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ABSTRACT

This thesis reports the results of an investigation of the effects of bonding temperature

and joint gap size on isothermal solidification rate, and on the nature of interfacial/grain

boundary particles formed during the transient liquid phase (TLP) bonding of IN 738LC

superalloy using a ternary Ni-Cr-B filler alloy, Nicrobraz 150.

The microstructure of the bonded samples was examined using optical metallography and

then a JEOL 5900 Scanning Electron Microscope (SEM) equipped with an ultra thin

window Oford energy dispersive x-ray spectrometer (EDS).

In contrast to the solidification behavior predicted by the current TLP models, isothermal

solidification occurred under two separate regimes, depending on the bonding

temperature and joint gap size. The rate of isothermal solidification in the first regime

was faster than in the second regime. This led to a deviation in isothermal solidification

completion time from that predicted by a conventional TLP model. The change in

solidification rate was attributed to the substantial enrichment of the liquid interlayer with

the base alloy solute elements and its continuous modification during isothermal

solidification. These façtors also influenced the nature of the phases formed in the

centerline eutectic constituents subsequent to the incomplete isothermal solidification.

Also, in addition to eutectic constituents, which were observed at the centerline of a 100

pm joint that was bonded for t hr at l067oC, nickel-rich and ch¡omium-rich boride



particles were observed at the original substrate/insert interface. The formation of these

particles was however prevented by brazing at a suitable temperature andlor gap size.

Furthermore, an extensive amount of chromium-rich boride and Ni-Al-Ti rich particles

were observed on the substrate grain boundaries of 100 pm joints that were bonded for I

hr at 1067oC and 1160"C. However, brazing at 1175oC resulted in the localized liquation

of the Ni-Al-Ti rich particles, as resolidified fine y /y' eutectic type products were

observed around some of the dispersed Cr-rich boride particles.
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Chapter I

INTRODUCTION

Inconel 738 superalloy is a vacuum melted, vacuum cast, precipitation-strengthened

nickel base superalloy. It possesses excellent high temperature creep-rupture strength

combined with hot corrosion resistøncg which is superior to that of many high-strength

superalloys. It derives its strength ptimarily by the precipitation of ordered L1z

intermetallic Ni3(Al,Ti)-type y' phase in the 7 solid solution-strengthened matrix. Due to

its excellent properties, it has found a wide range of applications in power generating and

aerospace industries for making gas furbine jet engine components, such as blades and

vanes. However, the requirements for improved efficiency of the aero-engines and power

generation turbines have necessitated the turbine components to withstand higher stresses

and temperaturos, causing a more rapid degradation of these components by enhanced

level of creep, fatigue and oxidation etc [1]. This damage necessitates the repair of these

components in order to eKend their total life. The most widely used repair process is

welding. However, Inconel 738, like most precipitation hardened Ni-base superalloys that

contain substantial amounts of Al and Ti are generally considered to be difficult to weld

due to their high susceptibitity to heat affected zone (IAZ) cracking during welding and

post-\¡ield heat treatmerrt 12,3, 4]. In view of this, Duvall et al [5] developed the transient

liquid phase (TLP) bonding process, also refered to as diffi¡sion brazing process, which

is a hybrid process that combines the beneficial featurçs of liquid phase joining and

difrrsion bonding techniques [6]. This process eliminates the need for the application of

substantial pressure during bonding [5], and can be successfully used in joining of heat



resistant alloys that are inherently susceptible to hot cracking or post-\ryeld heat treatment

cracking [5, 7, 8].

Successful application/optimization of the TLP bonding process involves a proper control

of parameters which include, bonding temperature, time, filler alloy thickness and

composition. This is to obtain a joint whose microstructure and mechanical properties are

comparable to those of the base alloy [9]. In this regard, several attempts have been made

to predict the time required to complete the TLP bonding process by using both analytical

and numerical models over the past decades. These models were based on hypothetioal

binary phase relationships between the base and filler alloys. Howeveq recent studies

[10, 1l] have suggested that the presence of second solute element in the filler, may

affeø the rate of isothermal solidification. It should be noted that this has not been

implicitly considered in the existing TLP bonding models. Furthermore, significant

volume fractions of precipitate particles usually form along the interface and the substrate

grain boundaries of TlP-bonded joints. These particles arç known to have detrimental

effects on the corrosion resistance and mechanical properties of the bonded assembly [12,

13]. However, the mechanism and the preclusion of their formation are still emerging

subjects in the literature.

In view of the above, the present work was designed to investigate the effects of bonding

temperature and joint gap size on isothermal solidification rate, since these may afFect the

composition of the liquid interlayer during the TLP bonding of a multicomponent Inconel

738LC superalloy, using a Ni-Cr-B ternary filler alloy. Furthermore, the effects of

2



bonding temperature and joint gap size on the nature of interfacial particles, and the

effects of bonding temperature on the nature of particles, which formed along the

substrate grain boundaries of IN 738LC superalloy TlP-bonded joints were also

investigated.

The results obtained have provided a better understanding of the factors that can affect

the isothermal solidification rate during TLP bonding process, most especially when

multicomponent alloys are involved. This, coupled with a better understanding of the

microstructural development during TLP bonding of IN 738 superalloy, as provided by

this worh will be a significant tool for future work on the optimization of the TLp

bonding process.

In this dissertation, the physical metallurgy of Inconel 738 is reviewed along with the

various available joining techniques, and past work that has been done on the brazing of

superalloys. The results a¡rd discussions of the above mentioned investigations are

subsequently presented.



Chapter 2

LITERATURE RE\rIEW

2.1 Alloy Inconel T3S

With the advent of World War II, the gas turbine became an important driver for alloy

development or adaptation, and there has been a keen race towards making metal alloys

available for the insatiable thirst of the designer for improved high-temperature strength

capability [14]. Thus, over the past years a lot of nickel-, iron-nickel-, ffid cobalt-base

alloys, which can generally be used at temperatures above 540"C have been dweloped.

Alloy Inconel 738 is one of the nicket-base superalloys, which was developed in this

regard. It is designed to provide the gas turbine engine components with good creep

strength up to 982oC combined with the abilþ to withstand long time exposure to the hot

corrosive envfuonments associated with an airoraft engine [15]. It derives its high

temperature strength primarily by the precipitation of ordered Llz intermetallic

Ni3(Al,Ti)-type Y' phase in the y solid-solution matrix and that of carbides at the grain

boundaries. Table 2.1 shows the nominal chemical compositions of two versions of cast

Inconel 738 alloy that are available in the market. IN 738C superalloy usually has a high

carbon concentration in the range of 0.15 - 0.20 wto/o, wbnle IN 738LC is the low carbon

version with a carbon concentration of between 0.09 - 0.73 wtyo. The mechanical and

physical properties of IN 738 superalloy are listed in TableZ.2.

4



Table 2.1: Nominal composition of alloy IN 73S [l5l

*Low As Possible

Element High carbon IN 738C
wto/o

Low carbon IN 738
wt o/o

Carbon 0.17 0.11

Cobalt 8.50 8.50

Chromium 16.00 16.00

Molybdenum 1.75 1.75

Tungsten 2.60 2.60

Tantalum r.75 1.75

Niobium 0.90 0.90

Aluminum 3.40 3.40

Titanium 3.40 3.40

Boron 0.0r0 0.010

Zirconium 0.10 0.05

lron LAP LAP

Manganese LAP LAP

Silicon LAP LAP

Sulphur LAP LAP

Nickel Balance (61) Balance (61)



Table 2.22 Mechanical and physical properties of IN 738 superalloy [.5]

Physical properties Mechanical properties

Melting
Range

1232-1315"C Temperature
(oc)

Ultimate
Tensile
Strength
fMPa)

Yield
Strength
(MPa)

Elongation
(%)

Poissonts
RatÍo

0.29

Densify 8.11gm/cm' 2t r096 951 5.5 Young
Modulus

200.2
Gpa

649 I 055 910 7.0

Coefficient
of Thermal
Expansion

15.36 X 10-fC 760 96s 793 6.5 Shear
Modulus

78
Gpa

871 772 552 I 1.0

Electron
Vacancy
Number

<2.36 982 455 345 13.0

Stress Rupture Properties

Temperature
tocl

Stress
lPsi)

Life (hr) Elongation
(o/"\

Reduction of Area
(o/"'l

732 90,000 2t2 6 I
816 40,000 3314 5 5

927 33,000 95 8 t4

982 22,000 66 t2 l8

6



2.2 The Role of various Aüoying Elements

The FCC nickel lattice is known to have alarge solubility for many other elements due to

its electronic structure [16]. IN 738 contains a variety of alloying elements that are

required to produce the desired metallurgical effects and properties, which are

summarized in Table 2.3.

2,3 The Microstructure of As Cast IN 73g:

IN 738 has a very complex microstructure, which is influenced by several factors such as:

elemental composition, melting and casting route, final heat treatment, and service

exposure- It has a coarse grain size ranging from 500 - 800¡rm. AIso, as shown in the

optical micrograph in Fig. 2.1, IN 738 has well serrated grain boundaries. This is known

to impede grain boundary sliding and thus promote iirtragranular deformation instead

U7l. The cast alloy essentially consists of extensive precipitates of ordered T,

intermetallic phase within the dendrite core and in the interdendritic region [4]. Smaller

volume fractions of va¡ious kinds of carbides/Carbonitrides, predominantly MC type

carbide, boride, sulphocarbide and y-y' eutectic, which form during ingot solidification

are also present along the interdendritic region [lg].

2.3.1 The Gamma (y) matrix:

The matrix of IN 738 is austenitic FCC solid solution of nickel-cobalt-chromium and

several other alloying elements. It also contains a dispersion of ordered intermetallic

particles of Ni¡(Al,Ti)-type y' precipitates. It derives some of its strength from the

presence of extensive amounts of substitutional solid solution elements such as Co, Cr,



Table 2.3: R.ole of alloying elements in trN 739 superalloy [14, 15]

Effect Element

Solid solution strengtheners Co, Cr, Mo, W, Ta

Carbide formers

MC-- W, Ta, Ti, Mo, Nb

MztCa Cr, Mo, W

MoC Mo,'W, Nb

Forms y'Ni3(Al,Ti) AI, Ti

Raises solvus temperature of y' Co

Promotes the formation of hardening
precipitates and./or intermetallics

AI, Ti, Nb

Oxidation resistance AI, Cr

Sulfidation res i stanc e Cr, Co, Si

Improves creep properties B, TA

Inhibit carbide coarsening; improve ffi
boundary strength; improve creep strength
and ductility

B, ZT

Causes embrittlement by grain boundary

segregation

Impurity elements: S, P, Si

Promote formation of undesirable TCÞ

phases of o', p and Laves etc

Cr, Mo,'W, Co



Fig.2.1: Optical micrograph showing serrated grain boundary
in as cast IN 738 alloy.



Mo and V[- These elernents ditrer with nickel in atomic diameter up to about l0ol0, thus

their solubiltty i" the nickel matrix results in the distortion of the lattice [19], which

typically gives rise to a spherically symmetrical stress ûeld surrounding the solute atoms.

This stress field can interaø with the stress field of a dislocation, giving rise to solute

atom - dislocation interaction, and thus strengthen the y-matrix.

2.3.2 Gamma Prime (y') precipítates

This is the principal high temperature-strengthening phase in IN 73g. It is formed when

the solubility limits of titanium and aluminum are exceeded in the y-matri4 resulting in

the precipitation of Llz intermetallic Ni¡(Al,Ti)-type y' particles. These precipitates,

whose distribution is shown in Fig. 2.2, cantun some other elements in smaller amounts,

and their composition in IN 738 has been suggested lzal to be given by:

(Ni.e22co.osrcr.orzMo.oozw.ooz)¡(Al.sreTi.¡szTa.oqaNb.+rw.o ucr.ozt), while the y matrix has a

FCC crystal structure, 7' has an ordered FCC struøure with lattice parameter very close

to that of y. The y' precipitates are therefore coherent with the matrix, and a cube - cube

oricntation relationship exists between the two of them [21]. However, the difference in

the lattice parameter between the two phases, although small, commonly called the

"misfit" or "mismåtch" is usually not zero [19]. This is known to have a significant

importance in determining the morpholory of y' precipitates and the strength of the alloy.

It has been observed that y' tørds to form as spheres for 0 to +/- O.Z%mismatch, bec¡mes

cuboidal for the mismatch of about +/- 0.5 to lo/o, and is platelike at the mismatch of

above about +l- l.zsyo [la]. Figs. 2.3 a,b, and c show the TEM bright field image and

10



ßig.2.2: sEM micrograph showing the distribution of y' precipitates in
as cast IN 738 alloy; A) dendritic y' B) interdendritic y' C) grain
boundary y'.

11



Fig" 2.3: a) TEM bright field image of y-matrix
and y' precipÍúates. b) S,{ÐF fiom [111] zone

axis c) SÁ.DP fnom ¡130] zone axis; showing
superlattice reflections of y' preeipitates.

t2



selected area diffraction patterns (SADP) from y matrix and y' precipitates. Observed in

addition to the fundamental reflections from y' and y matrix on the SADP taken from

[111] and [30J zone axes, is the presence of weak superlattice spots fromLlz ordered

intermetallic y' precipitates. The precipitation strengthening due to y' particles depends

on the following:

l. Lattice mismatch between y' and y:

The degree of y /y' lattice mismatch has a significant effect on the mechanical strength

of nickel-base superalloys [22]. A coherent particle whose lattice parameter differs from

that of the matrix produces a coherency strain field, which interacts with dislocations and

subsequently makes a significant contribution to the overall hardening of the alloy.

However, a large value of mismatch increases the driving force for particle coarsening,

which can have detrimental effect on high temperature strength of the alloy [19]. The

mismatch between the y'ly in IN 738 is in the favorable range of 0 to +/- lyo, thus making

it possible to pack more y' precipitate (approximately 40Yo volume fraction) in the y

matrix.

2, Precipítate Order:

There is a significant increase in the amount of energy required for dislocations to pass

through the y' precipitates due to their ordering. It is known that ordered precipitates

posses an energy (Antiphase Domain Boundary or APB), which represents the extra

energy associated with orderçd atom positiorts versus normal disordered or random

13



positions [1a]. The higher the APB energy associated with the precipitates, the higher

will be the corresponding force required for dislocations to shear them.

2.3.3 Carbides

IN 738LC is known to have a nominal carbon composition of 0.lIwto/o [15], therefore, a

significant amount of predominantly MC type carbides are formed, both intergranularly

and transgranularly, in the as cast alloy. The distribution of these carbides along the grain

boundaries of as cast IN 73sLC superalloy is shown in Fig. 2.4. Also,Figs. 2.5 a, b, c and

d show the TEM images (bright and dark field) and SADPs from a carbide precipitate,

which was extracted on a carbon replica from the y matrix of Inconel 73gLC superalloy.

MC carbides form from the melt during solidification as a result of the reaction of carbon

with reactive and refractory elements such as Ti, Tq Nb, Mo and w. They may also be

precipitated from the supersaturated solid solution at high temperatures, in excess of

1038oc, and usually exhibit a coarse, randon¡ globular, or blocþ morphology, with an

ordered FCC lattice structure and their size ranges from fraction of one micron to

hundreds of microns. It has been suggested [20] that MC carbides have the formula:

(Ti.5,Ta.2,M.2,w.s4,Mo.63,cr.¡2)c, and a typical TEM/EDS spectrum from an MC carbide

particle is shown in Fig. 2.6.

MC carbides tend to degenerate during heat treatment and service, resulting in the

generation of other carbides such as MzlCo and/or À,[rC. Fig. 2.7 shows a thin filrn of

IvInCø that formed along a grain boundary of IN 738LC after a standard solution heat

treatment of t 120"C for 2 hours, followed by agrng at 845'C for 24 hours. Thakur [17]
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Fig,2.4z SEM backscattered electron image showing MC carbide
particles in as cast IN 738LC alloy.
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Fig. 2.5: TEM a) brighr field image b) dark fietd image (g = þzã)l "rextracted carbide precipitate with lattice parameter a = 4J6Å
c) SADP from [011] zone axis d) SADP from [T2T] zone axis.
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Fig.2.6: TEMÆDS spectrum from a MC-type carbide particle.

Fig.2.7z SEM microstructure of intergranular M23C6 carbide
formed in IN-738LC after solution heat treatment at
llzD' Clzhrs and aging at 84So C l2fihrs.

CÌls¿unlcarb¡de analysis2,spc
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has also reported the formation of discrete grain boundary Mrrce carbides in IN 73g that

was heat-treated under the same conditions as above. The degeneration of MC carbides,

which results in the formation of Mz¡Ce carbides, occurs by the reaction [21]:

MC + y -+ MuCu+ y' or

Q, , ¡øo)C + (Ni ,Cr , AI ,rt) -+ CrrrfulorC u + Nir(H ,rt)

Mz¡Ce (for example Crz¡Ce) carbides have complex cubic structure and readily form in

alloys with moderate-to-high chromium content [1a] at a favorable temperature range of

76ooc to 816 "C, although they may form at a temperature that is as high as 982"C. They

can also form from unused free carbon when cast ingot cools through the MzlCe solvus

range (1000"C to 1050"C). The carbides encountered in this alloy sewe three principal

functions:

1. When properly formed at the grain boundaries, they strengthen and prevent or retard

grain boundary sliding, and permit stress rclaxation. lvfz¡Ce carbides are known to

improve the creep life of the alloy if present in discrete form along the grain

boundaries. However, they have a detrimental effect on the alloy properties if they

form a continuous network along the grain boundaries, as this will enhance crack

propagation by boundary-matrix decohesiqn.

2. They may provide dispersion strengthening to the y-matrix if they are precipitated as

fine carbides.

3. Carbides can tie up certain elements that would otherwise promote phase instabilþ

during service.
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2.3,4 The y-y' Eutectic

Dendritic solidification of an alloy leads to compositional differences within the as-cast

alloy' These differences occur as a result of the segregation of solute elements between

the cores and tips of the dendrites. It is known that the extent of segregation depends on

the partition coefficient k (:$, i.e. the ratio of the equilibrium concentrations of the' cr'

solid and the liquid) of each element, which is present in the molten alloy undergoing

solidification 123, 25f, and' on the conditions of solidification and subsequent cooling.

The formation of the non-equilibrium y-y' eutectic product is one of the effects of

microsegregation during ingot solidification [25,26] of IN 73g alloy. The y-y, eutectic

islands consist of lamellar structure of continuous y'platelets, or rafts [17], as shown in

Fig' 2.8' During solidification, the solute-rich liquid pool is expected to commence

solidification first as y, and then transforms to y-y' eutectic product on reaching the

eutectic temperature [a]. It has been suggested that the y-y' eutectic product forms in such

a way that their "crown" region protrudes into the last liquid to solidify 1271. In the

interdendritic spaces, where the last liquid solidifies, segregation can also lead to the

formation of new secondary phases [19]. For example, the formation of boride and Zr-Ni

rich phases are often observed along with the y-y' eutectic product formed in as cast IN-

738 (as shown in Figs. 2.9 and 2.10). These secondary phases, which form in the

interdendritic spaces, can have deleterious effects on the mechanical properties of the

alloy considering their massive morphology, which can aid in initiating cleavage fracture.
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Fig. 2.8: SEM microstructure of y-y'eutectic island in as cast IN 738LC alloy.
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l--iõírr-l Electron lmage 1

Element

TiK
CrK
CoK
NiK
MoL
WM

Totals

Weight%

3.13
39.88
1.75

4.7t
J J.4J
17.11

100.00

Weight%
Sigma
0.09
0.26
0.13
0.17
0.30
0.22

Atomic%

4.72
55.43

2.15
s.80
25.t8
6.72

App Intensity
Conc. Corm.
2.60 0.8784
35.00 0.9258
1.s0 0.9020
4.32 0.9666
22.01 0.6946
t1.75 0.7245

Fig.2.9: SEM backscattered electron image (BEI) and EDS
analysis of a boride particle observed ahead of a y-y, eutectic
island.
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Element

AIK
TiK
CrK
CoK
NiK
ZrL

Totals

Weight%

0.82
3.0s
10.32
8.36
61.24
16.2t

100.00

Weight%
Sigma
0.09
0.09
0.14
0.19
0.32
0.29

Atomic%o

1.84
3.84
1r.99
8.57
63.01
10.74

App Intensity
Conc. Corm.
0.32 0.3606
3.06 0.9319
Lt.25 1.0109
8.48 0.940s
6s.22 0.9883
9.97 0.5707

Fig.2.10: SEM backscattered electron image (BEI) and EDS
ânalysis of a Zr-Ni rich phase observed ahead of ay-y, eutectic
island.
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2.3.5 The Topologically Closed Packed (TCp) phases

These are usually platelike or needlelike phases such as o, ¡r and Laves- They may form

in alloys of some compositions and under certain conditions, for example, after a long

time exposure of the alloy in service. It has been well established that o phase

precipitation generally ocçurs when the y matrix reaches a critical electron vacancy

concentration (N') range [28]. The electron vacancy number for IN 738LC was estimated

to be 2.31 F5l, which is less than the oritical value of 2.36. Also, it has been reported that

o phase was not present in the heat-treated IN 738C of optimum composition, even after

more than 5000 hours of stress-rupture testing at a temperature of 8l6oC and at a stress of

40,000Psi [15]. The TCP phases are very brittle, thus they can have very serious

detrimental effect on the mechanical properties of the alloy if present in more than trace

amounts.

2.4 The Standard Heat Treatment

If the optimum precipitation-hardening effects in IN 738 atloy are to be achieved, then

the alloy has to be solution heat-treated at a temperature more or less above the y' solvus.

This is to dissolve the y' particles in the y-matrfu, resulting in the supersaturation of the y-

matrix with y'-forming elements when the solution heat-treated alloy is rapidly cooled to

the room temperature. The solution heat treatment is then followed by an aging heat

treatment, which is employed in order to optimize the distribution of y' in y-mztr'l¿ and

to promote transitions in other phases [14].
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2.4.1 The Solution Heat Treatment

IN 738 alloy has a standard solution heat treatment temperature of 1120"C /2 hours. This

results in almost a complete dissolution of primary y' in the dendritic core, with little, if

any dissolution of the particles in the interdendritic regions tal. Fig. 2.11 shows the

distribution of y' precipitates in solution treated IN 738 superalloy. It is seen that after the

solution heat treatment operation, the alloy mostly consists of fine (- lpm) spheroidal

secondary y' particles, which are distributed in the interdendritic region" but more

predominantly in the dendritic core. These form during cooling from the solution heat

treatment temperature. Also, the dendritic core is outlined by a ring of large y' particles

due to very rapid growth of these particles that contain higher aluminum and titanium

content, immediately before solutioning. Furthermore, fairly regular distribution of coarse

cuboidal primary y' particles with size range of 0.6 - 0.8¡rm is also obsçrved along the

interdendritic region (as shown in Fig. Z.ll).

2.4.2 The Aging Treatment

The second stage of the standard heat treatment operation, namely; agtng at B4S'C/?1

hours followed by air-cooling, increases the particle sizes of both spheroids and cuboids

y' particles, but no appreciable change in the particle morphology ocçurs. Fig. Z.l2 shows

the distribution of y'precipitates in solutiontreated and aged IN 73BLC superalloy. It is

seen that the microstructure of the aged sample consists of large cuboids and smaller

spheroids. It has been established that the precipitation of y' in y matrix is a continuous

process involving thnee classical stages of nucleation, growth and ripening l2B, Zgl.
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Fig. 2.11: sEM micrograph showing the distribution of yo precipitates in
solution treated alloy (1120oc12 hrs), (A) second ary y, @) grain boundary
y'(C) primaryy'.
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Fig.2.l2: SEM micrograph showing the distribution of y' in
solution treated (llzÙ"clz hours) and aged IN 73gLC ailoy
(845"C124 hours).
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However, the disparity in dissolution behavior and size distribution of the core and

interdendritic y' is as a result of microsegregation that occurs during solidification of the

alloy [4]. Segregatior¡ particularly of titanium, into the interdendritic regions raises the y'

solws in these regions, and results in larger particle sizes after continuous cooling

compared to particles in the core, owing to the precipitation occurring at higher

temperatures [25].

2.5 Joining/Repair Techniques

Over the past years, there has been an increased emphasis on the development and

optimization of various repair processes in order to offset the cost that would be incurred

in the replacement of service-degraded turbine engine components. Thus, a great dcial of

research work is currently being carried out that is aimed at satisfying the quest for the

production of a perfect joint, whose microstructure and mechanical properties are

indistinguishable from those of the parent materials. Up to date, some processes such as

diffi.lsion bonding can achieve results that are very close to these ideal conditions;

however, they are either expensive or restricted for use to repair components made ofjust

a ftw materials [30]. Nevertheless, it should be noted that a material could be joined in

several ways; however, many factors have to be considered when selecting a

joining/repair technique. These include, service requirements (such âs, service

temperature), environment (e.g. corrosive, oxidizing), mechanical properties

requirements (e.g. fatigue resistancg impact resistânce, and other cyclic conditions), and

manufacturing considerations (such as cost, equipment required, and other assembly

details).
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This section discusses the fundamentals of some of the available joininglrepair

techniques, which include: fusion welding diffi.rsion bonding, brazrng, and Transient

Liquid Phase (TLp) bonding Proçesses. Emphases are also placed on their inherent

advantages and limitations.

2.5.1 Fusion Welding

This involves fusion of the joint surfaces by controlled melting through a localized

application of heat and subsequent solidification of the molten pool. Commonly

employed heating sources include, electron beanL plasma arc, electrical resistance, and

laser. Furthermore, the use of filler metals has become commonplace, most especially

when the joint gap is wide and of variable width. In this situation, the filler is often

chosen to have a marginally lower melting point than the components ín order to ensure

that it melts completely [6] and flows easily in the joint. Notwithstanding the fact that

welding process has been used on the macroscopic scale over a long period of time, it

still has its inherent limitations, which invariably limit its use as a repair{oining process.

These limitations include:

l. The detrimental effest of the heating cycle, involving very rapid heating and cooling,

on the rnicrostructure and, henc,e, the properties of the components over a region

around the joint, called the heat af|ected zone (HAZ). For example, most precipitation-

hardened nickel base superalloys that contain substantial amounts of aluminum and

titanium are considered to be difficult to weld due to their high susceptibility to HAZ

oracking during welding and post-weld heat treatúent [2]. This has been attributed to:
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2.

" The large shrinkage stress occurring as a result of rapid precipitation of y'

particles during cooling from the welding temperature [3],

c Combination of thermally induced welding strains and very low ductilþ

in the alloy due to localized melting at grain boundaries [4]

The distortion of the components in the region of the HAZ. This is as a result of the

thermal gradients developed through the use of a concentrated heat source in melting

thejoint surfaces.

welding cannot be used widely in the joining of metals to non-metars.

The mechanical properties, most especially fatigue resistance, of the welded joints are

usually inferior to those of the base alloy. This is due to the stress concentrations

produced by the high thermal gradients that develop during joining.

It may be difficult to repair components with complex geometries, as the joint surfaces

may rtot be easily accessible to the concentrated heat source.

2.5.2 Diffusion Bonding

This is a solid-state welding process that allows joining of a variety of structural

materials, both metals and non-metals [31]. This process is controlled by thermally

activated migration of atoms towards and across the joint interface [32]. Therefore, a

necessary requirement for dift.lsion bonding is that the joint surfaces be placed in

intimate contact with one another. This is usually achieved by an extensive preparation of

the mating surfaces, and the compressive loading of the mating parts, such that plastic

deformation of the surface asperities occurs on a microscopic scale. Fig, 2.13 shows the

sequence of metallurgical stages that are involved in the diffi¡sion bonding process.

3.

4.

5.
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Fig. 2.13: Sequence of metallurgical stages in diffusion bonding process [32].

a)
b)
c)

d)

Initial contact: limited to a few asperities (room temperature).
First stage: deformation of surface asperities by phsìic flow and creep.
Second stage: grain boundary diffusion of atomJto the voids and gra^in boundary
migration.
Thfud stage: volume diffusion of atoms to the voids.
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Advantages of Diffusion Bonding:

The diffi¡sion bonding process is widely used due to the following reasons:

l. The generation of thermal exparuion mismatch stressçs, most especially when joining

dissimilar components, is reduced, since the process is carried out at relatively low

temperatures.

2- It sidesteps the need for wetting and spreading of fillers, which imposes the use of

controlled atmosphere during TLP bonding process [6].

3- Difr¡sion bonded joints have higher remelting temperatures. Thus, repaired

components can be used at a much higher service temperature.

Limitations of Diffusion Bonding:

The use of diñrsion bonding as a joining/repair process tends to be of limited

applications due to the following reasons:

l. The need for high bonding pressures (e.g. 500 - 5000 psi), exacting mating surface

preparation and fit-up, and some deformation in the parts during bonding can make the

process uneconomical in many situations [5].

2. Diffiision bonding is limited in application to specific combinations of materials that

provide adequate diffi¡sion without a consequential formstion of voids (Kirkendall

porosity) or embríttling phases in the joint [6].

3. Aluminum-, iron-, nickel-, and cobalt-base alloys, which exhibit very low solubility

for interstitial elements are not readily diffiision bondable.

4- A severe limit¿tion can be imposed on the joint desþ bçcause the process is not

tolerant to joints of variable width.
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6.

Diffi;sion bonding has the least tolerance to poor mating of the joint surfaces when

compared to all other joining msthods,

Diffi¡sion bonding process is controlled by the solid-state diffi.¡sion of atoms across the

interface; therefore, it is a relatively slow process.

2.5.3 Brazing

Brazing encompasses a group of joining processes that produce coalescence of joint

surfaces through the heating of the materials to the brazing temperature in the presence of

a filler metal, which has a liquidus temperature above 450f but below the solidus

tenperature of the base material [33]. During the brazing procoss, the materials being

joined are heated to a temperature approximately 50 - 55oC above the liquidus

ternperature of the filler metal. The molten filler metal, which is held in the joint by

surface tension, then spreads into the joint by capillary action and wets the base metal

sur[aces. Metallurgical reactions ocÇur betweçn the liquid filler and the joint surfaces,

which result in the erosion of the original surfaces of the components on a microscopic

scale. Finally, the parts are cooled in qrder to solidify or "freezd'the filler metal.

Advantages of Brazing Process:

Btazing has some distinct advantages, among which include the following:

1. Strong, uniform and leak proofjoints can be made rapidly, and even simultaneously.

2. Components with complex geometries and/or combinations of thick and thin sections

can usually be brazed together.

3. It preserves the protective metal coating on the materials being joined.
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4.

5.

6.

The entire part can be brought up to the same brazing temperature. This prevents

localized heating that causes distortion during fusion welding. Thus, multicomponent

assemblies can be joined with low distortion and good resistance to thermal shock.

Cast and wrought alloys can be turned into integral components by a single treatment

through a br azing fi¡rnace.

The mere fact that braztng does not involve any substantial melting of the base metal

offers several advantages over the fusion welding process. It is generally possible to

maintain closer assembly tolerances, preserve special metallurgical characteristics of

metals, and produce a cosmetically neater joint without costly secondary operations

[31].

Limitation of Brazing process:

The formation of intermetallic phases in a brazed joint during the brazing process can

adversely affect the physical, chemical and mechanical properties of the joint. In fact,

there are many applications for which superalloy brazements do not possess adequate

elevated temperature mechanical and physicat properties as a result of the heterogeneous

nature of the joints.

2.5.4 Transient Liquid phase (TLp) Bonding

Transient Liquid Phase (TLP) bonding process (also known as diffi¡sion brazing) is a

hybrid process that combines the beneficial features of liquid phase joining and diffi¡sion

bonding techniques t6]. It is a relatively new process that is currently being used

eoonomically in producing high strength diffi¡sion bonds in most difficult-to-weld heat
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resistant alloys. It also excludes a need for the application of substantial pressure during

bonding [5]. It has been extensively used for the repair of aero-engine turbine blades [34]

and joining of electronic circuit components [35].

During the TLP bonding process (as shown in Fig. 2.14), a thin interlayer alloy,

containing a melting point depressant (MPD), is clamped between the well-cleaned

mating surfaces of the joint metal. Thereafter, the entire assembly is then placed in a

vacuum or an argon atmosphere, and heated up to the bonding temperature. This results

in melting of the filler metal (at a temperature bçlow the solidus temperature of the base

metal) and/or its reaction with the base metal to form a liquid zone, which subsequently

fills the gap between the joint surfaces. While the parts a¡e still held at the bonding

temperature, rapid interdiffi.rsion of alloying elements occurs between the liquid

interlayer and the base met¿l [5J, which results in a change in the compositions of the

solid and liquid phases, until equiübrium is established at the joint's interface. Further

diffi'lsion of the MPD into the parent metal raises the meltirrg temperafure of the liquid

filler alloy, resulting in its isothermal solidification. Thus, a complete isothermal

solidification is achieved if the joint is kept for a sufficient time at the brazing

temperature before cooling to the ambient temperature. Following solidification, the joint

region is homogørized both in composition and microstructure by keeping it for a longer

period of time at the bonding temperature, or at some lower temperafure at which

interdiffi¡sion of solute elements will be fast enough. It should be noted that the diffi¡sion

brazng process is not limited to alloys with binary eutectics, but can also be applied to
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ISOTHERMALLY
SOLIDIFI ED
HETËROGENEOUS

BOND

Fig.2.l4: Diagrammatic illustnation of TLp
bonding process [5].
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any system where the parent metal or alloy will form a relatively low melting phase,

which has solubility for the MpD [36]_

Advantages of TLP Bonding process:

1' It has the advantage of not requiring the rather high pressure needed in typical solid-

state diffi¡sion bonding process [37].

2' It can be used successfully in joining of heat resistant alloys that are inherently

susceptible to hot cracking or post-weld heat treatment cracking [5, 7, g].

3' Complex-shaped parts can be joined using simple tooling and mating surface

preparation' AIso, TLP bonding can be used for the production of sound joints

between varieties of materials ranging from similar/dissimilar alloy combinations, to

metal-matrix composites etc.

Process cost can be significantly reduced, as diffi¡sion brazing allows for mass

production of parts.

Joints having microstructural and mechanical properties similar to those of the base

metal ca¡ be produced. Also, the quality of the braeed joint can be improved by

employing an adequate post-braze diffrsion heat treatment.

The process parameters and interlayer design are quite flexible and can be tailored

towards a particular requirement of a given alloy for a particular application [32].

In contrast to diffi¡sion bonding, diffirsion brazng can be suitably used for joining

intermetallic base materials, which have stable oxide surface fihns [3s]; are hig¡ly

sensitive to microstructural changes; and have poor low temperature ductility ï3g,401.

4.

5.

6.

7.
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Limitations of TLp Bonding process:

Although TLP bonding process has a wide range of applications, its limitations include

the following:

1' Very slow solidification process, typically requiring several hours. This is because the

isothermal solidification stage is controlled by the solid-state diffirsion of solute

element from rhe liquid interlayer into the a-djoining base metal.

2' Brittle phases may form in the joint if a complete isothermal solidification of the

liquid interlayer is not achieved during holding at the bonding temperatur e [4], 42].

These brittle phases generally have detrimental effects on the mechanical and

chemical properties of the joint.

3' The diftision of the melting point depressant from the liquid interlayer into the

substrate results in the precipitation of second phase particles at the brazed joint

interface and along the grain boundaries of the substrate. These particles can have

detrimental effects on the mechanical properties and corrosion ,"rirt*ce of the

brazed assembly.

2.5.4.1 Key Parameters of TLp Bonding process

The quality of a diffi.lsion-brazed joint depends on the appropriate combination of a

number of key parameters. These range from the characteristics of the filler/base alloy, to

the processing conditions' The relevant factors include the joining atmosphere employed,

the condition of the solid surfaces (e.g. nature of any oxides or coatings, surface roughness

etc'), the metallurgical reactions involving the filler and base alloys, and the process

temperature/time. These factors are discussed in the subsections below.
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2.5.4.1.1 Joining Atmosphere

For molten filler metal to wet and bond to a base metal surface, the latter must be free from

non-metallic surface films [6] Although it is possible to ensure that this condition is met at

the beginning of the heating cycle, by prescribed surface cleaning treatments; however,

significant oxidation will generally occur if the components are heated in air. Therefore,

steps must be taken to either prevent oxidation or remove the oxide film as fast as it forms.

In view of this, diffi¡sion brazng atmosphere is usually controlled in order to prevent the

formation of oxides during brazing, and to reduce the oxides present, so that there will be

no impediment to the wetting and flow of the liquid interlayer on the clean base metal [43].

The controlled atmospheres normally employed include:

a) Vacuum Atmosphere:

Most nickel base superalloys containing titanium and aluminum have been successfirlly

brazed in vacuum atmosphere of around 10a torr. Any gas that evolves during heating to

the brazing temperature can be removed to a suitably low pressure through the use of a

vacuum pumping system that is attached to the brazng furnace. Thus, it is possible to

obtain very clean surfaces even prior to bonding. A vacuum atmosphere is mostly useful

when brazng metals that react chemically with hydrogen. Vacuum brazing has the

following advantages and disadvantages as compared to brazing carried out under high

purity atmospheres:

o Certain oxides that form on the base metal dissociate in vacuum at branng

temperafures.
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volatile impurities and gases are removed as a result of the low pressure existing

around the base and filler metals at elevated temperatures- This therefore

eliminates the necessity of purifting the suppried atmosphere.

It is not advisable to use filler metals with volatile constituents, as these can

corrode the vacuum chamber, degrade its seals, and contaminate the pumping oils.

AIso, extreme care has to be taken when bonding base metals with very high

vapor pressure' as brazing at high temperature under a high vacuum can result in

their evaporation.

b) Pure dry hydrogen Atmosphere:

Here, dry hydrogen with a dew point of -51'C is used as a protective atmosphere during

brazing' This dissociates the oxides of most elements found in heat-resistant alloys,

except those of aluminum and titanium.

c) Inert Atmosphere:

An atmosphere of non-reactive gases such as helium and argon is usually employed,

since these gases do not form compounds with metals. Also, the evaporation rate of
volatile elements in vacuum atmosphere can be significantly reduced by the use of an

inert atmosphere. It should be noted however that some elements such as zinc and

cadmium vaponze in pure dry inert atmosphere s fazl.
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2.5.4.1.2 Surface Cleaning and Preparation

Damaged hot section aero-engine components are usually contaminated with oxidation

products, wear debris, and sometimes sulphidation and carbonaceous deposits resulting

from incomplete combustion during service [44]. Thus, it is imperative that all the

contaminants (including any film of grease, oil or wax) be thoroughly removed in order

to prevent obstruction to the wetting, flow, and interdiffusion of solute elements across

the solid base metaVliquid filler metal interface during TLP bonding. The surface

cleaning methods that are usually employed individually or collectively include:

a) Chemical Cleaning Method:

This is the most effective means of removing all traces of oil or grease by the use of

degreasing solutions, which include stabilized perchloroethylene. The parts are

degreased by soaking, spraying or suspending them in a hot vapor of the

aforementioned chemicals. Likewise, anodic and cathodic electrolytic cleaning can also

be employed. However, surface oxides and scale that cannot be eliminated by these

solutions are removed by using other chemical means e.g. the immersion of the

components in phosphate acid cleaners or acid pickling solutions. Thereafter, the

chemically cleaned components are cleaned ultrasonically in alcohol or clean hot water

in order to ensure the removal of all the traces of previous cleaning solutions.

b) Mechanical Cleaning Methods:

These methods are usually employed in cleaning components with heavy tenacious oxide

films prior to repair brazng. Mechanical cleaning involves the use of processes like grit
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blasting, abrasive grinding, wire brushing and filing. These processes result in the

cleaning and slight roughening of the surfaces to be brazed. It is well known that for each

parent material, there exists an optimum surface roughness in which the spreading of the

liquid filler can be maximized [a5]. If the texturing is too deep, then capillary dams can

be formed, which will impede the spreading of the filrer metal.

c) Fluoride Cleaning Method:

In order to produce a high quality repair of thermal fatigue cracks and other narrow

cracks, which are not easily accessible, the oúde layer on the cracked surfaces needs to

be removed effectively. This is easily done by heating the part, most especially nickel-

and cobalt-base alloys with low Al and Ti contents (i.e. less than |wtyo) in a hydrogen-

rich atmosphere- However, oxides of alloys containing a considerable amount of these

elements usually exhibit a high degree of thermodynamic stability. Thereforq they are

cleaned by exposing them at elevated temperature to fluoride ions in a reducing

atmosphere. During this process, not only are the Al and Ti oxides reduced, the surface of

the parent material also becomes depleted in these elements, and this prevents the

possibility of reoxidation prior to repair braÀng.

Components requiring fluoride ion cleaning are firstly preheated up to a temperature of

950"C in a hydrogen atmosphere. This is then followed by the introduction of either a

fluorocarbon such as PTFE or a metallic fluoride (e.g. chromium fluoride) into the hot

zone at a controlled rate. The cleaning action then occurs as a result of the following

reactions [45]:
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Decomposition ofPTFE:

(crr"), -+ nCrFol

Generation of FIF:

CrFo+6H, -> 4HF +ZCH4

Decomposition of metallic fluoride:

CrFr+H, --+ 2HF +Cr

Reduction of the surface oxide:

6HF + AI2O3 -> 2AIF| l ßHrO

It should be noted that the process needs to be properly controlled in order to ensure

adequate cleaning of deep narrow cracks, and at the same time avoiding excessive surface

depletion, intergranular attackor deposition of soot.

2.5.4.L3 Filler Alloy Characteristics

For a filler alloy to be compatible with a particular base alloy, it must exhibit the

following characteristics :

1' It must have a liquidus temperature that is less than the solidus temperature of the base

alloy' Generally, heat-resistant alloys are brazed with nickel- or cobalt-base filler

alloys containing boron, silicon, and/or phosphorus, which serve(s) as melting point

depressant (I\æD). These elements are added to the filler alloy in specific amounts in

order to depress its melting point. However, it is very important that the MpD has a

sifficant diffrsivity and solubility in the base alloy in order to ensure reasonable

bonding times.
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2' The filler used should be able to produce a joint that not only has the required

mechanical properties, but also desirable chemical properties (e.g. oxidation/corrosion

resistance)' In view of this, apart from the MPD, ch¡omium is often added to the filler

alloy in an amount that can be as high as 20Yr. Thts improves the oxidation and

corrosion resistance of the brazed joint. In fact, some filler alloys contain small

additions of some transition elements like lanthanum, which are known to improve the

oxidation properties of the brazedjoints.

3' The filler alloy must not contain constituents or impurities that might embrittle or

otherwise weaken the resulting joint. Thereforg a careful selection of the bonding

interlayer composition is necessary in order to form a single-phase microstructure

upon solidification' certain elements (e.g. aluminunq titanium and carbon) are either

deliberately excluded or restricted in amount in the interlayer because they were found

to form very stable interfacial phases during bonding [5].

4' It must have proper fluidity at the brazngtemperature to ensure wetting and flow by

capillary action. In this regard, Gale and Wallach [46] showed in their work that the

ultimate control of spreading of boron and phosphorus bearing nickel base fillers is

affected by their ckomium content, which is consistent with a fluidity associated

process suggested by Ambrose et al [a7]. Furtheflnore, filler alloys having eutectic

composition are often regarded as having the best spreading characteristics when

compared to those with hypo- and hyper-eutectic compositions [as]. The results of a

study on a Aglfug-20wt%cu/Ag sandwich joint by Tuah-poku et al [37] also showed

that the use of an alloy close to the eutectic composition as an interlayer material

shortened the TLP processing time substantially. Thereforg filler alloys having
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5.

eutectic compositions are always preferred, not only because of their improved

fluidity, but also because of the reduction in the bonding time associated with their

use.

It must be capable of producing a joint at temperatures that will not be detrimental to

the properties of the base alloy. This is very important because some work-hardened

and precipitation-hardened alloys loose their beneficial mechanical properties at

elevated temperatures.

More importantly, the filler alloy must be available in a form, which will make it to be

easily applied to the damaged surfaces that are being repaired. Available forms of

American Welding Society (AwS) classified and propri etary brazing filler alloys

include, powder, paste, tapg foil, etc.

a) BrazingPowdersÆaste:

These are normally produced by inert gas atomization. They are sold in a range of

specified particle sizes, which ensures their uniform heating and melting during the

braz'ng cycle. The powders can be mixed with plasticizers or organic cements/binder in

order to facilitate their positioning on the base substrate. A filler metal in the paste form

is simply a premixed powder and binder.

b) Brazing Tape:

This is made up of powders uniformly applied to a flexible organic backing strip. The

braze metal density is typically 55Yo and the organic content 45%. Brazng tapes are

6.
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approximately 0.15mm thick and can be produced with an adhesive backing to ease

application [44].

c) Brazing Foils:

Brazing foils are amorphous in nature. They are usually made by rapid solidification

during melt spiruring operations, although, some gold-containing brazing foils aÍe

sufficiently ductile to be manufactured by rolling. Foils are made in thickness ranging

from 0'025 - 0'6 mrq and up to 50 mm in width. Braztngfoils and tapes are best suited

for applications requiring a rargejoint area, good fit-up, or where brazng flow and

wettability may be a problem [43].

2.5.4.1.4 Base AIIoy Characteristics

In principlg most metals can be TLP bonded by using a suitable interlayer [49].

However, in order to have a joint whose properties are comparable to those of the parent

metal, some of the physical properties of the base metal need to be considered. These

include, the melting temperature, strength at temperature, and the ability to diffirse away

bonding elements (i'e- MPD)- The solidus temperature of the base metal must be such

that it is considerably higher than the liquidus temperature of the filler metal. Also, the

base alloy should be thermodynamicaþ stable at the bonding temperature and should

have an extensive solubility for the MPD. These considerations suggest that superalloys

would be ideal candidates for TLP bonding, as they are intrinsically stable close to their

melting temperature, thus allowing for rapid diflusion and hence shorter bonding times.
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2.5.4.1.5 Frocess Temperatureflime

The temperature-time parameters used for bonding a given component are dependent on

the quality of bond required and the effect of the bond cycle on the properties of the base

metals being joined [5]. It is therefore important to have an understanding of both the

physical metallurgy of the base material and its interaction with the filler alloy. The

exposure of some alloys to brazing temperatures that are higher than their normal

solution heat treatment temperatures can be detrimental to their properties. For example,

a btaztng temperature of 1010'C or above would result in grain growth and a

corresponding decrease in stress-rupture properties in IN 71g, which cannot be recovered

by subsequent heat treatment [43]. Therefore, the brazingtemperature should be such that

it is sufficiently high to promote melting, wetting, and alloying of the filler alloy, and at

the same time minimizing its effects on the physical metallurgy of the base metal.

The time atbrazrng temperature is also very important. If the most desirable metallurgical

and mechanical properties are to be achieved, the joint should be kept for a sufficient

time required for achieving complete isothermal solidification and subsequent

homogenization [33]. This time is a function of the diffrsivity and phase relationships

between the MPD and the base metal, both of which are dependent on the bonding

temperature [36].

2.5.4.1.6 Joint Gap Size

The joint gap at the process temperature influences both the joint filling and the resulting

properties of the joint. The smaller the joint gap size, the easier it is for the distribution of
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the liquid interlayer (by capillary action) throughout the joint area, and a smaller

likelihood of the formation of voids or shrinkage cavities as the liquid interlayer

solidifies. However, an increase in the gap size will result in a corresponding increase in

the time required for a complete isothermal solidification and joint's homogenization.

This is because much longer time will be required for the MpD to be fully diffrsed away

from the joint into the base metal.

2.5.5 Mechanisms contro[ing the TLp Bonding process

MacDonald and Eagar [49] in their work have described two rypes of the TLp bonding

processes- The type I process utilizes a pure interlayer, whereas in the type II process, the

interlayer has a eutectic composition [50]. Tuah-Poku et a1l37l did an extensive amount

of work on the TLP bonding of a Ag/CulAg sandwich (a type I based process) and

divided the TLP process into four stages, namely, dissolution of the pure interlayer,

homogenization of the liquid, isothermal solidification, and homogenization of the joint

region. However, MacDonald and Eagar [49] described the TLp bonding as a five-stage

process; a fifth stage termed 'stage 0' was included in their description, which accounts

for the effects of a less than instantaneous heating rate on the filler alloy, as discussed by

Niemann and Garret [51], and Nakagawa et al [52]. From the earlier work of Duvall et al

[5], which was based on the type tr process, the TLP bonding process was considered to

comprise of four different stages, namely, melting of the interlayer, base metal

dissolution, isothermal solidification, and joint homogenization. For the pu{pose of the

theoretical description of the TLP stages as shown schematically in Figs.2.15 a-q it is

convenient to use an interlayer having a eutectic composition of CB. This is sandwiched
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Fig. 2.15: Schematic of the mechanisms controlling TLP
bonding process [54]:

a) melting of the interlayer
b) base metal dissolution
c) isothermal solidification
d) completion of isothermal solidification
e) joint homogenization
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between two pure A base metal, each with composition Ce. Thus, the assembly is a A/A-

B/A system, where B acts as a melting point depressant.

a) Melting of the Interlayer (Stage l):

During this stage (FiS.2.l5 a), the bulk assembly is heated

Ts, which is above the eutectic temperature Trr,r of the

interlayer melts and ûlls the joint region.

to the bonding temperature

filler alloy. Therefore, the

b) Base Metal Dissolution (Stage 2):

The diffilsion of the MPD (atoms of B) from the liquid into the base metal increases the

concentration of B at the base metal mating surfaces to values greater than Coç therefore,

some melting of the adjoining base metal occurs [53]. The local melt back of the mating

surfaces continues until equilibrium is achieved across the solid/liquid interface (i.e.

interfacial concentrations of B atoms in the solid reaches Co¡, while that in the liquid

reaches Cr-) as shown in Fig. Z.l5 b.

c) Isothermal Solidification (Stage 3):

At this point, further melting of the base alloy ceases and isothermal solidification of the

liquid starts. During isothermal solidification at temperature Ts, the composition of the

liquid remains at Cu and is in equilibrium with composition Cor of the adjacent solid

surfaces @ig. 2.15 c). However, because of the continuing diffi¡sion of the MpD into the

base metal, the volume of liquid which can be maintained at the composition Cro

gradually decreases in order to satisfy the solute mass balance across the interface, thus,
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solidification occurs inward from both mating surfaces [5]. The isothermal solidification

stage is very slow because it is controlled by the solid-state diff¡sion of the MpD in the

base metal. Once diftrsion has reduced the maximum joint region MpD concentration to

C".¡, then isothermal solidification is completed and the basic bond has been formed (Fig.

z.rs d).

d) Joint Homogenization (Stage 4):

Solid-state redistribution of the solute elements occurs in the joint region when the brazed

assembly is kept for an additional time at the homogenization temperature, which is not

necessarily the same as the bonding temperature. The concentration of the MpD in the

joint region decreases and at the same time, some base metal solute elements diff¡se into

the joint. In the ultimate, the joint will be identical both in chemistry and microstructure

to the base metal (Fig. 2.15 e).

2.5.6 Modeling of fsothermat Sotidification Kinetics

A great deal of effìcrt has been put into the modeling of TLP bonding process over the

past years. All the works that have been done so far, \¡rere geared towards the common

goal of successfully:

o Predicting the completion times required for each stage of the process (i.e. base

metal dissolution, isothermal solidification, and homogenization), It should be

noted however, that the majority of the work has been done in modeling the

isothermal solidification sta€e. This is simply because isothermal solidification

kinetics is controlled by the slow solid state diffi¡sion of solute element in the base
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metal, thus, the time required for its completion is much more prolonged than that

required for other stages. Due to this, a reasonably good estimation of the

completion time for the isothermal soridification stage may be used as an

approximation for the whole process [55, 56].

Selecting the optimum filler alloy (chemistry, thickness) and bonding parameters

(e.g. time and temperature), which will ensure that the TLp bonding process is

completed within a reasonable time framé [57].

c Predicting the solute concentration distribution, both in the solid and liquid

phases, throughout the TLp bonding process.

This section reviews some of the past research that have been done in modeling the

isothermal solidification stage, which were essentially premised upon some fundamental

assumptions, including:

o Assuming that a local equilibrium condition exists at the migrating solid/liquid

interface [5], such that the composition of each phase at the interface is as dictated

by the phase diagram. However, Langer and Sekerka [58] have pointed out that

this is only an approximatioq as local equilibrium is generally not attained at the

solid/liquid interface.

o Assuming that the effect of convection in the liquid is negligible due to the small

thickness of the interlayer. Therefore, the problem can be considered as one of

pure diffilsion [37].

o The interdiffi¡sion coefficients in the solid and liquid (D. and Dr) are assumed to

be independent of composition [37].
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o According to Nakagawa et al 1521, solute distribution in the liquid can be

considered to be uniform during the isothermal solidification stage. Therefore,

solute diffi¡sion in the liquid can be ignored. AIso, the base metal is assumed to be

semi-infinite in dimensions because of the relatively slow solute diffi¡sion in the

solid.

Subsequent to the above assumptions, two major approaches have been used in

analytically modeling isothermal solidification completion time 137, 59-641. In one, the

system is treated as a two-phase semi-infinite diff¡sion-controlled moving solid/liquid

interflace, while the other, treats it as a single-phase semi-infinite di:ffi¡sion-controlled

systen¡ with the base metal surface maintained at a constant solute concentration C.,¿

[65] (see Fig.2.16).

In the work of Tuah-Poku et al [37], which was based on the "single-phase,, model, an

error function solution was employed in describing the solute distribution in semi-infinite

base metal (see Shewmoq 1989 [66]), as given below:

C(x,t) = C * i (C * - C *) rrf( -=)
\44D"t )

(1)

Where, c'r is the solute concentration at the surface of the base metal

Cl,,r is the initial solute concentration in the base metal

D. is the solute dift:sivity in the base metal

t is the solidification time

x is the distance along the specimen length from the surface
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Fig. 2.16: Schematic showing solute distribution during isothermal
solidification process in TLP bonding, and the two analytical
models used to simulate the process [65].
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Using the above enor function solution, the total amount of solute (M¡) diffused into the

base metal at time (t) is given by:

(2)

Assuming the amount of solute diffused into the base metal during the heating and

dissolution stages is ignored, the total amount of solute diffused into the base metal at the

completion of isothermal solidification equals the original solute concentration of the

filler metal [56], such that:

c,wo = 4(C* - C)^E (3)
Y7T

Where CB and Wo are the original solute concentration and the initial width of the filler

metal, respectively.

Isothermal solidification completion time can therefore be calculated using the following

expression:

lr ( c-w l't-_t E o I t+ll6D, \C,L - Cu )

onzawa et al [59], Ikawa et al [60], and Nakao et al [62]have also used the above

approach in modeling the isothermal solidification process.

Lesoult's [61] work was based on the "two-phase" model. In a more rigorous treatment

of the problem, a general error function solution was assumed for solute distribution in

M, = 1",#* =2(c* -",)F

the solid phase [57] as given below:

c(x,t)= A, + Arerff-+Ì
l.l4D,t )

(s)
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Where, A1 and 4.2 are constants determined by the specific boundary conditions:

When rc -à co, C(*,t): A, + A, =C, (6)

and at the moving solid/liquid interface, i.e. x: X(t)

c(x4),t)= A, * o,",¡{ 79) I =, * (i)
l.l4D"r )

where c".l is the solute concentration of the solid phase at the interface.

Since equation (7) above must be satisfied for all values of t, X(t) must be proportional to

l
to t2 i.e.,

x(t¡ = îJ4DJ (8)

Where,kisaconstant.

Mass balance at the interface produces the following expression:

(c,"-c*).ry=n(â{!Ðl ,n,
\ C'X ,/ çx(t)

Where Cr' is the solute concentration in the liquid phase at the moving solid/liquid

interface.

Solution of equations (5) and (9) gives:

t

k(t+ erf (Ðþri _ C* - C,
exp(-kz) cro -c* 

(lo)

Solutions, similar to the above were also derived by Sakamoto et al [67] and Ramirez and

Liu [63]. Using equation (8), the time required for the completion of isothermal

solidification is given by.

W2l- '* (11)
rckz D
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Where, W,nu* is the maximum liquid width calculated using the mass balance method

[37], and the value of k can be determined by solving equation (10) numerically.

It was however established in the work of Tuah-Poku et al l3Tlthat equation (4), which

was based on the "single-phase" solution, grossly overestimated the isothermal

solidification completion time. According to them, the solidification process could have

been accelerated as a result of the ledge-type interface migration, and also due to grain

boundary grooving. However, in a recent work, Zhou [65] suggested that apartfrom the

reasons given by Tuah-Poku et al l37l for the overestimated value resulting from the use

of equation (4), the error might have been as a result of the major assumption made

during its derivation. since it is known that the liquid/solid interface actually migrates

during the isothermal solidification stage, the assumption of a stationary interface, which

led to the application of equation (1) (which is only exact for a stationary interface) in

prediøing solute distribution in the solid base metal may be unsuitable. It should be noted

however, that isothermal solidification completion time could be approximated using

equation (a) only when the value of k is very small [37]. This occurs when the values of

C¡a and Cør- aro very small as compared to that of Clo. In that case, isothermal

solidification rate will be very slow, thus, the migrating solid/liquid interface can be

approximated by a "stationary interface" [56].

In a different approact¡ Gale and Watlach [68, 69] assumed that the base metal

dissolutio4 which leads to liquid homogenization, and the isothermal solidification

stages occur simultaneously rather than sequentially. This is contrary to the previous
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models already discussed, which considered them as sequential processes. This

assumption has been also suggested by Nakagawa et al [52] and Lee et al 170j.

Subsequent to this, the solid substrate and liquid phase were treated as a continuum,

which was modeled using the following equation [71]:

c (x, t) = c u r ltr, - r,\"ulffi. *\ffi]I (12)

Where, Cv is the initial solute concentration in the base metal

CB is the initial solute concentration in the interlayer

c(x,t) is the initial solute concentration as a function of distance from the

center of the interlayer (x) and time (t).

Equation (12) above gives the solute dishibution in a semi-infinite substrate for an

unsteady state diffusion of a specie from a source with initial thickness 2h, which is of

the order of diffusion distance (nt)i It is known that at the completion of isothermal

solidification stage, C(x,t) : Cc,L at x : 0, i.e. solute concentration at the center of the

interlayer is reduced to the solidus value Co¡. Therefore, in order to estimate isothermal

solidification completion time tr, equation (12) canbe reduced to:

c oL - c u = (c, - r,4r-1611¡ (1 3)

This approach has been reported to give a good agreement between the estimated and

experimental values of tr [6g, 69].
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Ojo et al, in a recent work [72] investigated the applicabiliry of the fwo-phase model to

the diffusion brazing of IN l38LC superalloy using a ternary Ni-Cr-B filler alloy. They

also investigated the applicability of equation (13) above. Their results showed that

isothermal solidif,rcation completion time could be successfully predicted using the two

approaches, as the predicted times were in agreement with the experimentally observed

times. Also, in their work, the activation energy (Q) and the frequency factor (Do) for the

diffi'rsion of boron in IN 73s LC superalloy were experimentally determined to be 2l l

KJ/rnol and 0.014 m2ls, respectively. These values were found to be in good agreement

with the values reported for nickel base polycrystalline superalloys by Nakao et al[62].

2.5.7 Transient Liquid Phase Bonding of Superalloys

The high performance requirements of aero-engines and power generation turbines have

necessitated the use of superalloy materials for making turbine components. This is

necessary in order for the turbine components to withstand high stresses, temperature,

and corrosive environments to which they are exposed. However, with prolonged service

exposure, a degradation of these materials occurs. According to Mattheij t68] a blade or

vane usually exhibits a combination of the following types of damage:

o Degenerated base material

Corrosion - oxidation, suþhidation and hot corrosion

Foreign object damage

Erosion

c Fatigue cracking
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This therefore necessitates the repair of these components, in order to extend their total

life at a price, which gives the greatest benefit in cost of ownership to the user of the gas

turbine L73). Although repair by werding techniques is widely used, it may be

accompanied by defects, which may affect the service per:formance of the repaired parts

[74]. Also' a poor weldability of most superalloys limits the use of fusion welding

techniques as a repair process.

In view of the above, Duvall et al [5] developed the Transient Liquid phase (TLp)

bonding process, which has proven to be an alternative, widely used, and a cost effective

repair process for damaged superalloy turbine engine components. In their work, after a

complete isothermal solidification of the liquid fitler, joint strength equivalent to base

metal strengthwas achieved in avariety of nickel (Udimet 700, Inco TljC,IN-lOo, B-

1900, Mar-M200 + r{fì Hastelloy Ð and cobart (Mar-M302, stellite 3r) base

superalloys' However, a significant reduction in joint strength (tensile and stress rupture)

was observed as a result of briule and segregated phases, which formed in the joint due

to incomplete isothermal solidification. Thus, microstructural and chemical

homogeneities are requisite to having joints whose mechanical properties are comparable

to those of the base metal. Nakao et al 162l worked on the TLp bonding of MM 007,

Mar-M247, Alloy 713c, and Inconel 600 superalloys using MBF-SO, MBF-60 and Ni_B

filler alloys. They observed that a linear relationship exists between the residual eutectic

width and the square root of holding time. They concluded that isothermal solidification

was controlled by the solid-state diftision of boron in the superalloys, and the activation
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energies required for this v/ere experimentally determined to be 219, lgg, Z1l, and,2O9

KJ/mol respectively.

Also, TLP bonding process has been used in the joining of dissimilar superalloys. Le

blanc and Mevrel [75] worked on the &azng of DS z47lB,Ni-3/Astrolloy ATGp3

assembly. After brazing at 10800C for I hr, they observed the formation of Ni¡B

precipitates at the joint's centerline due to an incomplete isothermal solidification of the

liquid interlayer. AIso, boride particles were observed at the DS 247/BNi-3 and

Astrolloy ATGP3/BNi-3 interfacial zones. 'Wu et allT1lbrazed IN 7lS to Inconel X-750

using AMS 4777 frller alloys. They reported that the presence of brittle intermetallic

phases significantly reduced the achievable shear strength of the brazed assembly.

Furthermore, TLP bonding process has been used in joitting of single crystal and oxide

dispersion strengthened superalloys [8, 77, 78]. Nishimoto et al [8] brazed CMSX-2 Ni-

base single crystal superalloy using MBF-80 filler alloy at a temperature in the range of

1373-1548 K for 0-19.6 Ks. Electron back scatter diftaction patterns (EBSD) revealed

that the solid base alloy grew epitaxially into the liquid phase during isothermal

solidification. Also, the microstructural properties of the joints were identical to those of

the base alloy. The activation energy required for the solid-state diffusion of boron from

the MBF-80 liquid interlayer into CMSX-2 was experimentally determined to be 266

KJ/mol.
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In a recent work of Ojo et al [9] and Ojo [79], the effects of brazing parameters on

microstructure and properties of diffi;sion brazed joints of IN-738 superalloy were

investigated using two commercial braztngalloys, NB 150 and Amdry DF3. Centerline

ternary eutectic constituents of y-solid solution, Cr-rich borides, and Ni-rich borides were

observed in NB 150 joints. The formation of these constituents was attributed to the

athermal solidification of the residual liquid interlayer due to incomplete isothermal

solidification at the brazing temperature. Also, MC carbide, Cr-rich borides and Ni¡Ti

based intermetallics were observed in DF3 joints. Their work showed that the presence

of second phases at the brazedjoints and along their interfacial zones adversely affected

the high temperature tensile strength properties of the brazed assemblies.

2.5.8 Scope of the Present Investigation

The preceding introduction and literature review indicates that a microstructural

homogeneity of the brazed joint is required, in order to obtain a joint whose strength is

comparable to that of the base metal. For this to be achieved not only should the liquid

interlayer be completely solidified isother¡nally at the brazing temperature within a

reasonable btaztng time, but the interface of the brazed joint and substrate grain

boundaries should also be free of second phase particles. Although it has been suggested

that the presence of a second solute element (having a marked difference in diffi¡sion

coefficient and/or solubility) in the filler alloy may prolong the time required for

complete isothermal solidificatioq it has not been implicitþ considered that even if the

starting composition of the filler alloy is properþ controlled the commercial alloys that
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are btazed in industrial applications may act as the source of the aforementioned solute

element(s) into the liquefied filler during branng.

In view of the above, this work was designed to study the rate of isothermal solidification

by varying the bonding temperature and joint gap size during the TLp bonding of a

multìcomponent IN 738LC superalloy using Nicrobraz 150 filler alloy. Furthermore, the

effects of bonding temperature and joint gap size on the nature of interfacial particles,

and the effects of bonding temperature on the nature of particles, which form along the

substrate grain boundaries of IN 738LC superalloy TlP-bonded joints were also

investigated. The results of this investigation are not only expected to contributetowards

the optimization of TLP bonding of IN 73sLC superalloy, but will also provide a bener

understanding of the possible effects of base alloy composition on isothermal

solidification rate during TLP bonding process, most especially when multicomponent

alloys are involved, as only few detailed publications have been found in the literature in

this respect.
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Chapter 3

MATERIALS AND EXPERIMENTAL PROCEDURES

3.1 Materials

Inconel 738LC superalloy, supplied by l[tchiner Manufacturing Co., Inc. in the form of

16 x 2-5 x 0-6 cm cast plates, was used in the as-cast condition as the base alloy in this

investigation. Also, a cornmercial ternary Ni-Cr-B alloy (l{icrobraz 150), in the form of

an amorphous foil, was used as the filler alloy. Table 3.1 shows the nominat chemical

composition and the melting temperature rarige of the base and filler alloy.

3.2 Sample Preparation and Diffusion Brazing

15 x 7 x 7 mm coupons were sectioned from the as-received plates using a NC

Electro-discharge Machine (EDM) Thereafter, the mating surfaces of the coupons .were

polished using 600 grade SiC paper. This was necessary in order to remove the recast

layer produced by the EDM operation. After polishing, the coupons were ultrasonically

cleaned for about 15 minutes in a solution of acetone. Subsequent to this, the filler alloy

was placed between the mating surfaces of the cleaned coupons, and the edges of the

coupons were tack-welded in order to keep the gap size fixed during brazing.

The TLP bonding operations were carried out in a vacuum furnace, operating at a

vacuum of approximately 5 x 10-5 torr, using a temperature-time bonding cycle shown

schematically in Fig. 3.1. The bonded samples were sectioned using EDM and mounted

in bakelite- Thereafter, they were polished and electroþically etched in 12 rnl II¡pO¿ +

wlre
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Table 3.1,: Nominal composition of IN 738LC and Nicrobraz 150 filler Alloy.

Material composition (wt %o) Melting Temperature Range (oc)

Solidus Liquidus

Filler Alloy OfB 150) 3.58, 15Cr, Balance Ni 1055 

-1OSS
Base Alloy 0.11C, 15.84Cr, 8.5Co, 1232 1315

(fN 738LC) 2.48W, 1.88Mo, 0.07Fe

0.92Nb, 3.46A1,3.47Ti

1.69Ta,0.001S, 0.042r

0.0128, Balance Ni

1200

o
ó
å eoo

o
ã
E 600
o
CL

E

* 3oo

Time (Mins)

Fig.3.1: Schematic of the TLP bonding cycle.
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40 ml HNO3 + 48 ml IIzSO+ solution at 6V for 5 seconds.

3.3 Microscopic Examination

The microstructure of the bonded samples was examined using optical metallography and

then a JEOL 5900 Scanning Electron Microscope (SEM) equipped with an ultra thin

window Odord energy dispersive x-ray spectrometer (EDS). Using the SEM, an average

of 20 measurements were taken across the joint on each sample to determine the width of

the eutectic zone in the bonded specimens. Semi-quantitative chemical compositional

analyses of phases formed in the centerline eutectic constituents and along the

interface/substrate grain boundaries of TLP bonded coupons were carried out by EDS

equipped viith INCA standardless analytical software.
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Chapter 4

RESULTS AND DISCUSSION

4'l Effects of Bonding Temperature on fsothermal Solidification Rate

4.1.1 Results

To study the effects of bonding temperature on the rate of isothermal solidification, 100

pm gap-sized Inconel 73sLC superalloy coupons were vacuum TLp bonded for varying

times ranging between l-8 hrs using Nicrobraz 150 filler alloy at temperatures of I l30oc,

7145"C, 1160oC, and 1175"C, respectively. The microstructure of the samples after I hr

of bonding at the respective temperatures, observed by SEM operating in secondary

electron mode is shown in Figs. 4.7 a, b, c, and d. It is seen that the microstructure, at all

the bonding temperatures, consisted of similar centerline eutectic constituent made up of

three distinø phases. Figs- 4.2 a, b, and c show the EDS spectra of the phases present in a

100 pm gap-sized joint bonded for t hr at 1130"C. Boron was detected in two of the

phases (as shown in Figs. 4.2 a and b). Althougt¡ its concentration could not be

determined due to difficulty in quantifying the light elements with sufficient accuracy.

The EDS compositional analyses of the rest of the elements (Table 4.1) suggest the two

phases to be nickel-rich and chromium-rich boride phases. The third phase was identified

to be nickel-basey-solid solution phase. EDS analyses of the eutectic present inthe joints

bonded for I hr at 1l45oC, 1160oC, and 1175"C revealed it to consist of the same phases.

It has been established from previous work on diff¡sio n brazing [5, 9, g0] that these

phases formed during the athermal solidification of the residual liquid interlayer due to

incomplete isothermal solidification at the bonding temperature. Thus, it is concluded
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Fig. 4.1: SEM microstructure of 100 pm joint bonded for I hr
at a) 1130oC, b) 1145oC, c) 1160oC and d) 1175oc.
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Fig. 4.22 EDS spectra of a) Ni-rich boride phase b) cr-rich boride phase
and c) y-solid solution phase observed in the centerline eutectic constituents
formed in 100 prm gap-sized joint bonded at 1130oC for thr.
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Table 4.1: Composition of metallic constituents of centerline eutectic in 100
prn 'NB 150' joint bonded at 1130'C for I hr.

Element Nickel rich boride
phase (at%)

Chromium rich boride
phase (at%)

y-solid solution

AI
Ti
Cr
Co
Ni
Nb
Ta
w
Mo

t.2t
3.14
tL.45
1.82

81.23
0.39
0.45
0.30

0.32
76.01
1.26

18._92

1.00

2.49

ase (atYo

1.88
0.84
I 8.55
2.34
75.41

oia
0.4r
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that bonding a 100 pm - wide joint for t hr at l130oc, 1l45oc, li60oc, and 1175.c is

not sufficient for complete isothermal solidification of the liquid interlayer. Also, as

shown in Figs. 4.7 a, b, c, and d, the centerline ternary eutectic constituents were

bordered on the two sides adjacent to the base alloy by an isothermally solidified pro-

eutectic region. The SEM-EDS compositional analysis revealed that this region has a

composition similar to that of the nickel-base y-solid solution phase present in the

eutectic constituent.

Considering the proeutectic/eutectic interface to be the solid-liquid interface prior to

athermal solidification at the end of each holding time, the average eutectic width was

measured using SEM and plotted against the bonding time for each bonding temperature,

as shown in Fig. 4.3. Each value is an average of 20 measurements. It is seen that the

isothermal solidification rate increased as the bonding temperature increased from

1130"C to 1145"C, such that, a complete isothermal solidiñcation of the joints was

achieved within 6 hrs at I130'C (Fig. a.a a) and after 5 hrs at 1145"C (Fig. a.ab), and the

joints consisted of predominantly nickel-base y-solid solution phase. However, after 5 hrs

and 4 hrs of bonding time at 1130"c and 1r45oc, respectively, (i.e. prior to the

completion of isothermal solidification) centerline ternary eutectic constituents \¡/ere

observed. These were typical of those observed in the joints after I hr of bonding time.

The increase in isothermal solidification rate with increase in bonding temperature from

1130"C to 1145oC is attributed to the increase in solid-state diff¡sion rate of boron with

an increase in bonding temperature, since this is the rate-controlling factor during

isothermal solidifi cation process.
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Fig. 4.3: variation in average eutectic width with bonding time and
temperature.
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Fig.4.4: SEM microstructure of completely
\otheryally sotidified 100 ¡rm joinr bìnded at
a) 1130"C for 6 hrs and b) if¿SiC for 5 hrs.
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In the expectation that bonding at higher temperature would reduce the isothermal

solidification time to a more industrially viable level, bonding was done at I l60oC, and

ll75"C for times exceeding the time required for a complete isothermal solidification (t¡),

as estimated by using the current TLP model developed by Gale and Wallach [69], and

successfully applied by ojo et al to diffi.¡sion brazing of IN 73BLC superalloy using

Nicrobraz 150 filler 1721.lt was reported by Gale and Wallach [6g, 69] rhat the diffusion

of a solute from a source with initial thickness 2w, which is of the order of diffusion

distance JDt , into a semi-infinite solid substrate during TLp bonding may be

represented by the analytical solution to Fick's second law of diffusion, given by Crank

[7rl:

C(x,t) = C^ +:(c"

Where,

C(x,t): concentration of solute as a function of distance (x) from the center of the

interlayer and time (t)

Co: initial solute concentration in the interlayer

D : diffirsion coefficient of the solute in the substrate.

From equation (1), the time t¡, in the present work, was predicted using the following

equations [72]:

C,-C*=(Co

Where,

c- : initial boron concentration in the base alloy (0.062g at%)

-r-tuffi."uffij

"þrffiI

(1)

(2)

77



Co : 16.1 ato/oB

C, : solidus concentration of boron (based on average value of solidus

composition of 0.3 at Yo B in binary Ni-B sysrem [69])

D : diffirsion coefficient of boron in the substrate, which is given by the empirical

equation, ,,"*o(#l trl

The apparent activation energy (Q for diffirsion of boron and its frequency factor (D6) in

Inconel 738LC superalloy during the isothermal solidification stage were determined to

be 2llKJlmole and O.ol44mtls, respectively, by Ojo et al f72f, and was reported to be in

good agreement with those that \ryere previously reported for other nickel-base

polycrystalline superalloys 1621. Ojo et at l72l found that equations 2 and 3 successfully

predicted the value of t¡, during the diffi¡sion brazing of IN 73gLC superalloy with

Nicrobraz 150 in the temperature range of 1100oC - 1150'C. Similarly, a good agreement

between predicted and experimental values of t¡ during the difflsion brazing of nickel

substrates, using N-Si-B filler was also observed by Gate and 'Wallach 
t691. Table 4.2

shows the predicted and experimental values of tr for the present investigation. It is seen

that there is a reasonable agreement between the predicted time of 5.5 fuy 4.5 hrs and

experimentally observed time of 6 hrs / 5 hrs at bonding temperature of l l30oc / ll45'C.

However, at 1l60oC and I l75oc, a significant deviation in the experimentally observed

isothermal solidification completion time from the predicted time of 4 hrs and 3 hrs,

respectively, was observed. Figs. 4.5 and 4.6 show the SEM secondary electron images of

the microstructure of 100 pm joints bonded for 5 hrs at I l60oC and 1 l75oC, respectively.

At these bonding temperatures and time, the microstructure ofthe joints consisted of
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Table 4.2: Predicted and experimentally observed bonding time for completion
of isothermal solidification

Bonding Temperature Approximatelsothermal Solidification Cornptetirn iim-
(hrs)

Predicted Experimental

('c)

1130 5.5

tt45 4.5

1160 4

lT75 3

6

5

I
Not completed in 12 hrs
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Fig. 4.5: Centerline eutectic constituents observed in 100 ¡rm
joint bonded for 5 hrs at 1160oC.

Fig. 4.6: Centerline eutectic constituents observed in 100 pm joint
bonded for 5 hrs at 1175oC.
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centerline eutectic constituents. This implied that isothermal solidification of the residual

liquid was not complete. Furthermore, as seen in Fig. 4.3, a complete isothermal

solidification of the joint could not be achieved until after 8 hrs of bonding at l l60.c. At

l775oc, however, even after 12 hrs of bonding, a complete isothermal solidification of
the residual liquid did not occur- The sEM-EDS analysis of rhe isothermally solidified

region revealed that the joints consisted of a considerable volume fraction of secondary

y' ptecipitates that formed within the y-solid solution matrix, but were not observed at

1130"c and 1145oC. Figs' 4'7 a, b, and c show the EDS spectra of the distinct phases that

were observed in the centerline of the joints bonded at ll60"C and l l75.Cfor 5 hrs.

SEM-EDS compositional analyses (Table 4.3) suggesr these phases to be a Ni-Ti rich

phase, Mzsc-type sulphocarbide, and a ch¡omium-rich boride phase. EDS x_ray

mapping (Frg' 4'8) of the Mzsc-type sulphocarbide phase revealed that it was mostly rich

in Ti, s, and Nb' and also contained an appreciable amount of Zirconium. Additionally,

fue r - y' eutectic-type resolidification products, with their "crown,, region protruding

inwards in the di¡ection of solidificatioq were observed in the centerline of the joints (as

shown in Figs' 4'5 and 4.6)- These products have an eutectic morphology, which is

characteristic of y - y' eutectic product, which has been reported to be formed due to the

microsegregation of elements, particularly Ti, during ingot solidificatio n f25,26] in as-

cast Inconel 738LC superalloy- It should be noted that the solidification products (i.e. Ni-

Ti rich phase, MzSC-type sulphocarbidq chromium_rich boride, nd f_ ¡, centerline

eutectic) that were observed after 5 h¡s of bonding at 1160.C and ll75.C are

representative of the microstructure of 100 pm joints bonded at l I60oC for 4-7 hrs and at

1175'c for 3-8 h¡s- After shorter bonding timg and at the respective temperatures,
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a

\ip- a.l, EDS spectra of a) Ni-Ti rich phase, b) M2sc-rype phase and c)chromium-rich boride phase observed in the centerline eutectic
constituents formed in r00 ¡rm gap-sized joint bonded at ll7socf".;;;;.
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Table 4.3: Composition of metallic constituents of distinct centerline eutectic in
100 pm 'NB 150' joint bonded at 1175oC for 5 hrs.

Elements Ni-Ti rich phase
(at "/")

M2SC (sulphocarbide)
-type phase (at Y"l

Chromium rich
boride phase ht o/'l

AI
Ti
Cr
Co
Ni
Nb
Ta
w
Mo
Zr
S

3.23
1t.82
4.22
3.84

73.25
1.96
7.40
o?r

39.3
2.T8
1.0

I1.0
12.68
2.52
0.32

5.0
26.02

ois
85.32
1.47
4.53

t.lo
u:n
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Fig' 4'8: EDS-xray maps analysis of MzSC-type phase observed in the centerline
eutectic constituents formed in 100 pm gap-sized joint bonded at 11600ðro" s nrr.
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different cænterline eutectic constifuents, characteristic of those shown in Fig. 4.1 were

observed in the joints (i.e. the joints consisted of Ni-rich boride, Cr-rich boride, and ï-
solid solution phases). SEM-EDS compositional analyses of the centerline eutectic

regions in specimens bonded for 1-3 hrs at I l30oc, I 145'C and I 160"C also revealed that

the average concentration of base alloy solute elements Ti, Nb and Zr in the eutectic

increased with brazing temperature and time (Table 4.a).

4.1.2 I)iscussion

Transient Liquid Phase bonding is a widely used technique for joining of heat resistant

alloys' This is because a complete isothermal solidification of the liquid interlayer results

in the formation of a solid solution phase. When this phase is homogenized, it produces

joints that have microstructure and mechanical properties that are comparable to those of

the base alloy- However, there witl be a limitation to the commercial application of this

technique if a complete isothermal solidification could not be achieved within a

reasonable time, as this will increase the cost of repairing damaged components, if
optimum joint properties are required. In order to shorten the time that is required for a

complete isothermal solidification, one of the factors that are commonly controlled is the

composition of the filler alloy. Melting point depressants like boro* which is a'

interstitial element with high diffirsivity, are usually incorporated into the filler alloys

employed for TLP bonding of Ni base heat resistant alloys. However, certain elements

like Al and Ti are deliberately excluded or restricted in amount from the interlayer

because they can form deleterious phases during bonding [5], and also prolong the time

required for the completion of isothermal solidification. For exarnple, it has been reported
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Table 4.42 variation in the average concentration of ri, Nb and zr in
the eutectic with bonding temperature and time (for 100 pm gap size).

Bonding Temperature
("c)

Bonding Time
(hrÐ

Elemental Concentration
(at%)

I 130 0

I
2
J

0

1

2
J

1145

1.99

2.48
281

2.40
2.89
3.Zt

3.04
4.57
6.33

0.24
0.35
0.53

0.42
4.54
0.57

0.49
0.99
1.5s

006

0.49

i 160 0

I
)
J
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[5] that despite a24hr bonding cycle at 1l71oC, complete isothermal solidification could

not be achieved during TLP bonding of Udimet-700 sample by using an experimental

interlayer alloy of composition (vf/o) Ni-15Cr-10Ti-5Si. Thus, it is essential that TLP

models be developed whích will successfully predict the possible effects of each, or

combination of element(s) incorporated in the filler alloy on isothermal solidification

behavior. Most analytical and numerical TLP models [36, 37, 56, 62-64] are based on the

use of pseudo-binary phase relationships in predicting isothermal solidification behavior.

However, in industrial applications, corrurlercial alloys and fillers are multicomponent

systems, and the phase relationships encountered when joining them do not always lend

themselves very well to the extrapolation of the binary-system based analysis [5]. Sinclair

et al [10, 11] proposed a mechanism for the isothermal solidification process in a two-

phase ternary system. It was suggested that in most situations, in contrast to the binary

case, the composition of the liquid is required to change continuously as isothermal

solidification progresses [11]. Thus, if the solubilities andJor diffusion coeffrcients of the

two solute elements present in the liquid interlayer are very different, the solidif,rcation

stage will be divided into two parabolic regimes [11]. The first regime would be

dominated by the 'faster' solute, and the second dominated by the 'slo\¡/er' diffusing

solute in the liquid. Also, it has been suggested [i1] that a lack of complete isothermal

solidification reported by Ramirez and Liu [63] might be due to the presence of a second

solute, which might be present as an impurity in the base material or in the interlayer. In

this regard, only a few models have been reported in the literature [10, 11], which were

able to predict the possible effects of a second solute element in the filler alloy on

isothermal solidification rate. This is because the concentration path that such an
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interlayer takes during solidification is far more complex, as it is dependent on the

relative diffusivities and phase relationships befween the elements [a9]. It should be

noted that although the manufacturers of filler alloys can preclude/conhol the

concentrations of solute elements that can negatively affect the kinetics of isothermal

solidification, however, most of these solute elements are used as alloying additions in

the commercial alloys, which need to be brazed. Therefore, there is a possibility of

enrichment of the liquefied filler with these solute elements from the base alloy during

TLP bonding. This could conceivably alter the final microsfructure of the frller [69] and

result in a similar reduction in isothermal solidification rate as observed when the starting

composition of the filler alloy was not properly controlled. An enrichment of the liquid

interlayer with base metal solute element(s), and the subsequent modification of its

concentration have been reported [a0] during the TLP bonding of NiAl with a Ni-Si-B

filler alloy. In that work, a rapid increase in the Al concentration of the eutectic (residual

liquid interlayer) with bonding time, which was originally Al-free, was observed. After

bonding at 1065oC for I min and 20 mins, respectively, the average concentration of Al

in the eutectic was found to be 6 at o/o and 12 at Yo, respectively. Similar observations

were also reported in a separate work on diffusionbrazing of NiAlAIi-Si-BAIi couple

[39]. At abrazing temperature of 1065oC, the average Al concentration in the eutectic

increased from 2 at %o after 5 mins, to 6 at Yo after 20 mins of braztng. It should be also

noted that it took about 1260 mins (r 21 hrs) to completely solidify a NiAlÀli-Si-Bn{iAl

couple t391. The analysis of the isothermal solidification profile showed that

approximately 44 ¡rm wide liquid isothermally solidified within the first 100 mins (1.67

hrs), thereafter, it took around 19.33 hrs to solidift the remaining 14 pm of liquid. This

90



suggests that there might exist two different isothermal solidification regimes during their

experiments.

In the present work, it is seen from Fig. 4.3 that isothermal solidification occurred under

two different regimes at bonding temperatures of 1160oC and 1175oC. The rafe at which

isothermal solidification occurred in the first regime was fast as compared to the second

regime, which commenced at time t20 and.led to an increase in the time required for a

complete isothermal solidification. An enrichment of the liquid interlayer at all the

bonding temperatures of 1130oC, 1145oC, 1160oC, and 1175'C with base alloy solute

elements such as Ti, Nb and Zr, and a continuous modification of the liquid ínterlayer

composition was observed as the solidif,rcation progressed (Table 4.4). Although, initial

composition of the flrller alloy was (at %) Ni-15Cr-3.58, it was seen that the average

concentration of Ti, Zr and Nb in the eutectic (residual liquid interlayer) after 3 hrs of

bonding at 1160oC, was 6.33, 1.55 and 0.49 (at o/o), respectively. These elements are

known to be melting point depressants and have equilibrium partitioning coefficients that

are less than I in IN 738LC superalloy [23]. This would suggest that they might

selectively partition into the liquid as solidification progresses, and induce the observed

second slow solidification regime when their concentration reaches a critical amount in

the residual liquid interlayer after a bonding time t20. The time t20 was observed to

decrease with an increase in bonding temperature. This is because the concentration of

the enriching base alloy solute elements increased in the liquid interlayer with an increase

in the bonding temperature. Further evidence of the enrichment of the liquid interlayer

with base alloy solute elements, and its continuous modification as solidification
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progressed, was noted from the differences in the nature and composition of the phases

formed in the centerline eutectic constitr¡ents, in both regimes, at different bonding

temperatures. For example, centerline ternary eutectic constituents of Ni-rich boride, Cr-

rich boride and y-solid solution phases, termed I st regime-type eutectic constituents, and

typical of those shown in Figs. 4.L c and d, were observed within the first hour of

bonding at 1160'C and ll7soc, respectively. However, at the same bonding

temperatures, centerline eutectic constituents consisting of distinctly fine y -y' eutectic-

type resolidification product, Ni-Ti rich phase, Cr-rich boride, and lrlzSC-type

sulphocarbide phase, termed 2nd regime-type eutectic constituents, and typical of those

shown in Figs. 4.5 and 4.6, were observed after 5 hrs of brazing. The nature and

composition of the 2nd regime-type eutectic constituents reflect the enrichment of the

residual liquid interlayer in the aforementioned base alloy solute elements prior to

athermal solidification. Thus, it is suggested that isothermal solidification \¡/as completed

before the critical composition was reached at 1130'C and ll450c, respectively.

Therefore, the effects of the enriching base alloy solute elements could be minimized by

ensuring that their concentrations were very low in the liquid.

4,2 Effects of Joint Gap size on rsothermar solidification Rate

4.2.1 Results

To study the effects of joint gap srze on the rate of isothermal solidification, 25 ¡rnL 50

Pm' 75 pnL and 100 pm gap-sized coupons were bonded using Nicrobraz 150 fi.ller, at

1160'C for varying times ranging between l-8 hrs. The average centerline eutectic widths

n 75 prm and 100 pm joints were mea$red using the SEM and plotted against the
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bonding time (Fig 4.9)- As shown in this figure, a complete isothermal solidification of

the filler in the 75 ¡tm and 100 pm joints was achieved after 7 h¡s and g h¡s of bonding,

respectively. Also, 25 ¡tm and 50 pm gap-width joints isothermally solidified completely

within 2 h¡s of bonding. A secondary electron SEM image of the microstructure of the 25

prn gap-\¡iidth joint aft.er 2 hrs of bonding is shown in Fig. 4.10. It is seen that the

microstructure of the joint consisted of predominantly secondary y' precipitates, and the

eutectic constituent was not observed in the joint. The secondary y' precipitates formed

within the y-solid solution matrix after a complete isothermal solidification of the joint

was achieved' The f' precipitates were also observed in completely isothermally

solidified 50 prn, 75 ¡tm and 100 pm gap-width joints after bonding for 2,7, and g hrs,

respectively . Fig- 4-11 shows the microstructure of a 75 pm gap-width joint after 6 hrs of

bonding. It is seen that the centerline of the joint consisted of eutectic phases, which are

characteristic of those observed in the centerline of 100 pm joints bonded for 5 hrs at

ll60'C and ll75oc, respectively (as shown in Figs. 4.5 and 4.6). These phases were

identified to be a N-Ti rich phasg l\lzSC-type sulphocarbide, chromium-rich boride, and

T - f' eutectic- It should be noted that simila¡ eutectic constituents \ryere observed in the

centerline of 75 ¡rm and 100 pm gap-width joints, which were bonded for 3-5 hrs and 4-7

hrs at ll60"C. However, below these bonding times, a different eutectic constituent

made up of Ni-rich boride, Cr-rich boride and T solid solution phase was observed in the

joints.
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Fig. 4.9: variation in average eutectic width with bonding time,
for 100 pm and 75 ¡tm gap sizes at ll60oC.
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Fig. 4.10: SEM microstructure of completely
isothermally sotidified 25 pm joint bonded af
1160"C for 2 hrs.

Fig. 4.11: centerline eutectic constituents observed in 75 pm joint
bonded for 6 hrs at ll60oc.

95



4.2.2 Discussion

Experimental results revealed that at 1160"C bonding temperaturg t20 increased with an

increase in joint gap size. Based on the nature and composition of the phases formed in

the centerline eutectic subsequent to incomplete isothermal solidification, the value of tzo

was deduced to be approximately less than lhr and between l-2 h¡s for 25 ¡rm and 50 pm

joints, respectively. However, the values of t20 for the 75 pm and 100 ¡rm joints were

significantly larger, approximately 3hrs and 4h¡s, respectively. The observed increment

in the value of tzOwith an increase in gap size could be due to the fact that the thicker the

starting width of the liquid interlayer, the smaller would be the concentration of the

enriching base metal solute elements in it. Thus, the critical composition at which the

second regime sets-in at t20 would be expected to be reached fi¡st in the 25 ¡rm joint, as

was observed experimentally.

A schematic illustration of the factors affecting the TLP joining process during bonding

of Inconel 738LC superalloy using Nicrobraz 150 filler is shown in Fig. 4.12. It is

suggested that a process of partitioning of the base alloy solute elements enriching the

residual liquid interlayer occurs simultaneously as the isothermal solidification process

progresses. This process becomes significant, leading to the commencement of the slower

2nd solidification regime, only when the concentration of the partitioned elements

reaches a critical concentration at time tz0< t¡, where tr is the isothermal solidification

completion time as predicted by the conventional TLP model, which depends on the

bonding temperature (TsJ and the joint gap size. Thus, experimental results are in good

agreement with predictions made by using the conventional TLP model, in as much as
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tzo> tr and a complete isothermal solidification of the joint will be achieved during the lst

regime. Otherwise (i-e. when tzo< tr), the slower 2nd solidification regime coürmences;

leading to a prolonging of the time required for complete isothermal solidification, and

thus a significant deviation from the predictions of the conventional TLp model.

4'3 Effects of Brazing Temperature and Joint Gap Size on the nature of
Interfacial Precipitates

4.3.1 Results

To study the effects of brazing temperature on the nature of interfacial precipitates, 100

¡rm gap-sized Inconel 738LC superalloy coupons were vacuum TLp bonded for t hr at

temperatures of 10670C, 11600C, and I r750C, respectively. From the Ni-B binary alloy

phase diagram [81] (see Fig. 4.13), the possible Ni-B binary eutectic temperarures,

depending on the relative compositions of Ni and B, are deduced to be l0lgoc, 10930C,

and 11110C, respectively. However, since the eutectic melting temperature of the filler

alloy is 10550C, the brazing temperatures u/ere chosen such that the filler alloy would

melt completd, and at the same time the characteristics of the interfacial precipitates

could be studied at temperatures clearly below (10670C) and above (l l600C and I1750C)

the quoted Ni-B binary eutectic temperatures of l093oc a.rd lll10C. Furthermorg 100

pm and 25 ¡tmgap-sized Inconel 73SLC coupons were also vacuum TLp bonded for I hr

at temperature of 10670C. This was done in order to study the effect ofjoint gap size on

the nature of interfacial precipitates.

Figs. 4.14 4b, and c show the SEM microstructure of 100 pm samples after I hr of

bonding at 10670C,11600C, and 11750C, respectively. It is seen that the microstructure of
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F'ig. 4.14: sEM microstructure of a 100 pm joint brazed for I hr at a) 10670c
b) 11600C and c) lt7soc.
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the joints' at all the bonding temperafures, consisted of similar centerline ternary eutectic

constituents- These ternary eutectic constituents have been earlier identified to be nickel

base y-solid solution, nickel-rich boride, and chromium-rich boride phases (see section

4.1.1)- They formed at the centerline of the joints during the athermal solidification of the

residual liquid interlayer, which occurred due to incomplete isothermal solidification at

the brazing temperatures [5, 9,79, g0]. AIso, as shown in Figs. 4.r4 a, b, and c, the

centerline ternary eutectic constituents were bordered on the two sides adjacent to the

base alloy by an isothermally solidified pro-eutectic regio4 which has a composition

similar to that of the nickel base y-solid solution phase present in the eutectic. However, a

mixture of irregularly shaped particles, which demarcated the original position of the

substrate/insert interfacÆ, \ryas observed in the 100 ¡rm joint that was brazed at 10670C for

t hr (see Fig- 4.14 a)- These particles protruded from the base alloy into the isothermally

solidified pro-eutectic Ni-base y-solid solution region of the joint. Figs. 4.15 aand b show

the EDS spectra of the interfacial particles. It is seen that boron was detected in both of

the particles; however, its concentration could not be determined due to difficuþ in

quanti$ing the light elements with sufficient accuracy. The EDS compositional analyses

of the rest of the elements (Table 4.5) suggest the particles to be nickel-rich and

chromium-rich borides. It should be noted that the irregularly shaped Ni-rich and Cr-rich

boride particles were not observed at the substrate/insert interfaces of 100 pm joints,

which were brazed at 11600C, and 11750C, respectively (Figs. 4.14b and c). The region

essentially consisted of the pro-eutectic Ni-base y-solid solution phase, which formed

during isothermal solidification of the liquid interiayer. Fig. 4.16 shows rhe SEM

microstructure of 25 ¡rm joint after I hr of bonding at 70670C.It is seen that no eutectic
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Fig. 4.15: EDS spectra of a) Ni-rich boride particle and b) cr-rich
boride particle observed at the originar substrate-insert interface of a
100 pm joint braze d at 10670C for t hr.
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Table 4.5: Composition of particles observed at the original
substrate/insert interface of 100 pm joint brazed atl067oC for l- hr.

Element Ni-rich Boride Phase (at%) Cr-rich Boride Phase (at%)

A1

Ti

Cr

Co

Ni

Nb

Ta

w

Mo

1.78

4.72

6.42

4.10

81.69

0.49

0.55

0.25

0.77

78.46

2.09

14.56

2.2t

1.91
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Fig. 4.16: sEM microstructure of azs pmjoint brazed atl0670c
for I hr.
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constituent was observed in the centerline of the joint. The joint region essentially

consisted of nickel base y-solid solution phase. This suggested that a complete isothermal

solidification of the liquid interlayer occurred after t hr of brazing. Also, neither the Ni-

rich boride nor the Cr-rich boride particles was observed at the original substrate/insert

interface ofthe joint.

4.3.2 Discussion

Conventional TLP models 137,62,63] have always predicted the formation of interfacial

precipitate-free joints by TLP bonding. In these models, it is assumed that the solid-state

diffirsion of the melting point depressant (MPD), which results in isothermal

solidificatiorq starts after the equilibration of the solid and liquid phases to their

respective solidus and liquidus compositions at the bonding temperature, However, Lee

and North [70] and Nakagawa et alllzl have suggested a simultaneous occurïence of the

solid/liquid equilibration process and the solid-state diffrsion process, as against their

assumed sequential occurrence. In the work of Gale and Wallach [6g, 69], nickel

substrates were bonded using a ternary Ni-Si-B insert. It was suggested that asignificant

solid-state difflsion of the melting point depressant, which was boron, occurred in the

substrate before the completion of the equilibrium process. This was reported to result in

the precipitation of Ni¡B boride particles at the original solid/insert interface when the

solubility limit of boron was exceeded at the bonding temperature, which was below the

Ni-B binary eutectic temperature.
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Microstrucfural observations, similar to those reported by Gale and Wallach [68, 69]

were also reported by Orel et al [39] during the TLP bonding of NiAlA,li-Si-Bn{i couple

at a temperature (1065"C) below the quoted Ni-B binary eutectic temperature range. In

their work, boride particles were observed on the Ni substrate side immediately adjacent

to the original location of the solid/liquid interface. In this work, after holding a 100 prm

gap-sized coupon at 10670C for I hr, a mixture of irregularly shaped Ni-rich and Cr-rich

boride particles was observed, demarcating the original position of the substrate/insert

interface. However, such particles were not observed in joints that were brazedat 1l60oC

and 1 175oC respectively. The absence of the interfacial precipitates at these temperatures

might be partially due to the fact that the brazng temperatures were above the Ni-B

binary eutectic temperature range. However, an examination of the Cr-B binary eutectic

phase diagram (see Fig. 4.I7 [52]) revealed that the lowest Cr-B eutectic temperature is

16300C. Thus, it was expected that the Cr-rich boride phase would still be formed at the

original substrate/insert interface, since the brazing temperatures (11600C and l n50C)

were far below the Cr-B bittuty eutectic temperature. As a result of this observation, it

may be suggested that the eutectic temperature of the Cr-rich boride phase may have been

significantly reduced by the presence of other alloying elements, or the solubility limit of

boron in this region of the substrate might not have exceeded at these fuazng

temperatures. The absence of the Ni-rich and Cr-rich boride particles at the original

subsfrate/insert interface of a 25 ¡tmjoint that was brazed for I hr at 1067'C was also

conhary to the expectations, as the precipitation of both of these phases was expected

since the brazingtemperature was clearly below the Ni-B binary eutectic temperature
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range. It should be noted that at the same brazng temperature and time, these phases

were observed in the 100 prm joint (Fig. a.l4 a). Therefore, it is likely that some

diffi-rsion-related brazing factors, like brazing temperature and joint gap size, affect the

solid-state diffi¡sion of boron prior to the completion of the equilibration process at the

solid/liquid interface. If these factors are favorable, the equilibration process will occur

fast enough before a significant amount of boron is diff.lsed into the substrate.

Subsequent to this, the solubility limit of boron immediately adjacent to the original

substrate/insert interface will not be exceeded. Thus, second phases will not precipitate in

this region. Gale and Wallach [68] have suggested that the behavior of a Ni-Si-B ternary

insert used in their experiment should be similar to that assumed in the conventional TLp

models, if the equilibration process is fast enough before a significant solid state diffirsion

has taken place. Also, in the work of Orel et al [39, 40], boride particles were not

observed on the NiAl side of brazed NAllNi-Si-Bn\i and NiAl/lr{i-Si-B/ÀIiAl assemblies.

This was attributed to the low diffi.rsivity of boron in NiAi substrate.

Taking an introspective look into the factors that can control the equilibration process,

Nakao et al [62] modeled the kinetics of the equilibration process of a nickel base

superalloy, which was brazed using a N-Cr-B ternary filler alloy, by using the Nernst-

Brunner equation ofthe type:

n=n"{r-*^#r}

where,

(r)

n: solute concentration in the liquid at time t

r\: solute concentration in the liquid at equilibrium
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K: dissolution rate constant, which varies with the brazingtemperature

A: surface area of the solid-liquid interface

V: volume of the liquid phase

t: holding time.

Assuming that the width of the liquid zone at any instant of time (t) during the

equilibration process equals the initial width of the interlayer, then, it is seen from

equation (1) that the time required for the equilibration process to be halÊway completed

(i.e. when 
" = ?)may be given by equation:' 2'

. -W ln(0.5)
I=

K

where,

Q)

* (=%)is the half gap width of the interlayer.

Notwithstanding that the assumption leading to equation Q) may not be totally viable,

because the width of the liquid interlayer actually increases during the equilibration

process, the equation may provide a qualitative relationship between the equilibration

time, joint gap size, and brazing temperature. It has been shown [60] that the value of K

increases with temperature; thus, a decrease in the equilibration time is expected with an

increase in brazing temperature. Nishimoto et al [83] have reported dissolution time of

700 secs, 300 secs, 180 secs, 60 secg and l0 secs during the TLp bonding of single

crystal CMSX-2 superalloy at temperatures of 1373, r39g, 1423, 1453, and r5z3K,

respectively. This suggests that the rate of the equilibration process increases with

increase n braz'ng temperature. AIso, it is seen from equation (2) that by the time
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(,,,*rry=l *" equitibrarion process is hatf way compl 
""0 (i= o r) n a 25

pm gap-sized joint, it will still be one-sixth (Z =O.r6lcompleted when a 100 pm gap
[n, )

width is used. Therefore, the differences in the precipitation behavior of the interfacial

precipitates observed in this study might be related to the faster equilibration process

achievable by brazing at higher temperatures (e-g. 1160"C and ll75"C), using a 100 pm

gap-sized coupon, or at lower temperature (e.g. I067'C), using a 25 ¡rm gap-sized

coupon. This would have resulted in a reduction in the solid-state diffi-rsion of boron that

occurred before the completion of the equilibration process.

4.4 Effects of Brazing Temperature on Grain Boundary precipitates

4.4.1 Results and I)iscussion

To study the effects of brazing temperature on second phase particles that formed on the

substrate grain boundaries of brazed joints, 100 ¡rm gap-sized coupons were brazed in the

vacuum fumace for I hr at temperatures of 10670C, 11600C, and 11750C, respectively.

Figs. 4.18 a and b show the SEM microstructure of the extensive mixture of second phase

particles that were observed along the substrate grain boundaries of 100 pm joints, which

were brazed for t hr at 10670C and 11600C, respectively. These particles extended as far

as 150 pm into the substrate alloy. The EDS spectra of the second phase particles, which

were observed along the substrate grain boundaries of the 100 ¡rm joints brazed for t hr

at 10670C are shown in Fig. 4.19 and 4.20.It is seen that boron was detected in some of

the particles, as shown in Fig. 4.19. The EDS compositional analyses of the rest of the

lll



Fig. 4.18: sEM microstructure of second phase particres
observed along the substrate grain boundarier of t00 p-
joint brazed for I hr at a) l067oc and b) ll60"C.
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Fig. 4.19: EDS spectra of a cr-rich boride particle observed along the
substrate grain boundary of 100 ¡rm joint brazed at 10670c for I hr.
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ßig. 4.202 EDS spectra of a Ni-At-Ti rich particle observed along the
substrafe grain boundary of 100 pm joint brazed at 10670c for I hr.
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elements (Table 4.6) suggest the second phase particles to be Cr-rich boride and Ni-Al-Ti

rich phases.

It is known that grain boundaries provide high ditrlsivity paths for solute elements in

comparison to volume diffirsion [66] from liquid interlayer into the base alloy during

isothermal solidification. This can significantly increase the TLP process kinetics, thus

reducing the isothermal solidification completion time [83]. In fact, Saida et al [84]

reported a progressive decrease in isothermal solidification completion time in the

following order; single.crystal, coarse-grained, and fine-grained nickel base alloys.

However, this can also have a detrimental effect, as the precipitation of second phase

particles, as observed in the present work, is inevitable when the solubility limit of the

solute element is exceeded along the grain boundaries. Fig. 4.21 shows the microstructure

of the substrate grain boundaries of a 100 pm joint, which was brazed for t hr at ll75oC.

It can be seen that at this temperature, dispersed Cr-rich boride particles were observed

on the substrate grain boundaries of the joint. Also, non-equilibrium resolidified fine

y /y' eutectic-type products formed around some of the Cr-rich boride particles. It should

be noted that the Cr-rich boride particles were sunounded by Ni-Al-Ti rich particles on

the substrate grain boundaries of the joints brazed at l067oC and 1160oC, respectively.

Thus, this suggests that a localized liquation of the Ni-Al-Ti rich particles took place at

7775'C, resulting in the formation of y I y'eutectic-type products around some of the Cr-

rich boride particles.
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Table 4.6: Composition of the second phase particles observed along the
substrate grain boundaries of 100 pm joint brazed atl067oC for I hr.

Element Ni-Al-Ti rich phase Cr-rich boride

6.79

AI
Ti
Cr
Co
Ni
Nb
Mo
Ta
w

10.96
7.89
4.72
5.51
69.20
0.51
0.t7
1.11

0.53

2.96
74.94
1.66
4.22

9.45
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Fig. 4.212 SEM microstructure
particles and fine resolidified
observed on the substrate grain
brazed at 1l75oC for I hr.

of dispersed Cr-rich boride
y lf' eutectic-type products
boundaries of 100 pm joint
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Chapter 5

CONCLUSIONS

The effects of bonding temperature and joint gap size on isothermal solidification rate,

and on the nature of interfaciaVgrain boundary particles formed during the transient

liquid phase (TLP) bonding of IN 738LC superalloy using a ternary Ni-Cr-B filler alloy,

Nicrobraz 150, were investigated. The results of this investigation showed that:

1) The residual liquid after incomplete isothermal solidification at the bonding

temperatures transformed into centerline eutectic-type constituents. Isothermal

solidification was however achieved after bonding for 6 hrs, 5 hrs, and 8 hrs at

1l30oC, 1145"C and 1160'C, respectively.

2) The current TLP model successfully predicted the time required for a complete

isothermal solidification of the interlayer liquid in the joints at bonding temperatures

of 1130"C and 1145'C. However, significant deviation occurred at ll60oC and

7r75'C.

3) Isothermal solidification rate was observed to have fwo different regimes at the

braztng temperatures of 1160"C and 1I75"C. The nature and composition of eutectic

phases formed during the two regimes were different from each other. In the lst

regime, eutectic constituents consisted of Ni-rich boride, Cr-rich boride, and y-solid

solution phases. While in the 2nd regime, they consisted of y - y' eutectic-type
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products, Ni-Ti rich phase, Cr-rich boride phase and MzSC-type sulphocarbide phase.

This is attributed to the substantial enrichment of the liquid interlayer with some of

the base alloy solute elements and the continuous modification of its composition as

isothermal solidifi cation progressed.

4) Boride phases formed at the original substrate/insert interface of 100 pm gap-sized

coupon, which was brazed for I hr at 1067"C. Their formation can be prevented by

braztng at a suitable temperature and./or gap size in which the solid/liquid phase

equilibration process is fast enough. This would prevent the diff¡sion of a significant

concentration of boron into the substrate before the completion of the equilibration

process.

5) Extensive amount of Cr-rich boride and Ni-4l-Ti rich particles were observed on the

substrate grain boundaries of 100 pm joints that were brazed for t hr at I067oC and,

1160oC, respectiveþ. However, braztng at lT75oC resulted in the localized liquation

of the Ni-Al-Ti rich particles, as resolidified frne yly'eutectic type products were

observed around some ofthe Cr-rich boride particles.
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Chapter 6

SUGGESTIONS FOR FUTURE WORK

l) From the present work, it is seen that the presence of a second solute element in the

liquid interlayer, either due to solute enrichment from the base alloy, or due to its

presence in the filler allo¡ may significantly affect isothermal solidification

completion time. This has not been generally considered in the existing TLp

models, where a binary phase relationship is usually assumed between the base and

the filler alloys. Therefore, it is expedient that a TLP model be developed, which

will take this factor into consideration. Although, the problem might become more

complicated, as the phase relationships encountered during such situation may not

lend themselves to simple extrapolations.

2) Further systematic work needs to be done to investigate the effects of base alloy

composition on isothermal solidification rate by brazng a multicomponent alloy

with a filler, and comparing the isothermal solidification profile with that of a pure

base metal brazed using the same filler and the braztngcycle.

3) Conventional TLP models have always predicted the formation of interfacial

particle-free joints during TLP bonding. However, experimental observations

which are contrary to the predictions of the TLP models have been reported in the

literature. Thus, the understanding of the mechanisms of formation of the

interfacial particles during TLP bonding is stiil an emerging subject in the
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literature. Due to the limitation of SEM, which was used for the microstructural

observations in this work, the quantitative chemical composition and

crystallographic relationships between the interfacial particles could not be

established. It is believed that a signiñcant contribution will be made if proper

interfacial studies were to be carried out using Transmission Electron Microscopic

and ED S-TEM techniques.

4) In the present work, microstructural features, which contribute to the inferiority of

TlP-bonded joints, compared to the base alloy, were observed at the centerline,

interface and grain boundaries of IN 738LC TlP-bonded joints, Further work

needs to be done to investigate the contribution of each and/or combination of these

features to the degradation of the mechanical properties (tensile and stress-rupture

strengths) and corrosion resistance of the Tlp-bonded joints.

5) Following a complete isothermal solidification, a thermal treatment of TLp bonded

part is necessary to produce a seemingly microstructuraVchemically homogeneous

joint. Thus, further work needs to be done in designing a suitable post-braze heat

treatment operation for the TlP-bonded IN 738LC superalloy. This will result in

the optimization of the mechanical properties of the bonded part.
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