the liquid phase and 

the migrating solid-liquid interface [27]. The two-phase analytical solution treats the 

system as two semi-infinite phases with a coupled diffusion-controlled moving solid-

liquid interface. This is more accurate than the single-phase solution since it 

approximates real situations better and allows the interface to advance toward the 

centerline as the liquid is consumed. 



 - 34 - 

Tuah-Poku et. al. [28] proposed a single phase analytical solution using a mass balance 

approach as represented by equations 2.6 to 2.8 to predict the time for complete 

isothermal solidification by assuming a stationary interface. Solving the mass balance 

equation 2.7, he obtained an equation for the total time for isothermal solidification as 

seen in equation 2.8.  

)(.2. tMWC oF =         (2.6) 

where CF  is the MPD solute concentration of the filler metal; Wo is the initial filler 

thickness and M(t) is the  total mass transferred during isothermal solidification. 
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where C�l is the solute concentration at the interface; Co is the initial composition of the 

melting point depressant in the base metal; D is the solute diffusion coefficient and t 

stands for time. 
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Using a two-phase analytical approach, Lesoult [29] treated the solid-liquid interface as a 

moving boundary to derive an expression for the time for complete isothermal 

solidification. Taking X(t) as the moving interface and knowing that X(t) must be 

proportional to the root of time as seen in equation 2.9, he used a mass balance approach 

where K is the rate constant. 

tDKtX ...2)( -=         (2.9) 
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Increasing K results in faster solid-liquid interface motion and shorter duration for 

complete isothermal solidification.  Lesoult [29] used numerical methods to calculate the 

rate constant K in equation 2.10 and used the value of K to compute the time required for 

complete isothermal solidification based on equation 2.11. Similar approach was also 

followed by Sokomoto et. al. [30] and Ramirez and Liu [31].  
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Where Wmax is the maximum width of liquated region obtained during dissolution 

calculated using equation 2.12. 
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The single phase solution obtained by Tuah-Poku et. al. [28] reported high estimates of 

the isothermal solidification time compared to experimental results but it has one 

advantage over the two-phase solution in that the latter requires a numerical solution to 

solve the rate constant K. As previously stated, in analytical models the base metal is 

assumed semi-infinite which may be valid for some engineering applications where the 

thickness of the pieces to be joined is often large relative to diffusion distances. In certain 

applications, however, such an assumption might not hold. For example in the 

microelectronics industry and honey-comb structures, the parts can be very small or very 

thin, and as such assuming a semi-infinite “sink” can be grossly inaccurate [32].  
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Numerical modeling approaches have to be used if a finite size is to be treated since the 

kinetics of solidification can be significantly affected. Numerical solution approach to 

model the isothermal solidification process generally assume a one dimensional planar 

geometry as shown in Figure 2.6 and a variable s(t) is introduced to describe the position 

of the solid-liquid interface. The moving boundary problem can be expressed by the 

diffusion equations 2.13 to 2.15 [33] where equation 2.13 describes the diffusion to the 

left of the interface in phase A which is liquid. Equation 2.14 describes the diffusion in 

the solid phase B. Equation 2.15 describes the moving boundary condition at the interface 

where cA and cB represent the equilibrium liquidus and solidus concentration respectively. 
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Nakagawa et. al. [34] and Cain et. al. [35] approach to solving these diffusion equations 

was by discretizing the distance between x = 0 to x = L, as seen in Figure 2.6, into fixed 

points and imposing the interface to be located at one of the discretization points. This 

means that only step-wise motion is permitted. Such a constraint on the interface 

position, however, may introduce significant errors due to inaccurate approximation of 

the interface position and, as a result, will affect estimates of the diffusion fluxes at the 

interface [32]. 
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Figure 2.6: Illustration of system used in numerical analysis 
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Shinmura et. al. [34] produced a more refined model which explicitly account for 

interface position to predict its motion. They solved the three diffusion equations 2.13 to 

2.15 explicitly but since the diffusion equations are interdependent, the model result was 

quite inaccurate owing to non-conservation of the diffusing solute. 

 

Using Shinmura’s et. al. [34] approach, Zhou and North [33] proposed using a quadratic 

expression for the concentration profile near the interface to better estimate the fluxes 

there and thereby improve the accuracy of the model. Their model, however, involved a 

semi-implicit scheme where only the diffusion equations 2.13 and 2.14 were solved 

implicitly while the diffusion equation for the interface was solved explicitly. This caused 

a limitation on the size of time step that can be used to generate a solution, since the 

interface motion is generally rapid at the early stages of TLP bonding. Calculations using 

large time steps, on the other hand will contain inaccuracies since solute is no longer 

conserved. Reducing the time steps, on the other hand, will increase computational effort 

required to solve the problem. 

 

Using the approach by Tanzilli and Heckel [35], Illingworth et. al. [32] solved the 

problem of using fixed spatial discritization, which does conserve solute by using 

variable spatial discretization approach. A mesh which varies in a way that it takes 

account of the moving interface was used and the interface position was ensured to 

coincide with a discretization point without constraining its motion. Illingworth et. al. 

[32] further improved the algorithm by ensuring that all the diffusion equations were 

solved implicitly resulting in a greater accuracy. Using his model to simulate the interface 

motion during TLP bonding of Ni-P interlayer and pure Ni base metal, it was reported 
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that his predictions do not exceed the theoretical maximum liquid layer thickness Wmax, 

which is consistent with the fact that his model does conserve solute.  

 

Analytical and numerical solutions are both based on Fick’s second law of diffusion and 

have been used to predict the time for complete isothermal solidification. Both 

approaches, however, use different methods in obtaining the solution, and as such, 

quantitative predictions often vary. Their solutions often provide means of studying 

certain TLP bonding phenomena by comparing theoretical predictions with experimental 

observations. Analytical and numerical solutions have some common assumptions such 

as assuming local equilibrium at the migrating interface and that the liquid phase exhibit 

complete wetting of the base metal and exclude the quality of the mating surfaces such as 

the presence of oxides, all of which may not be exact in practice.  

 

Quantitative results derived from theoretical predictions based on binary phase diagram 

data may not be very accurate if a complex multi-component system is used. This is due 

to the role of secondary alloying elements in TLP bonding mechanisms, many of which 

are still unknown. Deficiencies in the availability of reliable data for diffusion 

coefficients and solubilities also make it even more difficult to obtain reliable quantitative 

predictions. One solution to the unavailability of reliable phase diagrams of multi-

component alloys has been the use of calculated diagrams. This approach was used by 

Campell and Boettinger [36] to study TLP bonding in the Ni-Al-B system. The presence 

of more than one MPD solute in the filler also makes the analysis more complicated. It 

has been suggested [37, 38] that in such cases two regimes could exist where the faster 
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diffusing MPD solute controls the first regime while the second MPD solute controls the 

other regime.  

 

Due to the microstructural complexity in real systems deviation from conventional 

expectations can be observed. For example, development of significant amount of solute 

concentrations immediately adjacent to the liquid-solid interface may lead to the 

precipitation of second phases which is not predicted by conventional models. The effect 

of these phases on the accuracy of quantitative predictions can be somewhat important. 

Despite all the limitations, modeling tools prove are attractive qualitative methods of 

understanding TLP bonding behavior due their speed and ability to investigate qualitative 

influence of various process parameters that can be manipulated individually and in 

combination.  

 

2.3.5 Homogenization stage 

The homogenization stage is usually assumed to follow the isothermal solidification 

stage. Figure 2.8 illustrates the initial stage of the homogenization process right after 

complete solidification had occurred. During homogenization, concentration of the MPD 

solute at the joint decreases whiles other elements from the base alloy diffuse into the 

joint [33]. The homogenization stage is complete when the microstructure and the 

chemistry of the joint are similar to that of the base alloy.  There can be an acceptable 

amount of MPD solute remaining at the joint, which depends on the material and 

intended application of the repaired component. The solute concentration at the joint, 

however, needs to be below the concentration required to form second phases that are 

considered deleterious to the mechanical properties of the material.  
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Figure 2.7: Initial condition of the homogenization stage right after complete solidification [23] 
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2.3.6 Grain boundary effects 

The presence of grain boundaries can affect both the kinetics of TLP bonding and the 

microstructure of bonded materials. Faster grain boundary diffusion has been used to 

explain shorter than expected isothermal solidification completion times in some 

materials [35]. During TLP bonding, solid-liquid interface microstructure evolves from a 

relatively flat surface with small grooves at the grain boundaries to a rough surface with 

large spherical protrusions. The spherical protrusions are due to the action of grain 

boundary grooving caused by surface tension coupled with the migration of the liquid-

solid interface. Macdonald and Eager [20] has observed that the rate of isothermal 

solidification for fine grained structures was almost twice that of coarse-grained 

structures. 

 

Kokawa et. al. [40] also reported that grain boundary energy has an effect on the 

deviation of the liquid-solid interface migration kinetics from planar predictions. He 

reported that liquid penetration of the grain boundaries is a function of grain 

misorientation where high angle grain boundaries show deeper penetration due to higher 

grain boundary energy and higher diffusion rates. It was found that fine grained nickel 

contains larger fraction of grain boundary sites and as a result the overall liquid-solid 

interfacial area was increased and the time to complete isothermal solidification reduced. 

Nakagawa et. al. [41] noted that the formation of a non-planar liquid-solid interface due 

to grain boundary penetration increased the effective liquid-solid interfacial area and 

accelerated the solute diffusion into the base metal. 
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Tuah-Poku et. al. [28] noted that liquid penetration at the grain boundaries and the 

accompanying departure from a planar solid/liquid interface made measurement of the 

liquid width difficult. In some instances complete isothermal solidification at the joint 

was achieved but some liquid remained where grain boundary penetration had occurred. 

Rameriz and Liu [31] suggested that liquid penetration increases the solidification rate as 

a result of increased surface area of the liquid-solid interface which would increase solute 

transport. Ikeuchi et. al. [39] has shown that liquid penetration depth is dependent on the 

ratio of grain boundary energy to liquid-solid interfacial energy. Based on their model, 

enhanced diffusivity at grain boundaries suggested displacement of the liquid-solid 

interface in a direction opposite of that observed in actual brazing situation.  

 

Saida et. al. [41] studied the influence of base metal grain size on isothermal 

solidification rates. Faster interface kinetics along with notable grain growth was found in 

fine grained samples. Longer isothermal solidification completion times were observed in 

single crystal and coarse-grained alloys. They deduced that increased surface area for 

diffusion and a greater number of enhanced diffusion paths resulted in reduced 

solidification time. Base metal dissolution was also found to be related to grain size 

where increased dissolution was observed in fine-grained samples.   

 

2.4 Scope of Present Work 

As indicated in previous sections, TLP bonding is an evolving process for effective 

joining of difficult-to-weld engineering structural alloys. Lack of adequate understanding 

of the effect of various process parameters on microstructure of joints produced by 

bonding techniques has limited its wide commercial usage. The primary objective of this 



 - 44 - 

work, therefore, is to better understand the effect of process parameters on the 

microstructural changes during TLP bonding of nickel-based materials.  

The first part of this work was aimed at studying the cause of a reported anomalous 

behavior where increased holding time is required to prevent the formation of deleterious 

eutectic-type microconstituents in TLP joint when temperature is increased.  

 

A large extent of work has been done in studying TLP bonding using fillers containing 

boron as a MPD [17, 18, 24, 30].  . This is due to boron’s fast diffusivity in nickel based 

alloys that produce shorter processing times. In certain engineering applications, 

however, such as the repair of nuclear power plant parts by TLP bonding, boron 

containing fillers can not be used. This is due to the very large neutron absorption cross-

section when materials containing boron are used, which results in reduced nuclear 

reactor performance. Additionally, boron can transmute to helium due to radiation 

induced porosity, risk of material swelling and, as a result, may cause brittleness of 

structural materials [42]. In such circumstances, fillers containing alternative MPD such 

as phosphorous or silicon need to be used. There are few reports on the influence of 

process parameters on the microstructure of TLP joints produced by using fillers 

containing these MPD elements. Thus, the second part of this work is focused on 

studying the effect of process parameters on the microstructure of TLP bonded joints in 

nickel using a Ni-P filler alloy.  

 

Furthermore, the time required to prevent the formation of the eutectic-type 

microconstitiunt by complete isothermal solidification of liquated filler may be 
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prohibitively long for some TLP bonding applications involving the use of fillers 

containing MPD with limited solubility in the base metal such as phosphorous in nickel. 

In such cases, it has been suggested that post-braze heat treatment can be done to modify 

the joint’s microstructure and eliminate/reduce the detrimental eutectic-type 

microconstituents. The final part of this thesis focuses on the study of the effects of post-

braze heat treatment parameters on the microstructure of TLP joint in IN738 superalloy 

using a Ni-P filler alloy.  
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Chapter 3: Experimental Techniques 
 

3.1 Materials 

3.1.1 Base materials 

The nickel base superalloy used in the experimental investigation of this research was 

IN738 superalloy supplied by Hitchiner Manufacturing Co. Inc. in the form of 16 X 8 X 

0.6 cm cast plates. The alloy was used in the as-cast condition and its chemical 

composition is listed in Table 3.1. In addition, a commercially available pure nickel 

supplied in the form of 16 X 8 X 0.6 cm plates was also used in the study. 

 

3.1.2 Filler alloys 

MBF80(Ni-Cr-B) and MBF60(Ni-P) foils supplied by Metglass as 38 µm thick foils were 

used as the primary filler alloys. Additionally, Nicrobraze150(Ni-Cr-B), 

Nicrobraze30(Ni-Cr-Si) and Nicrobraze50(Ni-Cr-P) supplied as 200 µm thick tapes were 

also used to investigate the effect of MPD solute on isothermal solidification rate. 

Nominal chemical composition of the filler alloys are presented in Table 3.1. 

 

3.2 Sample Preparation and TLP Bonding 

As-received base material plates were sectioned using numerically controlled Electro-

discharge Machining (EDM). Machined surfaces were ground using 600 grade silicon 

carbide papers to remove oxide layers and the ground specimens were subsequently 

cleaned in an ultrasonic bath of acetone solution for 15 minutes. Ceramic paste was 

applied on the edges of the specimens to prevent spillage of liquated filler during 

bonding. 
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Table 3.1: Nominal compositions of filler alloys and base materials [6, 13] 

Base Material Nominal Chemical Composition wt% 

2.48W, 1.88Mo, 0.07Fe, 0.92Nb, 3.46Al 
Inconel 738LC 

3.47Ti, 1.69Ta, 0.001S, 0.04 Zr, 0.012B, Bal. Ni 

0.01C, 0.003 Fe, <0.001 Mn, <0.001Si 
Pure Ni 270 

<0.001 Mg, <0.001 Cu, <0.001 Co, Bal. Ni 

Filler Alloy Nominal Chemical Composition wt% 

MBF60(Ni-P) 0.10C, 11.0P, Bal. Ni 

MBF80(Ni-Cr-B) 15.2Cr, 0.06C, 4B, Bal. Ni 

Nicrobraz150(Ni-Cr-B) 15Cr, 0.06C, 3.5B, Bal. Ni 

Nicrobraz50(Ni-Cr-P) 10P, 14Cr, 0.06C. Bal. Ni 

Nicrobraz30(Ni-Cr-Si) 10.2Si, 19Cr, 0.06Cr, Bal. Ni 
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Filler alloy was placed between the cleaned mating surfaces and the assembly was tack-

welded using a stainless steel foil to ensure firmness during joining. TLP bonding process 

was carried out using a temperature-time cycle shown schematically in Figure 3.1 in a 

vacuum furnace operated at a vacuum of approximately 5 X 10
-5

 torr.  

 

3.3 Microscopic Examination 

Bonded specimens were sectioned by electro discharge machining (EDM) due to the 

brittle nature of eutectic microconstituent within the TLP joints. Sectioned specimens 

were polished and etched using Kallings solution containing 30 ml CuCl + 90 ml HCL + 

90 ml H2O. Electrolytic etching was done on some specimens using 12ml H3PO4 + 40ml 

HNO3 + 48 ml H2SO4 solution at 6V for 5 seconds. Microstructure of the bonded 

specimens was examined using an inverted optical microscope and a JEOL 5900 

scanning electron microscope equipped with an ultra thin window Oxford energy 

dispersive x-ray spectrometer (EDS). On average, 20 measurements were taken across 

the joint on each sample to determine the width of the centerline eutectic product. 

Chemical compositional analysis of phases formed in the joint was carried out by EDS 

equipped with INCA analytical software. 
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Figure 3.1: Heating cycle used during vacuum brazing 
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3.4 Analytical Modeling of TLP Bonding 

Theoretical calculations of the time tf required to achieve complete isothermal 

solidification and the maximum dissolution width Wmax in binary systems were obtained 

by writing and using an executable program in VisualBasic using Microsoft Visual 

Studio.  

The program solves the analytical equation 3.1 numerically using Newton-Raphson 

method to solve for K efficiently. It then uses the result obtained from equation 3.1 to 

solve for tf and Wmax based on equations 3.2 and 3.3. Analytical predictions of the process 

parameters were also performed using the program. Appendix B provides the details of 

the program and the method of implementation.  
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Input parameters include initial filler thickness Wo, initial concentration of MPD solute in 

the filler CF and in the base metal Cm, solidus and liquidus concentrations of the MPD 

solute in base metal, C�l and Cl� respectively, and diffusivity of the MPD solute, D, in the 

base metal.  Normally, CF is obtained from charts which list the nominal concentration of 

the MPD solute in the commercially available filler alloy. In the absence of such charts, 

the eutectic concentration of the MPD solute in base metal was taken as CF. Liquidus and 

solidus concentrations C�l and Cl� were obtained using binary phase diagrams for Ni-B, 
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Ni-P, and Ni-Si systems shown in Appendix A. Binary systems such as Ni-B and Ni-P 

exhibit very small solidus concentrations which prevent reading C�l directly from the 

phase diagram. Therefore, linear approximation of the solidus line was assumed and C�l 

at the bonding temperature was obtained by linear interpolation. Diffusivity of the MPD 

solute in the base material was calculated using Arrhenius equation 3.4 where R is the gas 

constant and T is the absolute bonding temperature. The activation energy for diffusion, 

Q, and the frequency factor, Do, were obtained from published data in the literature. A list 

of the activation energies and frequency factors used for the three binary systems used in 

the course of this study are listed in Table 3.2. 

)/exp( RTQDD
o

-=   (3.4) 

 

3.5 Numerical Simulation of TLP Bonding 

Numerical simulation of TLP bonding was carried out by writing and using a program in 

MatLAB language that solves an algorithm for solving Fick’s diffusion equation 

developed by Illingworth et. al. [32], which implicitly tracks the liquid-solid interface 

motion during TLP bonding in binary systems. Details of the algorithm are discussed 

further in the next chapter and the mathematical implementation is discussed in detail in 

Appendix C.  

 

Assuming symmetry in the base metal-filler couple, the program was used for simulating 

the effects of varying process parameters on the time, tf, required to achieve complete 

isothermal solidification. Similar to the analytical modeling program, user defined inputs 

such as half-thickness of filler alloy, CF, Cm, C�l and Cl� are needed to obtain a solution. 
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The time step and total number of time steps must also be specified in addition to the 

MPD solute’s diffusivity in liquid and solid base metal, Dl and Ds respectively, and Dl 

was assumed to be relatively constant at 5x10
-6

 m
2
/sec. After running a simulation, the 

program automatically plots three graphs, namely: square root of bonding time vs. half-

width of liquated region, log of bonding time vs. half-width of liquated region, and 

percentage of base metal thickness vs. solute concentration. Appendix C provides details 

of the mathematical implementation and a user’s guide for using the program.  
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Table 3.2: Frequency factors and activation energies used to calculate MPD solute’s diffusivity in base 

metal 

Binary System Frequency Factor 

Do (m
2
/sec) 

Activation Energy 

(kJ/mol) 

Reference 

Ni-B 0.14 226 [43]  

Ni-P 0.49 284 [43]  

Ni-Si 0.00106 271 [44]  
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Chapter 4: Results and Discussion 

Part I: Extension of Isothermal Solidification Completion Time with 

Increase in Bonding Temperature 

 

4.1 Introduction 

An important process parameter in the consideration of TLP bonding for commercial 

applications is the holding time, tf, required to achieve complete isothermal solidification 

and prevents the formation of deleterious eutectic product at the joint. It is generally 

reported that the time required to achieve complete isothermal solidification decreases 

with increasing bonding temperature. This is premised on increased isothermal 

solidification rate caused by higher diffusivity with increased temperature. However, 

recent studies [19, 30, 38, 45, 46, 47] have shown that there exists an anomalous behavior 

where isothermal solidification time, tf, actually increases when the bonding temperature 

is raised above a certain critical value, Tc. Several causes for this phenomenon have been 

suggested in the literature, namely: 

• Presence of second phase particles within the base alloy at the joint-substrate 

interface can slow down the solidification process resulting in elongation of 

the time required to prevent the formation of eutectic-type microconstituents 

at the joint [30]. 

• Presence of a second MPD solute in liquated filler can cause a slower 

diffusing MPD solute to be the controlling factor in the solidification process 

and, as a result, prolongs isothermal solidification completion time [38]. 
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• Increased base metal dissolution with increase in bonding temperature can 

produce large liquated volume of insert that requires longer holding time for 

complete solidification [45]. 

• Decrease in the solubility of MPD solute in the base metal as bonding 

temperature is raised causing reduction in the rate of isothermal solidification 

[19]. 

 

Regarding the first suggestion, actual experimental observations [31] have shown that 

precipitation of the second phase particles reduces considerably and becomes less 

prominent with increase in temperature. Additionally, precipitation of second phase 

particles does not explain the anomalous behavior in systems that do not form interfacial 

precipitates. Therefore, the formation of second phase particles is unlikely to be the main 

cause of reduction in isothermal solidification rate with increase in temperature.  

 

Likewise, the second suggestion based on the presence of a second MPD solute can not 

explain the occurrence of the anomalous behavior in systems where only one MPD solute 

is involved. Reported decrease in the rate of isothermal solidification at higher 

temperatures in binary systems where there were essentially no secondary solutes [31] 

suggests that events fundamentally related to diffusion process, instead of second MPD 

solute effect may be responsible for the phenomenon. 

 

Limited information is available about the effect of increased base metal dissolution and 

decreased solute solubility on the time required to complete isothermal solidification 

during TLP bonding at high joining temperatures. Therefore, the effects of base metal 
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dissolution and solute solubility on increase in isothermal solidification completion time 

with increase in temperature were studied and compared in this section of the thesis. The 

study led to identification of a significant cause of the anomalous behavior which has not 

been reported in the literature prior to the present work. This phenomenon is also 

reported and discussed in this section.  

 

4.2 Effect of Bonding Temperature on Base Metal Dissolution 

Using a 76 �m thick MBF80(Ni-Cr-B) filler, IN738 was bonded at three different 

temperatures, 1100, 1140 and 1180 
o
C for 7 hrs . Micrographs of the joints are shown in 

Figures 4.1 to 4.3. Average dissolution widths obtained from the micrographs were 

plotted against bonding temperatures as presented in Figure 4.4, which showed an 

increase in dissolution width with increase in temperature.  

 

An analytical TLP model by Tuah-Poku et. al. [28] and Ramirez and Liu [31] was also 

used to simulate the effect of temperature on dissolution width using 80 �m Ni-B filler 

and pure nickel base material and the result is shown in Figure 4.5. Similar to the 

experimental result, a linear relationship between dissolution width and temperature was 

predicted. The increased base metal dissolution width with temperature can be 

understood from the nature of the Ni-B phase diagram. Based on this diagram, liquidus 

concentration reduces with temperature increase, which implies that for an initial filler 

alloy composition close to the eutectic value, more base material will be required to melt-

back into the liquated filler in order to dilute the liquid to attain equilibrium composition. 
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Figure 4.1: Micrograph of IN738 bonded with 76 µm MBF80 filler at 1100 
o
C for 7 hrs (X200) 

 

Figure 4.2: Micrograph of IN738 Bonded with 76 µm MBF80 filler at 1140 
o
C for 7 hrs (X200) 
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Figure 4.3: Micrograph of IN738 bonded with 76 µm MBF80 filler at 1180 oC for 7  hrs (X200) 

 

 

 

 

 


