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Abstract

This thesis reports theoretical and experimental investigations carried out to better

understand the effects of process parameters on the microstructure of tlansient liquid

phase (TLP) joint, particularly, to study the cause of a previously reported anomalous

increase in processing time with increase in temperature. The theoretical investigations

were carried out using analytical and numerical models to simulate base metal dissolution

and isothermal solidification stages of the TLP bonding process. The experimental

investigation was canied out by using standard metallographic technique to study the

microstructure of bonded materials using optical and scanning electron microscopes.

Deviation from parabolic relationship between solid/liquid interface migration and

holding time durìng TLP bonding is suggested as a new ãlternate phenomenon

responsible for the anomalous increase in processing time required to produce eutectic-

free joint with increase in bonding temperature. The results of TLP joining of commercial

pure nickel using a Ni-P filler alloy showed that an increase in bonding temperature

would be beneficial provided that sufficient holding time is allowed for complete

isothermal solidification of liquated insert. Otherwise, an increase in bonding temperature

may result in formation of thicker deleterious eutectic along the TLP joint. Furthermore,

it was observed that the joint centerline eutectic product and interface second phase

particles that form during TLP bonding of Inconel 738 using a Ni-P filler alloy can be

significantly reduced by post bond heat treatment. The effectiveness of this approach,

however, requires proper selection of heat treatment temperature above Ni-P binary

eutectic temperature.
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Chapter I : 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. lncreased 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 effot 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

l-



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 plesent 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 fol 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 altemate phenomenon for the anomalous extension of

holding time required to produce eutectic free joint with increase in bonding tempe¡ature.

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 17 pm lo 27 pm was observed with an

íncrease in initial thickness of the filler alloy from 38 pm to 76 pm. Two different effects

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

holding time of I h, an increase in temperature from 1100 oC to i180 oC resulted in

increased eutectic thickness fuom 22 ¡rm to 32 pm due to increased base metal dissolution

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

compared to 1 100 "C owing to higher diffusivity effect.

The third part of the thesis is focused on the effects of posrbond heat treatment

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

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

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

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

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

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

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

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

can be related to their mode of formation during TLP bonding.

-4-



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 nraterials, 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 altemative 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.

2.7 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

microstmcture consists of precipitation of y' in a y matrix, carbides, and possible

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

materials. [7].

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

intemetallic Ni3(Al, Ti) - type T' phase in austenitic y 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 y'

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

composition of Inconel 738.

2.I.l.l Gamna netrix (y)

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

dispersion of ordered Ni3(Al, Ti)-type 1' precipitates as well as carbides and other phases

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

moiybdenum, tungsten, titanium and aluminum [8].

The y 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,

-6-



Table 2.1: Norninal composition ofIN?38 [6]

Element Nominal Composition (wt 7o )

Ni Bal.

Cr 15.84

Co 8.5

Mo 1.88

w 2.48

Nb 0.92

AI 3.46

Ti 3.47

Fe 0.07

Ta r.69

C 0.1l

B 0.012

Zr 0.04

S 0.001



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 (T.), the

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

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

2.1.1.2 Ganuna ptitne phases (y')

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

1' phase particles that have a lattice palameter that is very close to that of the y matrix.

Similar unit cell dimensions allow the 1' precipitates to be coherent with the y matrix.

Hagel and Beattie [9] observed that y' exhibits spherical shapes at 0 - 0.2Vo lattice

mismatch, becomes cubes at mismatches around 0.5 - l%a and then becomes plates at

mismatches above 1.25 Vo.

Increased strength due to the presence of y' 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 0.6T., y' parlicles 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 ofy' is retarded significantly by combined addition

-8-



of cobalt, molybdenum, or a combined addition of molybdenum and tungsten. Increasing

molybdenum from 2 to 57o was found to markedly reduce the coarsening rate despite an

increase in coherency strains [7].

2.LL3 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

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

boundary secondary Mz¡Co 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 + 1 -- M23C6 + y'. A similar reaction where MC carbides transform to MeC carbides

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

composition of the superalloy and heat treatment [12].

-9



Figure 2.1:MC Carbides and 1' phases in IN738 as obtained by Scanning Electron Microscopy (X3000)
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2.1.2 Pure nickel270

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

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

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 superalioys are

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

bonding.

l1-



Table 2.2: Composition of commercially pure nickel270ll3l

Element Nominal Composition (wt 7o)

Ni 99.98

C 0.0r

Mn <0.001

Fe 0.003

Si <0.001

Mg <0.001

Cu <0.001

Co <0.001



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. Vy'elding 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 prccesses

The three major types of fusion welding are as follows:

1. Gas Welding:

Oxyacetylene welding

2. Arc Welding

Shielded metal arc welding

PIasma arc welding

Gas-tungsten arc welding

Gas-metal arc welding

Flux cored arrc 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

-13-



input in a wor* 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 aic 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 trcatments. 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 [4].
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2,2,2 Brøzirtg

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 oC. 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 thejoint 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. I Brazing teclmiques

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 ale as follows [ 15]:

Torch brazing

Fumace 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

altemative 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 ploduction process fol 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 altemating cunent flowing through the induction coils to create

electromagnetic fields around the work piece. The opposing cuments 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 sluny 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 extensivejoint area orjoint 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 b¡azed. 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 Limítations of brazíng

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

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

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

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

t 151.

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 incolporation of a heating furnace. This can ¡educe post-þrocessing 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 ¡eduction 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

pr.ior to fumace 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 naintenance 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 Sutface 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. Fiuoride

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 ensule adequate cleaning of deep nanow 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 pl'otect 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 temperaturc 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 prefened.

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

t161.

Filler alloys are available in various forms such as amorphous foil, tape, powderþaste,

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 stdp. In some instances organic



binders tend to bum 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

conosion ¡esistance of the resulting joint [ 16].

2.2.2.8 Base ntaterial cltaracteristics

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

the base metal must be able to sufTiciently 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 tenperature 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 diffelently compared

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

2.2,3 Transient liquid plnse (TLP) bondíng

Transient Liquid Phase (TLP) bonding evoived 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 prcssure may be needed to ensure that

mating surfaces are in intimate contact [15].



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

melting point deprcssant (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 iesults 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 temperatule 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 requiled to achieve complete isothelmal

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 nechanical properlies 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 thrre 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 prematule diffusion of MPD solute into the base material.

Zhot 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) hornogenization.
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2.3.1 Inítíal 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 Ce. In practice, the

base mate¡ial 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 [2i]. 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 ofthe liquid.
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Figure 2.2: Binary eutectic phase diagram [23]

Figure 2.3: Initial conditions ofTLP 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

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

in the volume of the interlayer liquid phase.

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

width of the liquid represents the maximum dissolution width Wn,o* which is reached

some time after reaching the bonding temperature Tsen¿¡ng âDd the solute concantrations

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

concentrations C(l¡ and CLo, 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 Ce, 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 Nemst-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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(2.1)

where C" is the solute concentration at the saturated state; Cr 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. C. and Ct can be calculated as shown in the following

#= u,#,.(c,-c,)

equations 2.2 and 2.3:

,,=lflfufr,

expressed as follows:

P - Kr - n[n'"!:* phl\
I ph(x,-x))

'"=1ff¡n]'
(2.2) (2.3)

where Cr is the initial concentration of the MPD in the liquid filler; p is the ratio p¡lp,

where p¡ is the density of the liquid filler and p. is the density of the base metal; h is half

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

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

(2.4)

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 modeÌ [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.

C( x.t\ -o.5Cl 
erf fn- xll*erf (h- x)

"l z"ln¡ ) zJD.t
(2.s)

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 Isothennal solidification stage

Isothermal solidification is normally assumed to commence after the dissolution stage

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

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

the solidJiquid interface throughout the isothermal solidification process and the

compositions of the liquid and the adjacent solid remain fixed at Co¡ and C¡o. 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
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Figure 2.5: Isothermal solidification stage during TLP bonding [23]



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 solidJiquid interface at the

bonding tenperature 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 (Co¡) at the

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

the migrating solidliquid interface [271. The two-phase analytical solution trcats 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.
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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.

C oW" =2.M (t) (2.6)

where C¡ 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.

M(t)-2.(C,,-C,). Q.7)

where Co¡ 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.

a
1r ( c-.w \'t=___tlt -¡-o I (2.9)" t6.D',lc*-C" )

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

moving boundary to dedve an exprcssion for the time for complete isothermal

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

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

where K is the rate constant.

X(t)--2.Y."¡2, e.s)

D.t

'T

-34-



Increasing K results in faster solid-liquid interface motion and shorter dulation 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 2.1 1 . Similar approach was also

followed by Sokomoto et. al. [30] and Ramirez and Liu [31].

C . -C ,- K.(l+erf (K\\
^tL ^o -4n.# (2.10)
Lro-L* exp(-^if " )

w'
1 = '* (2.11\

16.K'?.D

Where Wn'o* is the maximum width of liquated region obtained during dissolution

calculated using equation 2.12.

w,,-=* (2.12)

The single phase solution obtained by Tuah-Poku et. al. [28] repofied 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 bejoined is often large relative to diffusion distances. In certain

applications, however, such an assumption might not hold. Fo¡ 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 2.73 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.

,,?,,) =! (r,r,1".r¡¡p.) 
,

dl d.ì \ dx )

a'1",¡) 
= -a [o,r.t",¡ilÈ941 ,dl dx\ dx )

0<x<s(t)

s(t)<x<L

(2.13)

(2.14)

o^(c(x,ù)ff1._"_-r,,"t,,0,Y1.=". =1,,-"^l#, x= s(t) (2.rs)

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 errols 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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Shinmura et. al. l34l 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 lhe 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], llingworth et. al. [32] solved the

problem of using fixed spatial discritization, which does èonserve 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 dudng TLP bonding of Ni-P interlayer and pure Ni base metal, it was leported
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that his predictions do not exceed the theoretical maximum liquid layer thickness W,n"*,

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 theorctical predictions with expedmental

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 ofthe 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 retiabte data for diffusion

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

predictions. One solution to the unavailability of reliabie 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 soiute in the fillel 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 compiexity 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

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

of these phases on the accuracy ofquantitative 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 plocess 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 accaptable

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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right after conrplete solidification [23]
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2.3.6 Grain bonrdary 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, solidliquid interface microstructure evolves from a

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

iarge 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 inlerface. Macdonald and Eager [20] has obselved 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. aI. [28] noted that liquid penetration at the grain boundaries and the

accompanying departure fi'om a planar solid/liquid interface made measurement of the

liquid width difTicult. ln some instances complete isothermal solidification at the joint

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

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

a ¡esul! 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 ofthat observed in actual brazing situation.

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

solidification rates. Faste¡ 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 leduced

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 difficulrto-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
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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{ype 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, 18,24,301. . This is due to boron's fast diffusivity in nickel based

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

however, such as the repair of nuclea¡ 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 perfonnance. Additionaliy, boron can transmute to helium due to radiation

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

structural materials [42j. In such circumstances, fillers containing altemative 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{ype

microconstitiunt by complete isothermal solidification of liquated filler may be



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{ype

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 : Exp erimental 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 Manufactudng 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 fom of 16 X 8 X 0.6 cm plates was also used in the study.

3.1.2 Fíller allq,s

MBF80(Ni-CI-B) and MBF60(Ni-P) foils supplied by Metglass as 38 ¡rm thick foils were

used as the primary fi1ler alloys. Additionally, Nicrobrazel5O(Ni-Cr-B),

Nicrobraze30(Ni-Cr-Si) and Nicrobraze5O(Ni-Cr-P) supplied as 200 ¡-rm 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-¡eceived 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. Ce¡amic 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 offiller alloys and base materials [ó, 13]

Base Material Nominal Chemical Composition wtTo

I¡conel 738LC 2.48W, 1.88Mo, 0.07Fe, 0.92Nb, 3.4641
3.47Ti. 1.69Ta.0.001S. 0.04 Zr. 0.0128. Bal. Ni

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

<0.001 Me. <0.001 Cu. <0.001 Co. Bal. Ni

Filler Alloy Nominal Chemical Composition wtTo

MBF60(Ni-P)
MBF80(Ni-Cr-B)

Nicrobraz 1 50(Ni-Cr-B)
Nicrobraz50(Ni-Cr-P)
Nicrobraz30(Ni-Cr-Si)

0.10C, 11.0P, Bal. Ni
15.2C¡, 0.06C,48, Bal. Ni
15Cr, 0.06C, 3.58, Bal. Ni
10P, 14Cr,0.06C. Bal. Ni

10.2Si. 19Cr.0.06Cr. Bal. Ni



Filler alloy was placed between the cleaned mating surfaces and the assembly was tack-

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

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

vacuum fumace operated at a vacuum of approximately 5 X 10-s ton.

3.3 MicroscopicExamination

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 HzO. Electrolytic etching was done on some specimens using 12ml H3PO4 + 40rnl

HNO3 + 48 ml H2SOa 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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3.4 Analytical Modeling of TLP Bonding

Theoretical calculations of the time t¡ required to achieve complete isothermal

solidification and the maximum dissolution width W,,,0* in binary systems were obtained

by wliting and using an executable program in VisualBasic using Miclosoft Visual

Studio.

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

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

solve for tr and Wn,u* based on equations 3.2 and3.3. 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.

C . -C -- K.0+erf (K\\
e=-t7t.-àlcKra (3.r)

w'
76.K'.D

w -Co'W'c,.,

(3.2)

(3.3)

Input parameters include initial filler thickness Wo, initial concentration of MPD solute in

the filler C¡ and in the base metal Cr, solidus and liquidus concentrations of the MPD

solute in base metal, Cq¡ and C¡q respectively, and diffusivity of the MPD solute, D, in the

base metal. Normally, C¡ 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 C¡. Liquidus and

solidus concentrations Cor and Ctr were obtained using binary phase diagrams for Ni-B,



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 Co¡ directly from the

phase diagram. Therefore, linear approximation of the solidus line was assumed and Car

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

solute in the base matelial 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 iiterature. 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.

D = D.exp(-Q/ RT) (3.4)

3.5 Numerical Simulation of TLP Bonding

Numerical simulation of TLP bonding was canied 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 tlacks 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-f,rller couple, the program was used for simulating

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

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

such as half+hickness of filler alloy, Cp, C¡, Cq¡ ând Ctû 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, Dr and Ds respectively, and D¡

was assumed to be relatively constant at 5x10-6 m2lsec. After running a simulation, the

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

width of iiquated 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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Binary System F requency Factor

Do (m2lsec)

Äctivation Energy

(kJ/mol)

Reference

Ni-B 0.14 226 t43l

Ni-P o.49 284 t43l

Ni-Si 0.00106 271 t44l

Table 3.2: Frequency factors and activation energies used to calculate MPD solute's diffusivity in bas€

metal
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Chapter 4: Results and Discussion

Part I: Extensíon of Isothennal Solidification Completion Time with

Increase in Bondíng Tentperature

4.1 Introduction

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

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

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

repofted 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 [i9, 30, 38, 45,46,4']l have shown that there exists an anomalous behavior

where isothermal solidification time, t¡ actually increases when the bonding temperature

is raised above a certain critical value, T". 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

inte¡face can slow down the solidification process resulting in elongation of

the time required to prevent the formation of eutectic{ype 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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lncreased 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

ilel.

Regarding the first suggestiou, actual experimental observations [3i] 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 behaviol 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 occuÍence of the anomalous behavior in systems where only one MPD solute

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

temperatures in binary systems where there were essentially no secondary solutes [3i]

suggests that èvents 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

durìng 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 ín the literature prior to the pr€sent work. This phenomenon is also

reported and discussed in this section.

4.2 Effect of Bonding Temperature on Base Metal Dissolution

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

temperatures, 1100, i 140 and 1180 oC for 7 hrs . Micrographs of the joints are shown in

Figures 4.1 to 4.3. Average dissolution widths obtained from the miclographs 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 ¡rm Ni-B fil1er

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 ordel to dilute the liquid to attain equilibrium composition.
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Figure 4.1: Micrograph ofIN738 bonded with 76 ¡-rm MBF80 filler at I 100 "C for 7 h¡s (X200)

Figure 4.2: Micrograph ofIN738 Bonded with 76 ¡rm MBF80 filler at 1140 "C for 7 hrs (X200)
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Figure4.3: Micrograph of IN738 bonded rvith 76 ¡]m MBF80 filler at 1180'Cfor7 hrs (X200)
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It was noted that the experimental dissolution width obtained for IN738 was larger than

the calculated value for pure nickel using the analytical model. It is possible that the other

alloying elements present in IN738 piayed a role in increasing the dissolution width

compared to the case of pure nickel where only the effect of boron was considered.

The effect of other alloying elements on base metal dissolution has been previously

suggested by Nakagawa et al. [40]. They reported that dissolution may increase with

increase in base metal alloying element concentration and that the time for completion of

the dissolution stage may also increase for complex commercial superalloys relative to

binary systems due to the presence of elements other than the MPD solute in the base

material. Since inclease in temperature produces increased base alloy dissolution, it is,

thus, apparent why increased temperature can be expected to cause increase in isothermal

solidification completion time, tr, as suggested by MacDonald and Eager [45].

Nevertheless, it is to be noted that reduction of solute solubility in the base metal with

increase in temperature can also produce similar effect.

4.3 Comparison of the Effects of Increased Base Metal Dissolution

and Reduced Solute Solubility on Extension of t¡

To study the relative effect ofbase metal dissolution and solute solubility on extension of

tr with increase in temperature, analytical modeling was used to simulate TLP bonding of

pure nickel using Ni-P filler. This was performed by keeping the maximum liquid

interlayer width Wn,u* constant at varying temperatures where the solubility of the MPD

solute in the base metal differs to examine the sole effect of solubility without any change

in dissolution width.
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The result presented in Figure 4.6 show that, at a constant Wn,u*, t¡ initially decreases with

increasing bonding temperature up till a critical temperature T., above which increase in

temperature increases t¡. According to Ni-P phase diagram, solubility of phosphorous

reduces with increase in bonding temperature above the eutectic temperature. This, thus,

indicates that increase in isothermal solidification completion time with increase in

temperature can occur during TLP bonding due solely to the effect reduced solute

solubility without contribution from increased base alloy dissolution.

Even though reduction in solute solubility with increased temperature can cause extended

t¡ at tempelatures above T", analytically predicted T" (1250 oC) for the Ni-B system,

beyond which this would occur is excessively higher than what has been observed

experimentally [46]. This suggests that besides the mere reduction in solute solubility,

there is possibly another phenomenon contdbuting to the anomalous behavior of

extension in k with increase in temperature. Moreover, an important assumption in the

analytical model, on which the effect of solute solubility is based, appears unfeasible for

some TLP bonding conditions. This issue, which resulted in identification of a new

alternate cause of T" in this study, deviation from parabolic law between average eutectic

width and holding time, is reported and discussed next.
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4.4 Deviation from Parabolic Behavior - A New Cause of T"

As stated earlier, theoretical diffusion-based models have been developed to represent the

underlying mechanism of isothermal solidification stage of TLP bonding and to predict

the tf necessary for producing a eutectic free joint. Standard analytical models generally

rely on an assumption of a parabolic-type relationship between solidliquid interface

displacement and holding time to predict h. Predictions based on this approach have been

previously found to correlate reasonably well with some experimentally determined ç in

different alloy systems including IN738 superalloy t46, 481. Nevertheless, a more careful

consideration of Fick's diffusion equation on which the standard analytical models are

based, suggests that the parabolic behaviol may not be a general rule applicable to all

process conditions during TLP bonding. Proper understanding of influence of salient TLP

bonding parameters on tr is imperative to the calibration of existing models and

fundamental to the development of more versatile, effective and reliable models for

optimizing the joining technique fo¡ industrial applications. An objective of the present

work was, therefofe, to experimentally verify the supposed limitation of the parabolic

behavior concept and to gain better understanding of the influence of process variables on

preclusion of deleterious eutectic microconstituent during TLP bonding of IN738

superalloy.

To study the issue of parabolic behavior, IN738 specimens were TLP bonded at 1140"C

and 1200oC for various holding time ranging from 10 - 720 mins. The microstructure of

the joint prepaled for 10 mins, as observed by SEM operated in back scatter mode, is

shown in Figure 4.7.

-63-



Figure 4.7: Microstructure of centerline eutectic for test done at I 140
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The microstructure showed the existence of a continuous distribution of centerline

eutectic microconstituent consisting of nickel base solid solution phase, nickel rich boride

phase, and chromium rich boride phase. Similar eutectic product in the centerline of TLP

bonded Ní alloys have been reported in the litelature t46, 48-501. The eutectic was

formed from residual liquated insert during cooling flom the bonding temperature due to

insufficient diffusion of MPD solute, boron, away from the liquid to achieve complete

isothermal solidification durìng holding. Increase in the holding time resulted in

increased boron diffusion and isothermal solidification with corresponding decrease in

the eutectic width. A plot of average eutectic width against square root of holding time is

presented in Figure 4.8, which shows a linear relationship up to a holding time of 330

mins, beyond which significant deviation from linearity occuned.

Analytical TLP bonding models are based on solutions to Fick's second law of diffusion

equation:

99=o9]9
â¡ àx'

(4.1)

where ôClôt is the change in solute concentration with time at a given position in the base

metal, D is the diffusion coefficient, and ô2clôx2 is the rate of change of solute

concentration gradient with respect to distance ll9, 20, 22, 241. In these standard

mathematical models, it is generally assumed that during isothermal solidification stage,

diffusion-induced migration of the solid/liquid interface, h, follows a parabolic law,

h=2q (tt2) (4.2)
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Figure 4.8: Plot of average eutectic width vs. square root of time
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where t is the holding time and the parameter g indicates the rate of interface migration.

This implies a linear relationship between residual liquid thickness and square root of

holding time. It is implicitly assumed in these models that the base material is of infinite

o¡ semi-infinite thickness, which permits the use of error function soiutions of the Fíck's

diffusion equation to represent solute distribution in the solid substrate. This approach

allows the solid-liquid interface displacement to maintain its parabolic behavior with time

during continual diffusion of the MPD solute into the base material, even as its

concentration gradient in the solid reduces persistently.

In most TLP bonding experiments, however, the base materials do have finite thickness

and this could lead to consequential deviation of experimental observations from

pledictions based on the standard analytical models. This possibility and its consequences

have not been generally repofted in TLP bonding studies. An important possible case is

that, for a finite base matedai thickness, reduction in the rate of change of solute

concantration gradient with respect to distance below a critical value at any given

location in the substrate can cause signifìcant departure from the palabolic migration of

the solid-iiquid interface with time.

This plausible diffusion event, which is not captured or predicted by standard analytical

TLP bonding models, can be duly elucidated by the application of implicit finite

difference model to numerically solve the Fick's diffusion equation. The rate of change

of solute concentration gradient with respect to distance at any location in the base

material affected by solute diffusion is in tum dependent on the actual concenlration

gradient at such location.

-67 -



Proper study of deviation from parabolic behavior can be done if a suitable simulation

tool is chosen. In contrast to analyticai models whích depend on enor function solutions,

numerical models can solve the diffusion equation for a range of inítial and boundary

conditions, even though the analysis is complex due to the moving solid-liquid interface.

The numerical approach does not assume a constant solidification rate and, as a result,

deviation from the parabolic behavior between holding time and width of the remaining

joint's microconstituents can be duly detected.

A mathematical algorithm for solving the standard Fick's equation 4.1 has been

developed by Illingworth et. aI. 1321. Their approach uses a variable spatial discretization

and a transient finite difference method to solve the goveming equations stated

previously in equations 2.73 to 2.15 fi'om which equations 4.3 to 4.5 are derived; where

equation 4.5 is a discretization equation for the displacement of liquid-solid interface

derived ensuring conservation of solute.

lp !', n' - p i r' Iu,u,, - r,,,,1= #l@ ^)!ü,,

+ (s 
j-' 

- si )[pi,] î zu ¡*t t z - p ij,î ru,-,, r1

pi,'," - pi'" -ço¡1;",,ti!----fu..-u. u.-u.. I

(4.3)

lqi"e-ri.t¡-qj(L-s')l(v,-,,, -v,-,,,) = . e 
,rrlg."¡qii" -qi.' -(o,¡qi-" -qil")

L-s'- | v,,,-v, t,-vr, 
_l

+ (s'-' - s i )[qi] î, (I - v *,,,) - S i :,i, 0 - r, -,, )J
(4.4)
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Where&is the time step; siis the future interface position in time step j; p/is the

concentration in phase A in position i in time stepj; 4/is the concentration in phase B in

position I in time step j; I is the thickness of phase B plus half-thickness of phase A; a is

the proportional position in phase A; v is the proportional position in phase B; M and N is

the number of discretisation points; D¡ is the diffusion coefficient in phase A; D¡ is the

diffusion coefficient in phase B; c¡ is the equilibrium concentration ofphase A in contact

with B; c¡ is the equilibrium concentration of phase B in contact with A; a is a constant

between 0 and 1.

In the present work, a program was written in MatLAB code which implicitly solves

equations 4.3 to 4.5 using the algorithm outlined in appendix C. The program produces a

converged numerical solution for the liquid-solid interface migration during TLP

bonding. A detailed guide to the mathematical implementation of the program is provided

in appendix C.

The above approach was used in the present wolk to simulate TLP bonding of 6 mm

thick Ni base metal having initial boron concentration of 0.012 wt Eo wíth a filler alloy of

varying thicknesses and containing 4 wl%o of boron at 1140 oC. Figures 4.9 and 4.10
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shows a plots of residual liquid halfJayer thickness against square root of holding time

and the corresponding distdbution of boron concentration in the base metal after

completion of isothermal solidification, respectively, for different initial gap sizes. As can

be seen by the plots, a linear relationship exists between the liquid thickness and square

root of time throughout the duration of holding time required to achieve complete

isothermal solidification for initial gap sizes 60 and 80 ¡tm. An increase of the gap size to

120 and 130 ¡rm, however, resulted in a considelable deviation from the linear

relationship toward the end of isothemral solidification, which can be related to the

concomitant reduction of solute concentration gradient below a certain critical level,

@C/Ax).. This, thus, theoretically shows that an increase in diffusion of MPD solute due

to increased gap size during TLP bonding can lead to a situation where the parabolic

relationship between solid-liquid interface displacement and holding time will cease to

hold due to considerable reduction in solute concentration gradient.

The result of the present work, which showed deviation from the linear relationship in a

120 pm gap size specimen experìmentally, supports this concept. A review of reported

data in the literature also showed deviation from the parabolic rule under some

experimental conditions t23, 30,311 even though the occuû:ence \ryas not related to

(ôC/õx)".ln a recent study of a novel technique involving the use of differential scanning

calorimetry (DSC) to accurately quantify the kinetics of solid/liquid interface migration

during TLP bonding, it was observed that an increase in filler gap size resulted in notable

deviation from the parabolic law 1231. Their observation could se¡ve as further

experimental support to the concept that increased diffusion of MPD due to larger gap

size can resuìt in breakdown of the palabolic behavior.
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Figure 4.9: Numerically simulated variation of half-width of liquated interlayer with square root of time

using different initial gap sizes

Figure 4.10: Numerically simulated variation of boron concentration in 6mm base metal thickness using

diff€rent initial gap sizes
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It has been previously suggested that deviation from parabolic behavior during TLP

bonding is a consequence of presence of two MPD solutes with different solubilities

and/or diffusivity in the liquated interlayer during joining [38]. Nevertheless, repofed

observation of this phenomenon in a binary system containing exclusively one MPD

solute [31] provides experimental evidence that deviation from the parabolic law is

possible under the influence of concentration gradient of a single diffusing solute without

a necessary contribution from a second diffusing MPD solute, as explicated above.

Besides the mere occurrence of departure from parabolic behavior, the consequence of

this deviation with regard to the influence of a crucial joining parameter, bonding

temperature, on preclusion of deleterious eutectic microconstituent is vital. At the onset

of deviation, the constant parameter tp in equation 4.2 becomes inadequate in representing

isothemal solidification rate as the rate reduces continuously within the deviation zone.

The rate of decrease of the isothermal solidification rate within the deviation zone and

thus, the size of the zone, which determines the time required for complete isothermal

solidification, are dependent on the magnitude of ôClõx. The õClô\ is influenced by the

solubility of the diffusing solute in the base material at the particular bonding

temperature. As illustrated in Figure 4.11, a decrease in boron solubility from 0.055 -
0.0051 wtTo raised (ôClâx)", which caused wider deviation zone in the 60 pm joint. This

can constitute a major practical significance in situations where the solubility of a MPD

solute reduces with increase in temperature, for instance, above the eutectic temperature

of Ni-B system. Above any temperature where deviation from parabolic behavior occurs,

a higher' (ôClAx), due to decreased solute solubility will produce extended deviation zone

with an attendant greater extent of isothermal solidification rate reduction. This may lead



to a situation where a longer holding time t¡will be required to produce eutectic-flee joint

by complete isothermal solidification at a higher bonding temperature compared to what

is needed at a lower temperature. To verìfy this possibility, in the present work, IN738

specimens with 120 ¡rm initial gap size were TLP bonded at 1 140 and 1200 oC for 16 h.

Microstructural examination of the joints showed that while complete isothermal

solidification was achieved in the 1140 oC specimen after the 16 hrs of holding,

centerline eutectic \'r'as formed in the 1200 oC joint due insufficient holding time for

complete isothermal solidification as seen in Figures 4.12 to 4.14. This is in contrast to

the general expectation that an increase in bonding temperature will reduce the time

required to achieve complete isothermal solidification. A notable observation was made

in the 1200"C joint in that the centerline eutectic \"as found to consist of boron rich

particles, which were not present in the I 140 oC joint prepared for same holding time.

This indicates that the diffusion of boron in the base alioy away from the liquid interlayer

was reduced at the 1200oC bonding temperature compared to 1140 "C, which can be

related to higher degree of deviation from parabolic behavior at 1200 oC. Similar

experimental observations in other base and filler alloy systems where increase in

bonding temperature above a certain temperature, T", resulted in elongation of tt has been

Ieported in the litelature. However, this is the first time that this phenomenon will be

related to the effect of deviation from parabolic behavior.
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Figure 4.12: Complete isothe¡mal solidification for test done at 1 140 'C, 16 hrs

Figure 4.13: Centerline eutectic present for test done at 1200 oC, 
16 hrs
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Figure 4.14: High magnification of cent€rline eutectic present for test done at 1200 'C, 16 hrs
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It is needed to clarify here that the concept of increase in kwith inc¡ease in temperature

above Tc due to deviation from the parabolic behavior that is discussed in the present

work is strategically different from another concept by which hcan increase with increase

in temperature due exclusively to decrease in solute solubility. In the case of the latter

concept, in the absence of deviation from the parabolic relationship, based on Ficks

diffusion equation, an increase in temperatule can lead to a temperature where reduced

ôClõx ar the onset of isothermal solidification due to lower solute solubility can override

the increased diffusíon coefficient and, thus, result in elongation of t¡. This concept is the

only type that is captured and predicted by standard analytical TLP bonding models.

According to standard analytical models, for a given filler-base alloys system, the

temperature, T", is constant, typically very high and it is independent of initial gap size.

On the contrary, however, based on the concept of deviation from parabolic behavior, for

a given filler-base alloys system Tc is a variable that is dependent on gap size. An

increase in gap size will reduce T" below the constant value predicted by anal¡ical TLP

model. A tactical criterion that can be used to determine which of the two concepts is

possibly operational in TLP bonding experiment where T" occurs is suggested here. In

the absence of deviation from parabolic behavior, the isothermal solidification rate will

be lower at temperatures above T" compared to some at temperatures below it, for all

holding time as shown for an example in Figure 4.15. However, in situations where t" is

caused by deviation from parabolic behavior, at some temperatures initially higher

relative to that at lower temperatures until after the considerable extent of solute diffusion

to initiate deviation has occurred, subsequent to which the rate u'ill decrease as shown in

Figure 4.16,
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Proper consideration of possible deviation from the parabolic rule, which is not envisaged

by standard analytical models and its likely consequence on reliable prediction of t¡ is

crucially important in the optimization of TLP bonding parameters to obtain joints free of

deleterious eutectic microconstituents.

4.5 Influence ofProcess Parameters on Tc Based on the Concept of

Deviation from Parabolic Behavior

4.5.1 Effect of solubility of MPD solute on Tc

Based on the concept that deviation from parabolic law occurs due to decrease in ôClôx

below a critical value, an increase in solute solubility in the base material can be expected

to have an effect on the deviation and T".

In order to theoretically study the effect of solubility of the MPD solute on deviation

from parabolic behavior, numerical simulation was performed by varying solubility of

boron at 1200 "C and the result in presented in Figure 4.1'7. An increase in solubility

would increase ôClôx in the base material which in effect extend the region where solid-

liquid interface migration maintains a parabolic relationship with holding time, thereby

preclude the occunence of deviation from parabolic behavior.

Boron and silicon are commonly used MPD solutes in filler alloys for joining nickel base

superalloys. While boron exhibits higher diffusivity in nickel, its solubility in nickel

alioys is significantly lower than that of silicon. Numerical simulation was performed to

study the effect of the low boron solubility compared to that of silicon on the occurrence
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of deviation from parabolic behavior and, thus, the occunence of T" during TLP bonding.

Simulated variation of isothermal solidification time with bonding temperature using

boron and silicon containing fillers is shown in Figure 4.18 and 4.19. As can be seen

from the figures, deviation fiom the parabolic law occurred in the Ni-B system, while the

parabolic law was obeyed for all bonding temperatures in the Ni-Si system.

The maintenance of parabolic relationship in Ni-Si system in contrast to Ni-B system can

be related to the higher solubility of Si in nickel, which would result in higher

concentration gradients and, thus, (ôCl?x)c. This can be significantly important, in that,

even though Si exhibits lower diffusivity in Ni, the rate of isothermal solidification can

be faster in Ni-Si system compared to Ni-B at bonding temperatures where deviation

from parabolic occurs in Ni-B system. To experimentally investigate this possibility, TLP

bonding of IN738 was performed at 1140 oC for 7 hours using 200 ¡lm thick

Nicrobrazl50(Ni-Cr-B) and Nicrobraz30(Ni-Cr-Si) ñller. Optical micrographs of the

joints are shown in Figures 4.20 and 4.2L The average width of centerline eutectic was

found to be 86 ¡.rm in the boron-containing filler 43 ¡rm thick in the specimen bonded

with silicon-containing filler. The thicker eutectic in the boron-containing joint due to

deviation induced reduction in the rate of isothermal solidification is consistent with

predicted behavior.

Accordingly, this suggests that the prohibitive extension of t¡ due to deviation at higher

bonding temperature can be avoided by the use of filler alloys that contain solutes with

high solubility.
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Figure 4.17: Numerically simulated va¡iation of half-width of liquated interlayer with square root of time

using increased solidus solubiìity of bo¡on in nickel
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Figure 4,18: Numerically simulated variation ofhalf-width ofliquated interlayer with square root of time in

Ni-B system

Figure 4.19: Numerically simulated variation of half-width of liquated interlayer rvith square root of time in

Ni-Si system
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4.5.2 Effect of initial concentration of MPD solute in fíIler on T,

Commercial filler alloys are usually available with varying concentration of MPD

solutes, which may influence microstructural development in TLP joint depending on the

process condition.

To study the effect of initial concentration of the MPD solute, C¡, on T", numerical

simulations were carried out at by varying boron concentration in filler from l7 at.Vo - 33

at.Eo with a filler half-gap of 20 pm. Isothermal solidification completion time, tr, was

computed and plotted against bonding temperature as shown in Figure 4.22. As seen in

the figure, a decrease in T" was observed with increasing initial solute concentration.

An increase in the concentration of MPD solute in a filler alloy implies higher amount of

solute to be diffused into the base matelial during joining. An increase in the amount of

diffusing solute will reduce solute concentration gradient in the base alloy, which may

decrease below the critical value (ôC/Ax). that results in deviation from parabolic

behavior. This is illustrated in Figures 4.23 and 4.24 where an inc¡ease in initial boron

concentration in filler from 17 at.qo to 33 at.Eo cassed the solidJiquid interface

displacement to deviate from parabolic relationship with holding time. Inducement of

such deviation at a temperature where it would not normally occur, by an increase in Cr,

would in effect ¡educe T", the tempelature at which extension of TLP processing time

with increase in temperature commences.
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Figure 4.23: Numerically simulated variation of half-ividth of liquated interlayer with square root of time

using C¡ of l7 atTo
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F\gure 4.24: Numerically simulated variation of half-wìdth of liquated interlayer with square root of time

using C¡ of 33 atTo
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Accordingly, this suggests that a possible approach of avoiding increase in processing

time during high temperature TLP bonding is selecting filler alloy that contains ¡educed

concentrati.on of MPD solute.

4.5.4 Effect of inilial concentration of MPD solute in base material on T"

A very important issue that has not been generally considered during TLP bonding

studies is that base materials can contain some level of MPD solute concentration prior to

bonding, and the possible effect of this on the process kinetics has been largely neglected.

In the present work, to study the effect of initial MPD solute concentration in base

material, Cn,, on the temperature, T", above which isothermal solidification rate slows

down, numerical simulation was performed by varying C,n from 0 atVo to 0.09 at%o B at

various bonding temperatures. The simulation tesults in Figure 4.25 shows that

increasing Cn, from 0 to 0.08 at.Eo and then to 0.09 at.7o resulted in a decrease in the

temperature Tc. I¡ the numerical simulation results shown in Figures 4.26 and 4.27, the

parabolic law was obeyed for all temperatures between 1120 to t 180 oC at C, of 0 atVo

and T" was not observed within this temperature range. lncreasing Cn to 0.09 atVo

resulted in notable deviation from the parabolic law at 1i80 oC which caused the

prolonged isothermal completion time and the existence of T" within the temperature

range between 1 150 "C and I 180 "C.
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Figure 4.26: Numerically simulated va¡iation of half-width of liquated interlayer with square root of time

using C. of 0 atTo

Figure 4.27: Numerically simulated variation of half-width of Iiquated interlayer with square root of time

using C. of 0.09 atTo
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Presence of MPD solute in a base material prior to bonding would lower the solute

concentration gradient in the material dufing bonding. At any given temperature, the

extent of such reduction in ôClôx would increase with increasing initial solute

concentration, which can lead to the occulTence of (ôClâx)" and, thus, deviation from the

parabolic behavior. Lowering the temperature of commencement of deviation by an

increase in C, would in tum ¡esult in decrease in T" as seen in Figure 4.25. Therefore,

consideration of initial presence of MPD solute in base materjal and the mode of its

existence either in solid solution form or in second phase particles is important in

determining optimum process parameters for producing eutectic free TLP joint.

4.6 Effect of Base Metal Thickness on Tc

Analytical TLP bonding models generally treat base materials as semi-infinite or infinite

diffusion mediums. However, as indicated in section 4.2, this can be grossly inaccurate

assumption that neglects the possible departure fi'om parabolic law. Numerical analysis

has shown that decrease in solute concentration gradient below a critical value (ôC/Ax)c

during TLP bonding can actually cause deviation from parabolic to occur in finite base

materials. Based on the numerical approach concept, another very impoÍant factor of

practical significance, that can influence ôClõx and, thus, existence of the temperature,

T", is the thickness of the base material. The larger the base metal thickness, the more

available matedal for diffusion of MPD solute which can increase ôClô\ by alleviating

solute build up. Hence, it is conceivable that increasing base metal thickness may

eliminate deviation from parabolic behaviol by increasing ôClâx above the critical value

(ôClõx)c. To investigate this possibility, numerical simulation was perfomred by varying

base metal thickness from 4 mm to 6 cm at 1150 "C with a half-gap size of 38 ¡m. The
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result of the simulation including solute concentration profile in the substrate is presented

in Figures 4.28 and 4.29, respectively. As can be seen from the figures, an increase in the

base metal thickness 6mm raised the solute concentration gradient in the material and this

¡esulted in removal of the deviation that existed in 4 mm base material. Further

simulation, as presented in Figure 4.30, shows that such elimination of deviation can

increase the temperature T", which suggests that reduction in isothermal solidification at

higher temperatures during TLP bonding can be effectively avoided by increasing the

thickness of base material.

Experimental investigation was carried out to verify this possibility by performing TLP

bonding of IN738 superalloy with thicknesses of 6 mm, 21 mm and 30 mm at 1180 oC, 
a

temperature where reduction in the rate of isothermal solidif,rcation was previously

observed in the material. Microstructural examination of the joints produced in these

specimens showed a notable variance with the theoretical predicted behavior, There was

no apparent difference in the width of the eutectic product fomed along the cente¡line of

the joints. This implies that the rate of isothermal solidification was essentially the same

in all the samples, regaidless of the thickness of the base metal.

The cause of such unexpected departure from numerically predicted behavior generated a

wofthwhile interest. A subsequent closer examination of the numerical simulation result

in Figure 4.31 showed that the predicted effect of base alloy thickness was premised on

the assumption that the diffusing solute penetrates to the end of the substrate before the

critical concentration gradient (ôC/ôx)c was attained. Under such condition, it is
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reasonable to expect an increase in substrate thlckness to raise ôClâx above (âClâx)" and

thus inc¡ease the rate of isothermal solidification.

Experiment was then planned to examine the extent of solute penetration in the base

material at temperatures where deviation from parabolic behavior was observed. The

initial objective was to verify whether penetration of MPD solute to the end of a base

material is a necessary condition for the occunence of deviation from parabolic behavior

as suggested by the numerical simulation result. A major initial challenge to the goal was

with the quantification of boron concentration in the IN738 superalloy. The ultra+hin

window energy dispersive spectrometer attached to the SEM used in the present work can

detect boron but it can not quantify it with sufficient reliable accuracy. A rapidly growing

technique for quantifying light trace elements like boron in nickel, laser ablation-

inductively coupled plasma-mass spectrometry (LA-ICP-MS), was used for determining

boron concentration profile in the base material of specimens bonded at 1180 oC, where

deviation from paraboiic behavio¡ had occurred. The technique involves using a ultra-

violet laser to ablate material in air-tight cell and form a stream of fine particles from the

specimen surface. The ablated material is subsequently carried in a helium aerosol into an

inductively coupled plasma mass-spectrometer (ICP-MS) where ionization occurs in

argon-plasma at approximately 6000 K.

The result of the laser ablation experiment (Figure 4.32) shows that, in contrast to the

aforementioned assumption, boron did not penetrate through to the end of the specimens

despite the occurrence of deviation from parabolic behavior. This shows that practically,

deviation from parabolic behavio¡ can occur during TLP bonding without full solute
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penetration to the end of the base material. In such situations, any increase in base metal

thickness would have negligible, if any, effect in incleasing isothermal solidification rate

by eliminating the occurrence of deviation from parabolic behavior. This could explain

why an increase in the base metal thickness from 6 mm to 30 mm did not produce any

notable change in the thickness of centerline eutectic product observed in the joints as

stated above.

Accordingly, the result indicates that the phenomenon of deviation from parabolic

behavior and T" may not be limited to thin sections or relatively small laboratory

specimens, but it can also be operational large industlial components like gas turbine

blades. This, therefore, underscore the need for careful consideration of the factors

indicated in this study that can influence T", and thus, TLP processing time, in order to

improve the commercial appeal of the bonding process.

4.7 Corollary

This study has identified a new altemate cause of increase in processing time at higher

temperature during TLP bonding to be the departure from parabolic law due to decrease

in concentration gradient of MPD solute below a critical value in the base metal. Salient

factors that can potentialiy influence this phenomenon a¡e initial concentrations of MPD

solute in filler and base alloys, solubility of the MPD solute in base material and

thickness of filler alloy. This can be partly illustrated by a 3D plot as shown in Figure

+.33.
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Figure 4.28: Numerically simulated variation of half-width of liquated interlayer with square root of time

using varying base metal thicknesses

Figure 4.29: Numerically simulâted variation of solute concentration with percentage of base metal

thickness using various base metal thicknesses
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4.8

Part II: Influence of Process Parameters on Microstucture o-f TLP
Bonded Joínt Usins Phosphorous Bearing Filler Alloy

Introduction

As previously stated, in certain applications such as the repair of nuclear power plant

components, the use of materials containing boron can be harmful and can negatively

impart performance in nuclear plants. For such applications, filler alloys containing

phosphorous and silicon are prefened. However, there are limited published reports on

the effects of.process parameters on the micrcstructure of TLP bonded joints in nickel

using phosphorous containing fillers.

In this section of the thesis, the effect of holding time, gap size and bonding temperature

on microstructule of TLP bonded joint using a filler alloy containing phosphorous as the

MPD solute. To preclude the complexity of base material alloying elements, TLP

bonding of commercially pure nickel was used.

4.9 Effect of Holding Time on Microstructure of TLP Joint

The effect of holding time on microstructure of the joints was studied by performing TLP

bonding of 38 ¡rm gap specimens at 1100'C for 1, 4, and 24 houls. The microstructure of

the joints after the respective holding times, as obtained by SEM operated in secondary

electron imaging mode, is shown in Figures 4.34 to 4.36. All of the joint's

microstructure consisted of a continuous center'line eutectic constituent. Eutectic

morphology of the centerline microconstitiuent was further observed by atomic number

based contrast of SEM backscatter electron imaging mode as shown in Figure 4.37. The
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average width of the centerline eutectic decreased from 22.32 ¡tm in t h specimen to 13

pm in 4 hrs specimen while 24 hrs of holding resulted in further reduction to a gap width

less than 1 pm. Qualitative analysis using SEM EDS and X-ray line scan across the

eutectic including that of the 24 hour specimen showed signif,rcant segregation of

phosphorous into the centerline microconstituent as seen in Figures 4.38 to 4.40.

The Ni-P phase diagram [51] showed that phosphorus has very small solubility in the

nickel and forms intermetaliic phases Ni3P, Ni5P2 and Ni12P5. According to the binary

phase diagram, eutectic reaction between nickel solid solution and Ni3P occurs at 880oC.

The centerline eutectic observed in the present work, comprising of nickel solid solution

and phosphorous rich phase is believed to be formed by solidification reaction during

cooling due to an insufficient díffusion of phosphorous into the base metal to achieve

complete isothermal solidification during holding at the bonding temperature. Formation

of this non-equilibrium solidification microconstituent with continuously distributed

morphology could be deleterious to mechanical properties of bonded materials, as it may

provide a low resistance path for crack inítiation and/or propagation and should therefore

be avoided. An increase in the holding time durìng bonding would, however, permit

increased diffusion of the melting point depressing element, phosphorus, into the base

metal, Accordingly, this will result in increased isothermal solidification and concomitant

reduction in the amount of residual liquid that transforms to centelline eutectic product

during cooling. Phosphorous peaks were observed by SEM EDS in the isothermally

solidified region of the joint, which supports diffusion of melting point depressant

induced isothermal solidification (Figure 4.41).
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Figure 4.34: Microstructure of specimen using 38 Fm Ni-P filler tested at I l00C for t h

(x 1000)

Figure 4.35: Microstructure of specimen using 38 ¡r m Ni-P fille¡ tested at 1100C for 4h

(x 1000)
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Figure 4.3ó: Microstructure of specimen using 38 ¡lm Ni-P filler tested at I l00C for 24 hrs (X 5000)

Figure 4.37: High magnification SEM backscatfer electron jmage of centerline er¡tectic product
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Figure 4.38: SEM EDS analysis ofcenterline eutectic
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Figure 4.39: SEM EDS ânalysis ofcenterline eutectic in specimen bonded at 1100 oC for 24 hrs
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Figure 4.40: SEM EDS X-ray line scan across eutectic product
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Figure 4.41: Spectrum of SEM EDS showing phosphorous peak in isothermally solidified rcgion

ofTLPjoint
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As stated earlier, increase in holding time from t h to 24 hrs required fo¡ increased

phosphorous diffusion at a constant temperature of 1100 oC, resulted in significant

decrease in the width of the deleterious centerline eutectic from 22 ¡tm fo less than 1 pm.

4.10 Effect of Initial Filler Material Gap Size on Microstructure of

TLP Bonded

To study the effect of filler gap size on microstructure of TLP bonded joint of the nickel

base metal, 38 ¡.r m and 76 ¡-r m gap-sized specimens were bonded at 1180"C for 8 and 24

hours. The microstructure of the samples bonded for 8h, as obtained by the optical

microscope, are shown in Figures 4.42 and 4.43. Both of the joints consisted of

continuous centerline eutectic product. Nevertheless, an increase in average width of the

eutectic constituent fi'om 16.85 ¡rm in the 38 ¡rm specimen to 27 pm in the 76 pm

specimen was observed, The formation of continuous centerline eutectic in the two

specimens indicated that a complete isothermal solidification of the liquated insert was

not achieved after 8 hrs of holding at 1180'C bonding temperature. Mic¡ostructural

examination of joints prepared at the 1180'C bonding temperature for 24 hrs holding

time showed that complete isothermal solidification was achieved in the 38 ¡lm specimen

while a continuous centerline eutectic with an avelage width of about 5.76 pm was

formed in the 76 pm specimen due to incomplete isothemal solidification. The

microstructure of the samples bonded for 24h, as obtained by SEM, are shown in Figures

4.44 and,4.45.
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Figure 4.42: Microstructure obtained for test done at 1 180 oC for 8 hrs using

38 pm Ni-P filler alloy (X 1000)

Figure 4.43: Microstructu¡e obtained for test done at I180 'C for 8 hrs using

76 ¡rm Ni-P Filler alloy (X 1000)



Figure 4.M'. Microstructure obtained for test done at 1180'C for 24 hrs using

38pm Ni-P filler alloy (X 5000)

Figure 4.45: Microstructure obtâined for test done at I 180 oC for 24 hrs using

76¡.rm Ni-P filler alloy (X 4500)



As mentioned earlier, migration of solidliquid interface, i.e. isothermal solídification of

liquid insert during TLP bonding occurs by diffusion of melting point depressing solute

(phosphorus in the plesent work) from the liquid into solid base alloy, At the constant

temperature and holding time, the amount of phosphorus diffusion and, thus, extent of

isothermal solidification would be the same in the two different gap size specimens.

Therefore, the width of residual liquid, which transformed during cooling into centerline

eutectic in both specimens, is expected to decrease with decrease in initial filler gap size,

as was observed. This implies that longer time will be required to achieve complete

isothermal solidification in larger gap size samples compared to smallel gap size samples.

Models based on the diffusion induced solidJiquid interface motion [31,48] have been

used in estimating the time, k that is required to ploduce a single phase miclostructure

during TLP bonding through a complete isothermal solidification of liquated insert.

Generally, in these models, the time trcan be approximated by

(4.1)

Where, D is diffusion coefficient of the melting point depressant in the sold base alloy,

and 2 hrs is the maximum with of the insert following its equilibrium at solid-liquid

interface, y is a dimensionless parameter, which is estimated by solving equation 4.8

numerically.

4 2lt,i = 
yt'oY'

ffi = rJ; ".p(yt 
t 2 (t + e ú (y))) (4.8)

Where, Co and Cp are solute concentration in the solid and liquid phase at the migrating

interface, respectively. Cm is the initial solute concentration in the base alloy. The

maximum width, h, of the insert after equilibration depends strongly on the initial width

(W) of interlayer employed. Thus, it can be seen from equation 4.7 , a¡d as indicated by
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the present observation, that the time, h, for full migration of the solidJiquid interface to

pÍevent formation of the centerline eutectic will increase with inc¡ease in gap size at any

particular bonding temperature.

4.11 Effect of TLP Bonding Temperature on Microstructure of TLP

Joint

As indícated previously, an important parameter in the consideration of TLP bonding for

commercial applications is the holding time, tr, required to complete the isothermal

solidification process and, hence, prevent the formation of deleterious brittle

microconstituents. This parameter is a function of solute diffusivity in the solid substrate

and the phase relationships between the filler alloy and the base metal, both of which are

dependent on bonding temperature. To study the effect of bonding temperature on the

TLP joint's microstructure, 38 ¡rm gap sized specimens were bonded at 1180'C for 1 and

24 hours and their microstructure was compared with those that were bonded for

equivalent holding time at a lower temperature, 1100'C. Microstructure of the specimens

bonded at 1180 "C for t h is presented in Figure 4.46. An incomplete isothermal

solidification of the liquated inseft occurred in the specimen, which resulted in the

formation of continuous centerline eutectic. The average width of the eutectic, 32 pm,

was, however, larger that that observed in the joint produced at 1100 oC for thr, which

was22pm.
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Figure 4.46: Optical micrograph of specimen bonded at I 180 oC for th: insert in micrograph shows higher

magnification SEM image ofcrack through centerline eutectic product (X1000)



At a constant holding time, an increase in bonding temperature is expected to

significantly increase solute diffusivity and reduce the width of the centerline eutectic

reaction product. This is, however, at variance to what was observed in specimens

bonded for t h at 1100 oC and 1180 oC. As stated earlier, the joint prepared at 1180 'C

contained centerline eutectic width of 32 ¡.rm while 22 Um thick eutectic was observed the

1100 "C specimen. This difference can be attributed to the effect of base metal

dissolution during the TLP bonding process. Subsequence to initial melting f the fi1ler

alloy, as the melting point depressing element diffuses into the base alloy, it reaches a

high enough concentration near the substrate-filler interface to cause melting of the base

alloy, also known as melt back or erosion.

Base metal dissolution during TLP bonding was examined by Nishimoto et. al. [52]

based on a derivation of Nemst-Brunner theory [53]. Nishimoto et. a1. [52] computed a

dissolution parameter and showed that Nemst-Brunner theory could be used to explain

dissolution during TLP bonding. It was determined that the dissolution rate is dependent

on temperature with increase in temperature increasing the rate of dissolution as well as

the size of equilibrium dissolution width. Hence, even though the starting thickness of the

filler alloy used in the present work was the same for the two bonding temperatures 1100

"C and 1180 oC, the equilibrium dissolution width and thus, the size of liquated insert

would be larger at 1180 "C than at 1100 oC. This increase in the size of the liquid

interlayer prior to the commencement of isothermal solidification during bolding at i180

oC could explain the larger eutectic width that was observed in the joint prepared at this

temperature for 8 h.
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Nonetheless, due to the considerable higher rate of solute diffusion in the solid substrate

at 1 180 oC, the effect of larger size of dissolution width would be insignificant after some

extended holding time, such that, the time required to completely solidify the liquid and,

thus, preclude the eutectic formation will be reduced relative to a lower temperature. This

is supported by microstructural examination of specimens bonded at 1100'C and 1180"C

for 24 hrs. After holding fo¡ 24 hrs at 1180'C, no eutectic constituent was observed along

the TLP joint while continuous centerline eutectic less then I ¡rm was formed from

residual liquid in the joint prepared at 1100'C for the same 24 hrs holding time. These

results, thus, show that increase in bonding temperature would be beneficial during TLP

bonding only if sufficient holding time is allowed for complete isothermal solidification

of liquated insert. Othe¡wise, increase in bonding temperature may instead result in

formation of thicker delete¡ious eutectic micro-constituent along the TLP joint centerline.
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Part III: Effect of Post-Braze Heat Treatment Process Parameters on The

Microstucture of TLP Bonded Joints

4.12 Introduction

The use of filler alloys which contain MPD solutes that have low solubility and

diffusivity in the base metal, such as phosphorous in nickel, can result in isothermal

solidification completion times that are prohibitively 1ong. In such cases, it has been

suggested that short holding time can be used during TLP bonding and post-bond heat

treatment can be applied to modify the joint's microstructure and eliminate/reduce the

delrimental eutectic-type microconstituents that form due to incomplete isothermal

solidification [54].

Successful application of post-braze heat treatment, however, requires proper selection of

temperature and time. Limited work has been reported on post-bond heat treatment of

nickel base superalloys. Therefore, the objective of this part of the thesis was to

investigate the effect of post-bond holding time and temperature on microstructure of

TLP joint in IN738 superalloy using MBF60(Ni-P) filler alioy.

4.13 Microstructure of TLP Joint in IN738 Using MPF60(Ni-P) Filler

Alloy

IN738 was TLP bonded for I h at 1065 "C using 38 pm thick MBF60(Ni-P) filler. The

microstructure of the joint produced is shown in Figure 4.4'1. A continuous eutectic

product with an average width of 92 pm was formed along the centerline of thejoint.
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Figure 4.47: MicrosÍucture ofcenterline eutectic ofsample bonded at 1065 "C fo¡ t h
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SEM-EDS semi-quantitative composition analysis of the eutectic (Table 4.1) suggests

that it consisted of nickel base solid solution phase, a nickel rich and a chromium rich

phosphide phases. In addition to the joint's centerline eutectic, precipitation of chromium

and phosphorous rich particles, presumably, phosphides occumed in the base alloy grains

and grain boundaries adjacent to the substrate-joint interface (Figure 4.47).

Analytical models of TLP bonding generally assumes that base metal dissolution and

isothemal solidification stages occur sequentially. It is assumed that due to orders of

magnitude difference in solute diffusivity on either side of liquid-solid interface,

dissolution of the base metal into liquated interlayer occurs at a much faster rate than

solid-state diffusion of MPD solute in the base metal. Accordingly, the filler alloy, upon

melting, rapidly attains equilibrium with the solid substrate through base metal

dissolution, following which solid-state diffusion of MPD solute commences. Under this

condition, formation of inteÁediate second phase particles such as phosphides within the

base alloy is unexpected since the process is assumed to progress under equilibrium

condition following the rapid base-metal dissolution. Nevertheless, it has been suggested

that base metal dissolution and solid-state diffusion of MPD solute could occur

simultaneously rather than sequentially. In such a case. precipitation of phosphide

particles can be expected in the base alloy region where solubility of phosphorous is

exceeded due to continuous solid-state diffusion of phosphorous duling base-metal

dissolution.
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Table 4.1: EDS metallic compositional analysis of phases in centerline eutectic

Element Composition (wt,7o)

Phase AI Ti Cr P Co si Ta Ni

y Solid-Solution 1,.47 o.94 11.13 0.38 5.80 0.66 79.61

Cr rich

Phosphides
t4.04 r'7.93 18.39 10.0.5 38.72

Ni-Rich

Phosphides
0.53 5.95 lt.l7 3.19 82.35

-tr1 -



Both the formation of centerline eutectic and interface second phase particles has been

repofed to degrade the mechanical properties of TLP bonded materials 12, 17,19,27,

30]. Therefore, the influence of post-bond heat treatment on these microconstituents was

investigated in the present work as follows.

4.14 Post-Bond Heat Treatment of TLP Bonded Materials

Due to the relatively very high melting temperatures of intermetallic phosphide pafiicles,

it has been previously suggested that once these particles form in TLP joint, it becomes

very difficult to eliminate or reduce their presence through liquated reaction by post-bond

heat treatment. While these particles do have high melting temperature, the fact that they

exist in close contact with other phases that they could react with to form liquid phase by

eutectic-type reaction at temperatures significantly below their occurrence melting

temperature suggests that the use of post-bond heat tleatment may be feasible.

To investigate this possibility, post bond heat treatment of specimens bonded using the

condition stated in section 4.13 was performed at 800 oC and 1000 oC, below and above

the Ni-P binary eutectic temperature of 870 'C respectively, for 3 hrs and 24 hrs.

Metallographic examination of heat treated specimens showed no significant change in

the average width of the eutectic in the 800 "C specimens after 3 hrs and 24 hrs (Figure

4.48). In contrast, however, the average eutectic width reduced in the 1000 oC specimens

to an average of 53¡rm after 24 hrs (Figure 4.49). In addition, the eutectic morphology in

800 oC specimens was essentially the same as that in the as-bonded specimen but a

notable change in morphology was noted in 1000 "C specimens.
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(b)

Figure 4.48: Microstructure of post-braze heat treated specimens at 800 oC for (a) 3 brs and (b) 24 hrs

(x200)
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Figure 4.49: Microstructure of post-bond heat freated specimens at 1000 'C for 24 hrs (X200)



This suggests that heat treatment above the Ni-P eutectic temperature resulted in liquation

of the centerline eutectic in 1000 "C specimens. Upon liquation, a sharp concentration

gradient at solidJiquid interface can enhance diffusion of phosphorous away from the

joint into the substrate. Continuous diffusion of phosphorous into the base alloy with

inclease in holding time would cause the volume of liquid that can be maintained at

equilibrium to decrease ¡esulting in isothermal solidification. Residual liquid present after

holding time duration would transform into centerline eutectic during cooling and

produce a decrease in centerline eutectic width as observed in the 1000 oC specimens.

Since 800 oC is below the Ni-P eutectic temperature, any microstructural change to the

centerline eutectic product at this temperature would occur exclusively by solid-state

diffusional process, which is generally slow. This could explain the apparent no change

in the eutectic width after 24 hrs of post-bond heat treatment at 800 oC.

The number density/volume fraction of the interface second particles did not change

noticeably after 24 hrs of holding at both 800 oC and 1000 oC. In contrast to centerline

eutectic, as stated previously, the interface second phase particles are likely formed by

diffusion induced solid-state precipitation reaction; as such, microstructural modif,ication

by changes to these particles would likely occur by solid-state diffusion process, which

may account for the negligible change in their number density after 24 hrs of holding

time.

To further study the effect of post-bond heat treatment temperature, heat treatment of

specimens bonded using the condition stated above was performed at 1100 "C and 1200

oC for 24h. Similar to the observations in 1000 oC specimens, the morphology of the
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centerline eutectic changed and the eutectic width reduced considerably in 1100 oC ad

1200 'C specimens (Figures 4.50 and 4.51). According to the Arrhenius equation,

diffusivity of phosphorous, D, in the base alloy increases with temperature as given by

equation 4.9.

D - D"exp(-Q/ RT) (4.9)

Where Do is the frequency factor, Q is the activation energy, R is the gas constant and T

is the absolute tempeÌ'atuÌe. Taken that diffusivity of phosphorous in the base metal

controls the isothermal solidification of liquated interlayer during post bond heat

treatment temperature above Ni-P eutectic temperature, an increase in temperature from

1000 to 1100 and 1200 oC would accelerate the isothermal solidification and in effect

reduce the eutectic width as observed.

Likewise, an increase in temperature was obseÌved to produce significant reduction in the

interface second phase precipitates, which is in contrast to the effect of increase in time at

800 oC and 1000'C. An increase in temperature can significantly lower thermodynamic

stability of the phases within the base alloy matrix which would result in the decrease in

their number density, as observed in the 1i00 oC and 1200 oC specimens.

As previously stated, formation of centerline eutectic and interface second phase particles

do reduce mechanical properties of TLP joint in structural engineering materials. The

results of this part of the thesis show that while post-bond heat treatment time can reduce

the size of deleterious eutectic provided that heat treatment temperature is above eutectic

temperature, holding time does not have such effect on interface precipitates. In contrast,

however, an increase in post-bond hea! treat treatment temperature can produce
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significant reduction in both eutectic product and interface second phase particles. The

va¡iation in responses of these microconstituents to post-bond heat treatment parameters

can be related to the nature of formation during TLP bonding. That is, centerline eutectic

is formed from residual interlayer liquid during cooling, while interface precipitates are

possibly formed by solid-state precipitation reaction at bonding temperature.
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Chapter 5: Summary and Conclusions

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

investigations carried out to better understand the causes of the anomaious behaviour of

prolonged isothermal solidification completion time with increase in temperature during

transient liquid phase (TLP) bonding. The study which was caried out using Inconel 738

superalloy as the base metal and MBF80 (Ni-Cr-B) as the filler alloy indicated that:

l) An increase in base metal dissolution due to increased TLP bonding

temperature can not be solely used to explain increase in isothermal

solidification completion time, h, with increase in temperature. Reduction in

solute solubility with increase in temperature is a more dominant factor.

In contrast to standard analytical TLP bonding models, deviation from

parabolic relationship, between displacement of solid-liquid interface and

holding time, was observed experimentaily during TLP bonding of IN738

superalloy using a Ni-Cr-B filier alloy. This deviation behavior can be duly

rationalized by the application of implicit finite difference model to solve

Fick's diffusion equation.

Deviation from the parabolic relationship is caused by reduction in solute

concentration gradient (ôClâx) below a critical value (ôClâx). due to continuai

diffusion of MPD solute from liquated interlayer in the base material during

TLP bonding.

An increase in the size of the deviation zone with concomitant increase in the

reduction of isothemal solidification late occurs with increase in temperature.

2)

3)

4)

-t25-



This phenomenon was found to be a new altemate cause of increase in h with

increase in temperature above T" and it is reported for the first time in this

work.

5) Based on the concept of deviation from parabolic behavior, salient factors that

can have important influence on the occurence ofT" are suggested to be :

a) Thickness of filler alloy

b) Initial concentration of MPD solute in filler alloy and base material

c) Solubility of MPD solute in base material

Proper optimization of these factors can improve the commercial appeal of

TLP bonding technique by significantly reducing the processing time required

to produce reliable high-temperature eutectic-free joint.

In certain applications where boron-bearing fillers are unsuitable, filler alloys

containing alternative MPD solutes such as phosphorous or silicon must be used. The

second part of this thesis focused on the effect of TLP bonding process parameters on

the microstructure of TLP joint in commercial pure nickel by using a Ni-P filler alloy.

The results of the study showed that:

l) The extent of isothermai solidification of liquated interlayer increased with

holding time during TLP bonding of pure nickel with Ni-P filler material.

Incomplete isothermal solidification of the liquated insert resulted in

transformation of residual liquid into phosphorous enriched continuous eutectic

along the joint centerline region, which provided a preferential path for crack

initiation and propagation.

1\
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3)

4)

The width of the deletedous non-equilibrium solidification eutectic product

increased with increase in initial filler alloy thickness.

Two different observations regarding the influence of bonding temperature on the

eutectic size was observed. After short holding times, thicker eutectic was

observed at higher temperatures due to increased base metal dissolution. At longer

times, however, the eutectic width decreased significantly owing to increased

diffusivity ofphosphorous with increase in temperature.

Due to the relatively slow diffusion of phosphorous in nickel-base materials during

TLP bonding, prohibitively long holding times may be required to eliminate the

deletedous microconstituents at the joint. Microstructural modification by post bond

heat treatment is a possible approach for reducing the deleterious intermetallic phases

that form during TLP bonding. Finally, the results of studying the influence of post-

bond heat treatment on microstructure of TLP joint using IN738 base metal and Ni-P

filler in the third part of this thesis showed that:

1) TLP bonding of IN738 at 1065 oC for th using a76 pm thick Ni-P filler alloy

resulted in formation of centerline eutectic that contained nickel based solid

solution phase, a nickel rich and chromium rich phosphide phases.

In addition to the eutectic, phosphorous rich second phase particles, which were

possibly formed by solid-state diffusion induced precipitation reaction were

observed within the base alloy region adjacent to the substrate-joint interface.

While increase in post-bond heat treatment temperature and holding time

produced signifìcant reduction in the eutectic width at temperatures above Ni-P

2)

3)
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eutectic temperature, 870 oC, reduction of the interface precipitates was observed

only by increasing temperature.

4) The variation in the responses of centerline eutectic and interface precipitates to

post-bond heat treatment temperature and time can be related to their mode of

formation and thus dissolution reaction in which the eutectic involves a liquation

reaction whereas the interface precipitates involves exclusively solid state

reaction.
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Chapter 6: Suggestions for Future Work

This study has resulted in the identification of a very interesting phenomenon,

deviation from parabolic behavior that can have important influence on the

processing time and thus the general appeal of TLP bonding technique for

commercial applications. To investigate this phenomenon fufther, the following

detailed studies are recommended toward optimization of the joining process to

produce sound and reliablejoint in practically accessible time.

1) Experìmental investigation on the influence of initial concentration of MPD solute

in fìller alloy on isothermal solidification completion time at various temperatures

and using different gap sizes to verify the suggestions made in this study. This

could be combined with determination of va¡iation of solute concentration

gradient in the base material in order to aid the understanding of the underlying

concept.

2) A study of the role of the mode of existence and distribution of MPD solute in

base alloy prior to TLP joining on isothermal solidification kinetics using

different MPD solutes. This is pertinent considerìng that MPD solutes can exist in

either T solid-solution form or in second phase precipitates in superalloys prior to

bonding.

3) Development of numerical TLP bonding models that incorporate possible

dependence of diffusion coefficient on concentration, non-planar liquid-solid

intelface and possible enhanced diffusion due to precipitation solute enriched

second phase particles, This may enhance the accuracy of numerical simulations.
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As shown in this work that post-bond heat treatment can be used to modify

microstructurc of TLP bonded materials, the influence of such microstructural

changes on ambient and elevated temperature mechanical properties of bonded

materiais needs to be evaluated to ascertain the effectiveness of the approach.
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4.1

Appendix A: Bínøry Phøse Díngrams

Ni-B Phase Diagram [51]
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4.2 Ni-Si Phase Diagram [51]
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4.3 Ni-P Phase Diagram [51]
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Appendíx B: Analytical Modelíng of TLP Bonding Program

8.1 Mathematicallmplementation

The analytical modeling program obtains the solution for the time required to achieve

complete isothermal solidification by solving for the constant K in equation 8.1 derived

by Ramirez and Liu [31], maximum dissolution width W,"* using equation 8.2 and

diffusivity D from using equation 8.3 then substituting the results into equation 8.4

derived by Tua-Poku et. al. [28] to solve for isothermal solidification completion time t.

(B.1)

(B.2)

(8.3)

(B.4)

The main challenge in solving for t is solving the eüor function in equation 8.1.

Generally, mathematical tables can be used to approximate the en'or function. The

solutions obtained by this method, however, are not accurate and do not reflect the true

anall,tical solution of the model. Therefore, a Newton-Raphson numerical root finding

method is used to efficiently soive for K by approximating the enor function by a Taylor

series. This section outlines the steps undertaken to numelically obtain the solution of the

analytical model.
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The general iterative equation for the Newton-Raphson method is:

K,-, - K, - 42 ror i = o, 1.2, ..... (B.s)' f (K,)

Obtaining an expression for f (K):

r(K)=rffii-(oX!#l ,uu,

Using a Taylor series to approxim ate erf (K) :

erf (K) -a¡: e-"2 dtt
4zt -"

2( x' K5 K7 Ierf(K)-+lK-'- +" -jr-+..... I r".tr' "ln[ 3.1! s.zt 7.3t )

erf (K\= z-iel)u K2'*l
' 

^ln F-o (Zn+l).nr (B'8)

/(K) tecornes:

(B.e)



Now an expression for /'(K) is obtained by differentiating equation 8.6:

(8.11)

r:. , r,\ _ ç;f exp(-K')(l+ Kerf '(K) + erf (K)) +zK'? (I+ erf (K))exp(-K)1
., \l\,, - -"rrt *_ra, 

'

(8.10)

Now an expression for etf '(K) is obtained by differentiating equation 8.7:

z z ( K2 Ko "' ,.....1erf'(K)-r+'7[-î.i-i 
I

erf '( K\ - 
z *å; (-1)' K"

4n 4n"=' nt'

Equation B.10 becomes:

expl-r2)1r + r.1] * Z içD" F2" ) r 14 7 r -.1t" x'z."-),) 
* z x2 (t * t4; r--r r" r,i"lr r.*0,-*2,

;,-,, l: lî .t Ja =t ¡tt lI n=O l¿t¡+tl.ttl ,lÍ,,=o l¿ +t).nl

(8.12)

Substituting equations 8.9 and 8.12 back into 8.4 and considering the first 10 terms of

the Taylor series yields:

K¡+t=K¡

,*+,1,
exp(-r(;2 )

+ 2__ + 
(-1)" Ki2" \+( 2_

41f -=t ¡t! 4I

(8.i3)

-136-



Equation 8.13 is itelatively solved until a converged answer is obtained. Due to the much

faster convergence of Newton-Raphson method compared to linearly convergent

methods, a converged solution for K is usually obtained in five or less iterations only.

Once K is determined equations B2 to 8.4 can be soived easily.

8.2 User's Guide to the Analytical Modeling Program

To perform analytical simulations of TLP bonding using the written program follow the

following steps:

1) Install the program into your hard drive by double clicking on setup.exe

2) Once the program is open click on Start Program button

3) Enter the data related to the TLP bonding condition at which the simulation is

to be performed.

4) Under Iteration Settings, enter the desiled number of iterations and levei of

accuracy desired.

5) Click on the Calculate button in the left side ofthe screen.

6) The iterative solutions are shown in the list box and final calculations are

shown in red. To clear data from the list box click on the Clear List button.

The Clear button clears all solutions and the Reset All button resets data to

default settings.

To study the effect of varying process parameters follow the steps 1 to 4 outlined above

then do the following:

1) Choose the plocess parameter you would like to study from the list in the top

right side of the screen.
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Enter the number of increment value and number of increments by which the

parameter being studied is increased from its originaÌ value.

Click the Analyze Process Parameter Effects button in the top right part of the

screen.

The solutions are then listed in the right list box. To save the solutions in a text

file click on Save Data button. To append new solutions to existing data in a

text file make sure that the Àppend data check box is checked before clicking

on Save Data button.

To study the effect of varying bonding temperature on the analytical solution

temperatures and their corresponding MPD solute's solidus, Cor_, and liquidus,

CLo, solubilities in the base metal must be specified. Then click on the Anâlyze

Temperature Effects button at the bottom right side of the screen. Boxes under

Studying the Effect of Yarying Temperature must be filled by a zero if they

are not being used for analysis.

8.3 Capabilities and Limitations of the Analytical Modeling Program

The analytical modeling of TLP bonding program has a number of attractive capabilities

which can be summarized as follows:

. The pl'ogtam does not require a compliel to run and it is available as an

executable program that can be downloaded and can operate in Windows XP or

Vista environments.

. The program is capable of running multiple simulations to study the effect of

varying multiple TLP bonding process pat'ameters such as:

o Bonding temperature

2)

3)

4)

s)
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o Initial thickness of filler alloy

o Initial solute concentration in filler and base metal

o Diffusivity of MPD solute in the base metal

o Solubility of the MPD solute in the base metal

o The graphical user interface used allow for a more user friendly program where

the user has control over the number of iterations and accuracy of converged

solution.

. The program can save a report of obtained solutions as a text file which can be

easily used to interact with graphing pÌograms such as Microsoft Excel or

MatLAB.

Limitations of the analytical modeling program can be summadzed as follows:

. It can only be used to obtain an analytical solution for binary systems.

. It can not be used in operating systems older the Microsoft XP.

o Graphing and plotting capabilities were not implemented in the program.

Therefore, Microsoft Excel or MatLAB might need to be used along side the

program.

. Although the program was written in a manner to avoid debugging issues,

certain issues might arise if meaningless inputs are insefed by the user.

- 139.



Appendix C: Numericøl Simulation of TLP Bonding Progrøm

C.l Mathematical Implementation & Algorithm Solution

Using a finite difference approach based on Landau transformation Iilingworth et. al. [32]

derived equations C.1 to C.3 ensuring solute conservation and developed an algorithm for

obtaining a numerical solution. Equation C.1 provides an expression for the total amount

of solute at time tj where j is the time step. Equations C.2 and C.3 provides expressions

for future compositions in phase A and phase B, respectively. The Landau transformation

íntroduces new positional variables for which the intelval [0,1] conesponds to the extent

of each phase. Fixed discritization of these variables wiil, therefore, corespond to points

whose position in real space can be considered to automatically adjust to accommodate

the motion of the interface.

Equations C.1 to C.3 must be solved simultaneously since the concentration profiles and

interlace motion form a strongly coupled problem. Additionally, since the system of

simultaneous equations is nonlinear, an iterative solution method must be used.

Equations C.l to C,3 are expressed in a manner which allows for obtaining a solution

using an explicit scheme (o = 0), Crank-Nicolson scheme (a = Vz), or an implicit scheme

(o = 1). Explicit solutions can rcsult in instabiiity of the solution and unphysical

oscillations. If Crank-Nicolson scheme is used to descretize discontinuous composition

plofiles, unphysical oscillations will resuit which limits the time step used. On the other

hand, fully implicit schemes predict monotonic concentration profiles independent of the

time step used which means that a stable numerical solution can be obtained.
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Phase B
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D"& ( qi-' -c"\ D^&(c^-pí:îl
¿-'-[ 4 )-'""1r^-)
= (5;* -,' rlty or.t,,, +\f , 

^ 
- G -+)si;: -+,,]

þi-'r t' - p ! r' llu *,,, - r,-,, r1= #l@ ^)iii",,

+ 1si-' - si;þ,1.]î,u,*,,, - pll,î,u,-,,rj

(c.1)

pii,' - pi" _ (o ^):::,,M]u,*,-u, u,-ur, 
_j

(c.2)

løi"{r-r'^¡-q¡1t-r'¡]1r,t,,-u,-,,,)=--3:1u."¡lí--li-1n"¡qi-'-qi:'"f¿-s'- L V,,r -v, t,-t,_, f
+ 1s 

i r' - s 
i )fq ii,',,(l - v, r,, ) - q ii,î.(l - v,-,,, )]

Where:

å : Time step

si : Future interface position in time step j

p,l: Concentration in phase A in position i in time step j

4f: Concentration in phase B in position i in time step j

Z : Thickness of phase B plus half-thickness of phase A

ø: Proportional position in phase A

v: Proportional position in phase B

M, N: Number of discretisation points

D¡: Diffusion coefficient in phase A

D¡: Diffusion coefficient in phase B

(c.3)
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c¡: Equilibrium concentration of phase A in contact with B

c¡: Equilibrium concentration of phase B in contact with A

ø: A constant between 0 and 1

The algorithm needed to solve the three equations is outlined as follows [32]:

1) Take i,pi anaqi as initial values for !*', pi*" and q!*" and calculate

intermediate concentration profies p iir",, and q 
li,", r.

2) Calculate the future interface position.y'*1 using equation 8.1.

1) Using the new value for C*i, update the estimate for,y'*o.

2) Calculate the future interface positions, pi*' and qi*' for al1 I using equations

8.2 and B.3 and the boundary conditions.

3) Estimates for pi*' and qi*o are updated using the values for pitt and qi*' ,

Intermediate concentration pro files piir",, and qljirare then calculated.

4) Steps 2 to 5 are repeated until successive estimates of the interface position .l*/

differ by less than some fixed tolerance. A converged ans\,ver corresponds to a

soiution of the implicit set of descretized equations.

Due to non-monotonic (oscillating) tendencies which can rcsult in solutions obtained

using second-order center-difference schemes, Illingworth ef. al. l32l suggested using

fully implicit up/down-wind approximations which approximates intermediate

concentration profiles depending on the interfacial velocity. Using these approximations,

equations C.2 and C3 are re-expressed in an implicit manner depending on the velocity
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of the interface. Irregularly spaced discretization has been found to have better

convelgence for a planar geometry. Further increase in the special discretization was

found to have no majol effects on the accuracy of the solution and inaccuracies in the

numerical solution are mostly due to coarse discretization of time [55]. The procedure

used to solve equations C.1 to C.3 and to solve the algorithm necessary to obtain a

numerical solution is outlined next.

Initial Approximation of Interface Location

Taking.y', pi andqi as initial values for,y'*", pl*" and qi*" and calculating intermediate

concentration profiles pf]i an dqil",r, equation 8.1 becomes:

D,& ( qi - c"\ Do&( co - pí-,1

^j+t_^j, L-t'[ a ,- ri It-r,.,-

l--i- ei'-,-',, + -fzco - (l - 1)øi,, - 
:)c 

ø 
1

P os ítiv e Intetfacial Veloc ín¡ :

(c.4)

'/+r'" 
j, ,litir= o!i,t ' p!:í2= p!*l

Equation C.4 becomes:

s'" =s'+

Du&

L- sj
c o - Ptu-z

l-ur-,

c^ -Q-+)si,-Tr,
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N e g at iv e I nt e t.'fac ial V e lo c i|', :

i+l i i+o i+l i+o i+l<s" Pí+ttz= Pí 'Pí-ttz= Pí-t

Equation C.4 becomes:

sj*l = s/ + (c.6)

Equations C.5 and C.6 can be easily solved noting the following:

. Initial estimation for d is the initial position ofthe phase A-/B interface.

o In addition to the position of the element in phase A having to be user specified,

initial estimations of concentrations at each element must also be specified.

SoforN=32

u = [0 0.063.......0.995 0.998 1]

p = [C¡ Cn Cr ...... Cn Cr C¡]

Where Cr is the initial concentrations of the MPD in phase A, and Ce is the

concentration in phase A at the boundary (interface).

o Similarly, initial position and initial concentrations at Phase B must also be

specified.

SoforM=64

v = [0 0.0002 0.00i... 0.937 0.968 1]

g - [Cs Cn' C' .,.,..C. C. Cn,']

Where C¡ is the concentration in phase B at the boundary (interface) and C,n is the

initial concentrations of the MPD in phase B.

D,& (qi -c"\ Do&(co-pí-,1
,_,,I n )--;r¡r^-1
7+u.,^ , l-u.,^t\-¿ 6J L 1\-zj-Pfu_rrrz+ j - c¡-ca
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Calculation of Future Solute Concentrations in Phases A and B

Phase A:

P o s it iv e Inte rfac ial Veloc irlt :

'i*1, 'i .fllrlr= olir' , ,!j,ir= ol"

Equation C.2 becomes:

- o!:'l<r'?^^i.r 
t ll

L s' u¡-u¡_t )

+ pf*'l si*'1u,*,tr- u,¡tz)*<e'?r^).(' * I 
)-r,-,,r{ri*' -ri)l

L S' U¡*t - U¡ U¡ - U¡_t 
_l

- ol;'l<r'?u^i.( 
1 

)*(5i*r -r')r*,,,'l = pisi(ui*tt2-,u,-,t,)
L s' u¡*t - ¡ l

(c.7)

N e s ative Inteíac ial Ve loc iN :

, 
j*r <, j' p!Ì,ir= p!*t , p!:Jz= pl:tt

Equation C.2 becomes:

- r!:,'lrã ?i).( 1 )-,,-,,,(,'*'-,')-l
L s,'' ui -ui-l I

+ p!*tl rj*ltu,*,tù+(!2*)'( I + t 
¡-r¡*1721r/*r -, j¡l

L s'" ui+l-ui uí-ui-l j

- o!i,'l<* ?il.r 1 
l'l = p!si@¡*ttz-u¡-ttz)

L s''' u¡+t-u¡ )

(c.8)
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Phase B:

P ositive httefac ial Ve loc ítt¡ :

'j 
*t 

"j, q llJ z= n !it.,s!:í 2= s!*l

Equation C.3 becomes:

- n !:,tl < 
6''o 

!, =l.r 
I rl''LL-rJ*' v¿-t'¿-l l

*nl*'lrr-,i*t)\ri*¡2-v¡-1 ¡2)+{ 
âDl 

, r.t I * ' )*(r-yi-r/2Xsi+l-s/)l' L L_51*' r'¡+l -r'í I'i -r'i_l l

- q lillç!!.ZL¡ 1----l ¡ * (t + t,¡ ¡1 ¡ 2,(, i*r - " t rf= n ! rr-,i x''i*r t 2 -,'í -1 t 2)

(c.e)

N e pa Íive htte tfacial V elocitv :

i+l ¡ í+6 i+l i+o i+ls" <s"'Qí+ttz=Qí ' 8í-ttz= Qí-t

Equation C.3 becomes:

-q!:]le!28-r.t' )-0-v¡-r/2xsi+r -si)l'r-rL¿_si+t vi_yi_l ')

*q!*tlg--ri*1)(r¡*yz-r¡-ttz)+(31).( I * I )-(r-r,¡a¡¡2)(si+l-si)'l' L L- sl+t vi+l - r'i r'¡ - I'i-l J

- r l i,'lrj,e+l rçi;rl = ø f 6 -, i ¡s ¡ *1 ¡ 2 - v i -1 / z)

(c.10)



Equations C.7 and C.8 are now ready to be solved iteratively. To do so,

be re-expressed in the form:

- A,.p jl,' * B,pi*' - C,pljr' = D,

This yields the following tri-diagonal matrix:

the equations can

Dr+Ar(pd*r)
Dz
D3

=t:
DNr

D¡ + C¡(c, )

Br C¡ 0 0 .......0 0
A2 82 Cz 0 .......0 0
0 As B3 C3 .......0 0

Ev-r Fv-r Gv-l
00EyFv

t*'pí
p/rt

pttt

-tur N-t

qi*t
^i+lq2

q{*'

st;:,
Qít

A¡l-l Bn-r CN-r

00ANBN

Similarly, equations C.9 and C.10 can be re-expressed in the form:

- E,.Sljt + F,Q!*' - G,4!j,' = H,

This yields the following tri-diagonal matrix:

Fr Gr 0 0 .......0 0
Ez Fz G2 0 .......0 0
0 E: F¡ Gr .......0 0

H¡+81(c, )

Hz
H3

Hv,r

Hy + G¡a14jo*],
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The tri-diagonal matrices can now be solved to calculate future concentrations p,/*lin

phase A at a1l i:

K. _C, . L, -D''Br''8,

For i = 2 to N calculate Si and Wi:

K_ C,

' . Br-ArK,_,

, 4.L,,+o"
"' - Bz- ArK,-,

Knowing that:

- i+l - t
P ¡,1 - L¡u

Phase B future concentrations can then be calculated recursively using:

'.
Pl*'=K,pli"+L,

Similarly, the tri-diagonal matrices can now be solved to calculate future concentrations

4,/+r in phase B for all i:

s. - 
G' 

w. -H,'FtFl

For i = 2 to M calculate S¡ and Wi:

"_ 
G,

"' - Fz- ðrs,-,

,^, -Etw,-r* 
H,,,,_ 

Fz_ErS,_,
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Knowing that:

q'ì'=W,

Phase B future concentrations can then be calculated recursively using:

q!*' -s,qli' +w,

Calculation of Future Interface Position:

Using the concentration profiles calculated by solving the tri-diagonal matrices for

p!*t and qf*' , the future interface location can be calculated using the impiicit scheme

as follows:

P o s it iv e Inte,-fac ial Ve loc it! :

' 
j+r 

"r, rlirir= rlil ' pf :í2= p!*1

Equation C.4 becomes:

D,& ( ql.' - c,\ Doï ( co - pí:! I
_j+, , ¿-r'[ ,1 )- t' It-r"rJ

[", 
-a-v;)si;; -+,,)

Ne gat ive Inte tfac ial V elo c ih, :

'j*r<'j, plitir= p!*t, p!!r",r- plll

Equation C.4 becomes:
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D,& ( qi*' - cu\ Do&( c^- pí:',1
._,'I n )--;-l r_,h, )

1* u *_, ,-,*, ,l-u*_,
^ YN-I-U2 ' ^ vA vB
¿¿

s''' --s'*

If successive estimations of the future interface position d*t differ by less than some fixed

tolerance, then the converged estimate corresponds to a solution of the descretised

equations. Once a solution has been obtained for a single time step j, the whole procedure

is then repeated to obtain an approximate solution for the next time step and so on.

C.2 User Guide for the Numerical Modeling Program

The program has been written in MatLAB and consists of three sub-programs/functions

(Simulator.m, trimatrixl.m and trimatrix2.m) and a main program (TLP.m). User defined

inputs ale inserted in the main program which calls the function programs. The

Simulator.m provides the code required to obtain a numerical solution while the other

two functions trimatrix l.m and trimatrix2.m provides the code required to solve the tri-

diagonal matrjces obtained for phases A and B, respectively.

Similar to the analytical modeling program, boundary conditions must be defined which

include the initial concentration of the MPD solute in the filler alloy and the base metal,

and the liquidus (ca) and solidus (c¡) concentrations at the interface. Duration of each

time step and the total number of time steps must be defined in addition to the half

thickness of the filler alloy and the thickness of the base metal. To run the numerical

program the following steps must be followed:
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Open MatLAB and set the working directory to where the numerical

simulation progtam is installed, All the four m-files of the simulation

program must be in the same working directory.

Open the TLP.m file and update the user defined inputs as desired in lines

4 ß 26 of the code. If the effect of varying process parameters is to be

tested then update the variables as desired in lines 61 to 80 of the code as

desired, If the effect of varying temperature is to be tested then update

variables as desired in lines 89 to 125 of the code as desired.

Once desired inputs have been changed save the file and go to the

MatLAB command window then type "TLP".

Choose a number from 1 to 5 \r/hich corresponds to the desircd activity

shown in the menu.

Once simulations are run, results are plotted which can be saved as

desired.

C.3 Capabilities and Limitations of the Numerical Modeling Program

The written program has some attractive capabilities which include:

o Multiple simulations can be automatically run which is very useful in testing the

effect of varying process parameters such as temperature, filler alloy thickness,

base metal thickness and initial concentrations of the MPD solute in the filler

alloy and the base metal.

. Once simulations are complete, the program automatically plots three graphs

namely: holding time vs. half-width of liquated region, squarc root of time vs.

1)

2)

3)

4)

s)
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half-width of liquated region, and percentage of base metal thickness vs. solute

concentration.

. Due to the implicit manner used in solving the algorithm, a stable solution is

obtained regardless of the size of the time step used.

Limitations of the numerical modeling program can be summarized as follows:

¡ MatLAB must be used to run the codes.

¡ Solutions obtained for slow diffusing MPD solutes or one with low solubility in

the base metal such as phosphorous in nickel might require longer computational

times.

o Large time steps can affect the accuracy of the numerical solution and can lead to

slight truncation enors at the initial stages of simulation. Illingworth et. al. [55]

reported that the accuracy of the numerical solution improves by a factor of

approximately two as the time step is reduced by half.
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