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ABSTRACT

Transient Liquid Phase Bonding of Nickel Superalloys and Stainless Steels:
Modeling and Experimental Investigations
Muhammad A. Arafin

A combination of direct experimentation and computational modeling approach
was used to predict the isothermal solidification times during the Transient Liquid Phase
(TLP) Bonding of nickel superalloys, Inconel 718 and 625, and stainless steels, 410 and
321, with nickel based filler alloy, BNi-2. Unlike conventional modeling, the diffusion of
solute atoms was modeled by the Random Walk Modeling technique which can take into
account the physical and chemical uncertainties associated with the TLP Bonding
experiments. The model equations for migrating solid/liquid interface and solute
distribution have been modified and presented in this thesis.

Cumulative probability distributions and probability density functions of
isothermal solidification times were calculated for different process conditions and
compared with experimental data. Good agreement was observed when nickel
superalloys and SS 321 were used as base alloys. However, it was found that both
models, based on the assumption of 0.3 at% solubility of boron, underestimated the
isothermal solidification time requirement for SS 410/BNi-2 at higher bonding
temperatures due to the decreased boron solubility. Excellent agreement was observed
when 0.2 at% boron solubility was used. Isothermal solidification times predicted by
silicon diffusion model based on the EDS analyses were also in good agreement with the

experimental data for this combination.
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Chapter 1

Introduction

Inconel 625 and 718 are extremely versatile austenitic nickel based superalloys
with excellent strength and good ductility at very high temperature [1]. Typical
applications include aero-engine hot section components, miscellaneous hardware,
tooling and liquid rocket components involving cryogenic temperatures. However, like
other austenitic nickel based superalloys that contain a substantial amount of Ti and Al,
they are highly susceptible to the heat affected zone cracking during welding [1,2].

SS 410 is martensitic stainless steel that provides good corrosion resistance plus
high strength and hardness [3]. Typical applications include steam and gas turbine parts,
pump and valve shafts, miscellaneous hardware, tooling and petroleum fractionating
towers. However, due to hardenability, it is also highly susceptible to the heat affected
zone cracking during welding [3].

Austenitic stainless steel 321, stabilized with titanium, is widely used in
applications such as gas turbines, heat exchangers, steam and hot gas valves, steam
generators, expansion joints, super-heaters and re-heaters etc. due to its high strength,

ductility, good resistance to creep and to oxidation damage at elevated temperatures [4].
However, many intergranular cracks have been observed near welds, generally in the heat

affected zone (HAZ) of thick components or of attachment welds. This form of cracking



is generally referred to as reheat cracking and is associated to relaxation of residual
stresses due to welding [4,5].

Typical high temperature brazing with nickel based fillers evolved as an effective
way to join nickel superalloys and stainless steels [2,7]. It has the capability of producing
oxidation and corrosion resistant, high strength joints suitable for elevated temperature

applications [2,6-8].

1.1 Brazing:

Brazing comprises a group of joining processes in which coalescence is produced
by heating to suitable temperatures above 450°C using a filler metal that must have a
liquidus temperature below the solidus temperature(s) of the base metal(s) and above
450°C [8,9]. At the brazing temperature the filler metal is distributed between the closely
fitted surfaces of the joint by capillary attraction, interacts with a thin layer of the base
metal and when cooled to room temperature exceptionally strong and sealed joints are

formed due to grain structure interactions as shown in Fig. 1.1 [10].

Base Metal

Filler Metal

Room Temperature

Filler Metal Melts

Filler Metal Wicks into the
Base Metal to form Alloy

Fig. 1.1 Schematic of typical brazing process [10]



In brazing, it is not always easy to achieve complete wetting of the component
surfaces and when it does occur, the resulting alloying between the filler and the base
metal components can cause excessive erosion of the parent materials, embrittlement of
joints due to the formation of brittle intermetallic phases, and other undesirable effects
such as porosity, cracks etc.[10,11]. Thereafter, due to presence of the lower melting
point filler metals, the upper working temperature of the assembly is also considerably
reduced [9,11]. However, not withstanding these problems, brazing can be used to fill
joints of irregular dimensions and to produce well-rounded fillets at the edges of the joint
[11].

There exists a joining technique, known as diffusion bonding, which eliminates
the need for wetting and spreading by a filler metal [8,11]. It is a solid state joining
process for the fabrication of metal-metal, ceramic-ceramic and ceramic-metal joints that
is conceptually simple because the process requires no localized melting of components
or introduction of foreign bonding materials but merely that mating surfaces are brought
into intimate, atomic scale contact so that an interface can be formed by interdiffusion to
create a structural continuum [8]. Although the formation of intermetallic phases can also
occur in diffusion bonding, it is easier to select a safe combination of materials because
only fewer constituents are involved and, once formed, the joints become stable to high
temperature so that the service temperature of the assembly can actually exceed the
temperature of the joining without risk of re-melting [11]. However, its application is
limited because it not possible for the joints with variable width and the quality of the
joints is highly dependent on the surface cleanliness [8]. Moreover, high loads, typically

10 to 100 MPa needs to be applied during the bonding cycle to ensure good contact



across the joint interface, the duration of heating cycle, typically several hours compared
with seconds in brazing because solid state diffusion is much slower than wetting of a
solid by a liquid, and, also, the absence of any significant fillets to minimize the stress
concentrations at the edges of joints significantly limit the application of this solid state

joining technique [11].

1.2  Nickel Based Brazing Filler Metals:

Nickel based brazing fillers containing boron, silicon or phosphorus as melting
point depressants can produce joints with higher temperature capabilities and improved
mechanical properties, such as ductility, corrosion resistance etc., compared to traditional
silver and copper based filler metals [6,12]. The metallurgical basis for these filler metals
was derived from nickel based hard facing alloys [12]. The melting point of pure nickel is
1455°C [13]. This temperature is much higher than the melting points of most base
metals. However, according to the definition of brazing, base metals must be joined
together at a brazing temperature below their melting points [9]. Therefore, to braze with
nickel filler metals, elements must be alloyed with the nickel to lower its melting point
below that of most base metals. The alloying elements in nickel based filler alloys serve
different purposes and are optimized differently although there are some similarities in
compositions [12]. Some of these important elements are as follows:

Boron (B) and Silicon (Si): Both boron and silicon are strong melting point
depressants, e.g. when alloyed with nickel, individually, mere 3.6 wt% boron and 11.8
wt% silicon will lower the melting point to 1093°C and 1125°C, respectively [13]. The
lower melting point allows the use of nickel-boron or nickel-silicon filler metals to braze

a wide range of metals at temperature far below their melting points. Although boron and



silicon significantly lower the melting points of the nickel based filler metals, binary
nickel-boron or nickel-silicon alloys suffer from many shortcomings, such as low tensile
strength, higher hardness, low corrosion resistance and excessive fluidity when molten
[12]. Thus, binary nickel-boron or nickel-silicon brazing filler metals are not
commercially available and additional elements are alloyed to obtain the desired physical
properties.

Ni-B-Si: When boron and silicon are alloyed together in nickel with 1.5-3.5%
boron and 2.75-4.0% silicon, suitable brazing filler metal can be formed with a melting
point as low as 1040°C and 1055°C [13]. The addition of Si was found to increase the
corrosion resistance of the assembly [14].

Phosphorus (P): Phosphorus also acts as a melting point depressant. It reduces the
melting point of nickel to 870°C from 1455°C [15]. However, unlike boron and silicon,
phosphorus does produce satisfactory brazing filler metal when alloyed alone with nickel
[12]. In spite of having some satisfactory brazing characteristics and an extremely low
melting point, binary Ni-P filler metal has some disadvantages such as low strength,
ductility and greater fluidity when molten [12,16].

Chromium (Cr): Chromium is well known to add strength and corrosion
resistance. In order to maximize the benefit of the Cr addition, the time at brazing
temperature should be long enough to allow boron to diffuse out of the braze joint and
into the base metal because the loss of boron will result in a strong, corrosion resistant
braze joint with a melting point higher than the original filler metal [12]. BNi-5 (Ni-Si
alloyed with 19 wt% Cr) is one of the strongest corrosion resistant filler metals used

extensively for high temperature applications [7]. Another example is BNi-7 which is a



Ni-P based filler alloyed with 13 wt% Cr [12]. This commercially available filler alloy
was found to have some extremely satisfactory brazing characteristics such as increased
molten viscosity, more strength and ductility and corrosion resistance [17].

Ni-B-Cr-Si: By adding all three elements to pure nickel, alloy with melting point
at 1000°C can be formed and, if the holding time at brazing temperature is long enough
to diffuse most of the boron into the base alloy, extremely satisfactory brazed joint with
high strength, enhanced corrosion resistance can be obtained [12,18].

Copper (Cu), Tungsten (W) Molybdenum (Mo) and Iron (Fe): Cu is usually
alloyed with Ni and Cr to increase the corrosion resistances of the brazed joint, especially
in saltwater environments and aqueous media; W reduces viscosity during brazing by
elevating the melting point of the filler alloy and thereby increases the high temperature
strength of the diffusion brazed joint; Mo serves the purpose of increasing the viscosity of
brazing filler metals, adds high temperature strength and, when alloyed with Cr and Cu,
enhances corrosion resistances to aqueous media [12,19]. In addition to boron and/or
silicon, sometimes Fe, generally considered to be a neutral element, is inadvertently

alloyed with nickel based filler metals; however, it does impart some ductility [12,20].

1.3 Brazing Process Variables:
In addition to the base and filler alloy characteristics, the other process variables

that contribute to the structure and properties of a diffusion brazed joint are discussed as

follows:



1.3.1 Surface Preparation:

Surface preparation plays a very significant role during brazing process because
in order to ensure complete wetting of liquid braze on the base metal surface, high
surface tension, low contact angle and low viscosity are required. The flow of the molten
brazing filler metal is facilitated by capillary action, which in turn results from surface
energy effect [19,21-24,26]. A clean surface is, therefore, absolutely vital for wetting,
flow and filling of cracks and small cavities by the liquid filler alloy during the brazing
cycle [10]. A clean surface can be obtained by either or combination of the several
treatments such as grinding, grit blasting, hydrogen gas cleaning, vacuum cleaning,

fluoride ion cleaning, nickel/gold flash etc. [2,22,25,26].

1.3.2 Joint Gap:

The initial joint gap size has a very significant role in the kinetics of diffusion of
melting point depressants into the base metal during brazing and as a result on the final
brazed joint microstructures because the wider the joint gap, the more the amount of filler
alloy that contains the melting point depressants such as boron and silicon which in turn
would require longer time to form a isothermally solidified joint which is free of

deleterious brittle eutectic phases [7,27].

1.3.3 Brazing Temperature and Holding Time:
Brazing temperature has a strong influence on wetting, dissolution of base metal
and diffusion of melting point depressants into the base alloy [2,7,26-29]. According to

the process requirement, it has to be above the liquidus temperature of the filler alloy



being used and below the solidus temperature of the base alloys [8,9]. Higher brazing
temperature reduces the isothermal solidification time requirement since the diffusivities
of melting point depressants increase with temperature [2]. There are other beneficial
aspects such as: (a) annealing, stress relief or heat treatment of the base alloy are
combined with brazing, (b) surface impurities and oxides can be removed by vacuum
brazing, (c) higher melting but more economical and efficient brazing alloy can be used
and (d) base metal and filler alloy interactions are being promoted in order to modify
composition and microstructure of the brazed joint [26]. However, sometimes lower
brazing temperature is chosen to (a) minimize the heat affects on the base metal thus
avoiding grain growth, (b) economize the heating expenditures, (c) reduce the dissolution
of base alloy which is very important during brazing of thin wall structural components
etc. [21,26,29]

Since diffusion is a time dependent process, holding time plays the most
significant role for a given brazing temperature [7,18,30,31]. It should be long enough to
allow the melting point depressants to diffuse out into the base alloy and, thus, the

formation of brittle eutectic phases can be avoided.

1.4 Limitations of Brazing:
Following are the common problems encountered when superalloys and stainless
steels are brazed:
1. Melt-back: As the melting point depressing element diffuses into the base alloy, it
reaches a high enough concentration near the interface to cause localized melting

of the base metals and, thus, reduces the effective thickness of the ductile base



2.

metal which is of great concern when thin material is brazed or when brazed joint
must withstand vibration or impact load [26,29].

Porosity: Pores and partially filled cracks often form in brazed joints as a result of
oxide residues and contaminants not completely eliminated by thermo-chemical
cleaning and other surface preparation techniques [10,26]. This effectively
reduces the integrity of the brazement. In addition to non-wetting, due to improper
cleanliness and mating of surfaces, shrinkage of the braze on solidification often
lead to the formation of porosity [32]. Besides, the difference in chromium
concentrations between the filler and the base metal can lead to the formation of
Kirkendall porosity after post-brazing annealing treatment [33].

Grain size: The optimum grain size structure of a brazed joint is often one of
large grains filling the whole width of the joint area; however, solidification may
also result in a continuous grain boundary running along the center of the braze
which is undesirable for high temperature applications [26].

Second phase precipitates: Nickel based brazing filler metals containing boron
and/or silicon are commonly used to join nickel superalloys and stainless steels
[6,7,18]. However, these melting point depressants form eutectic structures, as
shown in Fig. 1.2, which are extremely hard and contain very brittle intermetallic
compounds (borides, phosphides and silicides) with nickel and chromium which

are detrimental to the mechanical properties of brazed joint [6,7,34].



o |

Fig. 1.2 Typical centerline eutectic microstructure of an Inconel 718/BNi-2 brazed

joint

1.5 Transient Liquid Phase (TLP) Bonding:

There exists a hybrid joining process which can prevent the formation of the
abovementioned deleterious phases [9,11]. It is known as Transient Liquid Phase (TLP)
Bonding, alternatively termed as Diffusion Brazing [27,35]. The TLP Bonding process
uses a low melting filler alloy to wet the contacting base material and that subsequently
solidifies isothermally via a fast diffusing element, e.g. boron [36]. Unlike conventional
brazing, the thermal exposure used for the TLP Bonding cycle is long enough to induce
complete isothermal solidification at the bonding temperature and thus, the formation of

eutectic phases is avoided during cooling [2,11,36], an example is shown in Fig. 1.3.

10



Precipitation
zone

Isothermally
solidified

Fig. 1.3 SEM micrograph of an Inconel 625/BNi-2 joint showing complete

isothermal solidification

1.5.1 Advantages of TLP Bonding:

TLP Bonding has been employed in a wide range of applications since it has the
capability to produce joints that have microstructural and hence mechanical properties
similar to that of the base metal [15,18]. Following are some of the major advantages of
TLP Bonding:

1. Since the bonding temperature is below the solidus of the base metal, joint
formation depends on an isothermal, relatively low temperature bonding
mechanism [36].

2. Theoretically, no interface remains for the TLP Bonded joints [21,37].

3. Wide gap TLP bonding technique permits repair of defects up to 0.1 mm wide
[38,39]. The joint preparation before TLP bonding is simple since joining

depends on capillary filling [36].

11



4, Unlike diffusion bonding, the joining process is relatively more tolerant to the
presence of a faying surface oxide layer [11,36,40]. For this reason, and
because of the absence of thermal stresses, TLP bonding is ideal when joining
intermetallic base materials which have stable oxide surface films, high
sensitivity to microstructural changes, and poor low temperature ductility
[41].

5. The bonding process is ideally suited for joining dissimilar materials and
materials which are inherently susceptible to hot cracking or post weld heat
treatment cracking problems [2,4,5,42].

6. The bonding process is highly suitable for large and complex shaped

components [43].

TLP Bonding has been employed when joining: nickel base and iron base
superalloys [39,44-55], titanium base alloys [56-58], stainless steels [18,25], aluminum
[59], aluminum base and titanium base metal matrix composites [60-63], copper to
austenitic stainless steels [64], and micro-circuitry components [65]. Non-metals have
also been joined using TLP Bonding; for example, silicon nitride has been bonded at
1550°C using an oxynitride glass [66]. However, in this case the key requirement is that
the glass composition must be selected so that thermal expansions mismatch is minimized

[43].

1.5.2 Limitations of TLP Bonding:
Although TLP Bonding is an excellent bonding technique, the time required to

complete isothermal solidification is usually long enough to discourage their potential

12



applications in many industries [2,18]. Therefore, a thorough understanding of the effect
of other process variables, such as bonding temperature and joint gap, on the time
required to complete isothermal solidification, is absolutely imperative to reduce the time
requirement and thus to optimize the process [7].

Boron containing interlayers are unsuitable for joining nuclear reactor
components due to the high neutron absorption cross section of boron [17,67,68]. In this
case, nickel base alloys such as Ni-Cr-Si or Ni-Cr-P can be used although use of these
materials does entail some compromises [69,70]. The bonding temperature for Ni-Cr-Si
alloy is above the solution treatment temperature and so bonding has to be performed
before heat treatment [71]. Palladium can also be used as melting point depressant [72].
The use of phosphorus suffers from a low solubility in nickel [15], as in the case of boron
[13], but its diffusion coefficient is much smaller than that of boron [2,15,18,21].

TLP Bonding and diffusion bonding are capable of producing joints that are
similar to the parent metals in terms of microstructures and mechanical properties;
however, autogeneous diffusion bonding has the advantage over TLP Bonding that no
compositional change is made at the bond line [11,15,18,21]. When nickel based solid
solution forming filler alloys are used for TLP Bonding, the resulting bond line is much
softer than the bulk [73]. Conversely, the formation of brittle intermetallic phases at the
bond line due to incomplete isothermal solidification is the major concern for TLP
Bonding [6,7,74-76]. Both mechanical properties and environmental resistances of the
joint can be affected by the compositional changes at the bond line, e.g., when nickel
based superalloys and stainless steels are TLP Bonded, using boron containing

interlayers, some borides almost invariably remain at the end of the bonding process
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[2,17,18,25,27]. If the joint is subsequently re-coated using diffusion coating, these
borides will tend to become incorporated in the coating which has a highly detrimental
effect on its oxidation resistance. The formation of chromium rich bo}'ide phases can also
lead to a sensitization type of corrosion cracks during TLP Bonding of austenitic stainless

steels [21,77].

1.6 Objectives of this Research:

By a combination of direct experimentation with computational modeling, the
optimum joining parameters, such as joint gap, bonding temperature and holding time can
be set prior to actual field trials. Although Inconel 625, Inconel 718, SS 410 and SS 321
are the most commonly used alloys in aerospace industry and also in many other
applications, modeling studies and experimental investigations of isothermal
solidification during TLP Bonding of the abovementioned alloys with a nickel based filler
alloy, such as BNi-2, could not be found in the literature. It is also worth mentioning that
current industrial brazing practice, especially in aerospace industry, for the
abovementioned nickel superalloys and stainless steels is using Palnicro-36M filler alloy
which is extremely expensive compared to BNi-2 and recently the industry is hoping to
replace this costly filler with almost twenty times less expensive BNi-2 because of its
promising feedback in terms of producing comparable brazed joints. One of the most
important features to look at is the isothermal solidification behavior of this filler with
these base alloys and to study the effect of process variables on the time requirement to

complete isothermal solidification.
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Therefore, a research project was designed to study the kinetics of isothermal
solidification during TLP Bonding of nickel superalloys, Inconel 718 and 625, and
stainless steels, SS 410 and 321, with nickel based filler alloy, BNi-2, in order to predict
the time required to complete isothermal solidification and to study the effect of process
variables, such as bonding temperature and joint gap, using different mathematical
modeling techniques, and to verify the predicted values with experimental investigations.
The advantages and shortcomings of the existing modeling approaches have been
discussed and, unlike conventional modeling, the diffusion of solute atoms has been
modeled using Random Walk Modeling technique which can take into account the
physical and chemical uncertainties associated with transient liquid phase bonding
experiments. The model equations to determine isothermal solidification time have been

modified and presented in this dissertation.
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Chapter 2

Literature Survey

The following literature survey is based on the current research performed on the
TLP Bonding stages and modeling of these stages. The stages of standard TLP model will
be described along with the assumptions and shortcomings. The existing modeling

approaches for different stages of TLP Bonding will be critically reviewed and discussed.

2.1 TLP Stages:

Gale and Butts [21] illustrated the TLP Bonding stages, as shown in Fig. 2.1,
which involves substrates of material A bonded with an interlayer consisting of 4, plus a
melting point depressant B. The stages described in [21] are generally well accepted as

the major TLP Bonding sequences and cited below within the quotation marks:
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Fig. 2.1 Nominal stages of TLP Bonding process [21]
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“The composition of 4-B interlayer is chosen such that a eutectic melting occurs
at the boding temperature (7). In such systems three distinctly different processes
namely, substrate dissolution, isothermal solidification and solid state homogenization
will occur after eutectic melting of the filler.

Substrate Dissolution: Partial dissolution of the substrate material adjusts the
composition of the liquid to that of the liquidus (Cy) at T. If the composition of the solid
immediately adjacent to the liquid is brought to that of the solidus (Cs) at T, then the net
result will be that local equilibrium is established at the solid/liquid interface.
...Dissolution does not require long range diffusion in the solid and consequently, the
activation energy for dissolution is usually very low [78], when compared to that for the
interstitial diffusion, let alone substitutional or self diffusion [79]....

Isothermal Solidification: After completion of the dissolution process, the melting
point depressant (B in the present example) begins to diffuse into the solid substrates. In
all standard 7LP process models, local equilibrium is maintained at the solid/liquid
interface throughout the isothermal solidification and so the compositions of the liquid
and adjacent solid remain fixed at C; and Cg, respectively. Thus, as B continues to diffuse
the liquid narrows during holding at 7. Given a sufficiently protracted hold at T, the
liquid will be removed entirely. Isothermal solidification requires long range diffusion in
the solid phase and in general, it is much slower than the substrate dissolution stage [28].
However, the time taken to complete isothermal solidification is highly system specific,
since this depends on the diffusion coefficient of B in 4, as well as the amount of solute B
that must be diffused into A which in turn is determined by the composition and
thickness of the interlayer....

Solid State Homogenization: Following the composition of isothermal
solidification, continued holding at T is required to allow homogenization of the
remaining solute. The centerline composition of B at 7 must be reduced to below the
room temperature solubility of B in A (Cp) if the precipitation of undesired second phase
is to be avoided on cooling. As with isothermal solidification, the solid state
homogenization requires long range diffusion of the melting point depressant in the
substrates [37] and so the rate of this process depends on the value of diffusion
coefficient of B in A4 at T. If there is large difference between Cs and Cpg, the solid state
homogenization stage can be protracted, even if the diffusion coefficient of B in A4 is
relatively high....

All standard models of the TLP process assume that these three processes are
sequential and cannot occur in parallel [43]. This is an important assumption; as it
implies that the formation of undesired second phase (e.g. borides) cannot occur at 7 and
any such phases must precipitate either before complete melting of the interlayer, and/or
on cooling. The universal applicability of this assumption is open to question. The
idealized TLP bonding stages described above assumed a eutectic formation system,
however, not all TLP interlayers are eutectic formers. Some additional complications in
real world TLP bonds include:

18



1. Solid state diffusion during heating to the bonding temperature.”

2. Substrates that cannot be approximated to semi-infinite media (fast moving
melting point depressants can diffuse right across thin-walled, e.g.
honeycomb, substrates during bonding).” [21]

Niemann and Garret [80] joined A/-B composite based material using thin copper
foils. When the heating rate between room temperature and the eutectic temperature was
very slow, insufficient liquid formed at the bonding temperature due to the diffusion of
copper into the base metal during the heating stage, and as a result, very poor joint was
produced [80]. Based on this result, Macdonald and Eager [81] proposed that a further
stage should be included in TLP Bonding in order to account for solute diffusion during
the heating cycle to the bonding temperature. Another factor that plays a significant role
on the kinetics of TLP Bonding is the heating rate between the eutectic temperature and
the bonding temperature since solute diffusion in the temperature range from the filler
metal melting point to the bonding temperature may allow solidification to occur before
the selected bonding temperature is reached [82]. Nakagawa et al. [82] took this factor
into consideration during TLP Bonding of Nickel 200 base metal using Ni-19P at% filler.
Solidification was found to be occurred when the heating rate was very slow (~1K/s) and
thin (5 um) filler metal was used. They also found that the likelihood of solidification at
temperatures between the melting point of the filler alloy and the bonding temperature
increased significantly when high diffusivity melting point depressant such as boron

containing filler metal were used.
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2.2 Modeling of TLP Bonding:

Much modeling research on TLP bonding process to date has involved the use of
analytical methods [28,39,83] and treated the joining process as a number of discrete
steps, namely, base metal dissolution, isothermal solidification and homogenization.
Local equilibrium at the melting interface is generally assumed, as described before,
when modeling two phase diffusion controlled problems. However, this is an
approximation, since it is generally not attained at the solid/liquid interface [84]. Also, it
is generally assumed that the formation of the liquid phase assures complete wetting of
the base metal and production of a sound joint and this may not necessarily occur during
TLP Bonding. For the sake of simplicity, it is assumed that the output of any stage does

not affect the operating conditions that apply in the subsequent stages of the process.

2.2.1 Base Metal Dissolution:
The dissolution of base metal is inevitable during 7LP Bonding [29]. Nakao et al.
[52] and later on Nishimoto et al. [28] studied isothermal dissolution of base metal during

TLP bonding based on the Nernst — Brunner theory [85]:

C=Cofl=e™ ™ | @.1)

sat
where, C is the solute concentration in the liquid, C,, is the saturated solute

concentration, K is the dissolution rate, ¥ is the volume of liquid, ¢ is the holding time and

A is the area of solid/liquid interface. They assumed that the total amount of solute in the
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liquid remains constant and differentiated equation (2.1) to produce the following

relationship for the dissolution parameter, P:

P=Kt= h[ln{wﬂ ................................. 2.2)
ph(X, - X)

where, X is the width of the base metal dissolved at time ¢, X; is the saturated dissolution
width, p is the ratio of liquid density to solid density and 4 is half of initial liquid width.

Nishimoto et al. [28] used equation (2.2) to compute the amount of base metal being
dissolved (P) and showed that it varied linearly with holding time, as shown in Fig.
2.2(a), demonstrating that Nernst — Brunner theory could be used to explain dissolution
of base metal during TLP Bonding. They also showed that the apparent activation energy
for dissolution of base metal can be obtained using an Arrhenius plot, as shown in Fig.

2.2(b).
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Fig. 2.2 Relation between (a) holding time and the dissolution parameter and (b)

In(K) and 1/T (CMSX-2/MBF-80 with an initial gap of 40 pm) [28]
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Liu et al. [86] developed a model that accounts for base metal dissolution during
liquid formation where they used a general error function solution to describe the solute
distribution in the liquid zone when modeling the dissolution stage. However, they
assumed that there is no solute diffusion into the base metal, which is not the case in
actual practice, as solute diffusion can affect the process kinetics during the base alloy
dissolution. On the other hand, Zhang and Shi [29] proposed a quantitative model for
evaluating dissolution width which takes into account the process parameters, such as

temperature, time and joint gap:

where, W, and Wjp are the dissolution width and the initial joint gap, respectively, C; and
a are the solubility and dissolution coefficient, respectively, of the solid metal in the
liquid metal (both are temperature and pressure dependent constants), p; and p,, are the
densities of the liquid metal and base metal, respectively.

It should be noted here that analytical methods developed so far are all based on
assumptions that are very difficult to apply in modeling the dissolution of base alloys [43]
and direct experimentation is required for the combination of base and filler alloys being

used.

2.2.2 Modeling of Isothermal Solidification
The isothermal solidification stage is generally considered to be the most important

stage since the time required for the entire TLP Bonding process is largely dependent on
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the time required for completion of isothermal solidification. Several models have been
proposed [7,46,83,87] to predict the isothermal solidification time during TLP Bonding.
Solute distribution in the liquid can be considered to be uniform [43] during this stage. In
addition, the base metal can be assumed to be semi-infinite since solute diffusion in the
solid is generally slow. These models can be categorized according to the analytical

descriptions used in the formulation of governing equations and are given below:

Stationary solid/liquid interface model:

The simplest modeling approach for predicting isothermal solidification time is the
stationary solid/liquid interface model, alternatively known as single phase solution
model. 1t treats the system as a single semi-infinite phase (the base metal) with a constant
solute concentration (C,;) at the surface of the base metal, as shown in Fig. 2.3. The main
advantage of this approach is that the final liquid width at the end of dissolution and
liquid homogenization does not need to be calculated which requires extensive
experimental investigations and/or complex model calculations to account for the moving

boundary.
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Fig. 2.3 Schematic diagram showing solute distribution during the isothermal

solidification stage in 7LP Bonding [88]

Tuah-Poku et al. [83] derived an expression for isothermal solidification completion
time for silver/copper/silver sandwich joint based on stationary solid/liquid interface
which can also be derived from the classical solutions for Fick’s law. In order to describe
the solute distribution in the semi-infinite base metal with a surface on which the solute

concentration was maintained at C,;, an error function solution can be assumed [83,88]:

C(x,t)=C, +(C, —C,, )erf[ ad } .............................. 2.4)

ZwNDti

where, C) = solute concentration as a function of distance from the centre of the

interlayer (x) and time (f), C,;, is the solute concentration at the surface, Cy is the initial
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solute concentration in the base alloy, D is the solute diffusivity in the base alloy. The
total amount of solute M, which has entered into the base alloy at time # can be

determined using the following equation [88]:

M@)=2C, -C, )\/E .................................................. (2.5)
T

Ignoring the amount of solute diffused into the base alloy during the heating and
dissolution stages, the total amount of solute diffused into the base alloy when the
isothermal solidification is complete can be considered equal to the original solute
content of the filler alloy excluding the amount which is dissolved in the solid solution,

i.e.

Dt
C,W, =4C,, -CM)J7 ettt rrensesesensessssssennenns (2.6)

where, Cr is the original solute concentration in the filler alloy and W) is the initial width
of the filler alloy. Rearranging the above equation, the time required to complete

isothermal solidification can be obtained as [83,88]:

2
P B SRR 2.7
16D\ C, -C,,
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Similar solutions were also derived by Ikawa et al. [46], Nakao et al. [89] and
Onzawa et al. [61]. Tuah-Poku et al. [83] calculated the holding time required for
silver/copper/silver sandwich joints based on stationary solid/liquid interface and their
predicted values were found to be much higher than the experimentally determined
values. They acknowledged the inadequacy of their mass conservation approach;
however, they also attributed the discrepancy to the very complex conditions prevailing
at the moving solid/liquid interface. Lee et al. [90] suggested that diffusion of the solute
atoms into the base metal could actually take place during liquid homogenization, which
could result in the formation of second phase precipitates and thus the holding time

required for complete isothermal solidification would be considerably reduced.

Solute Distribution Model:
According to Crank [91], unsteady state diffusion of a specie from a source with
initial thickness 2w, which is of the order of diffusion distance V(Dz), into a semi-infinite

substrate can be represented by:

1 x+w xX—w
C =C, +—(C,-C erf ————=—erf =t cerrrrernneraenn 2.8
(x,t) M 2( 0 M){ f 2'\/D_t ’fzm} ( )

where, Cy = initial solute concentration in the base metal; C, = initial solute
concentration in the interlayer; C , = solute concentration as a function of distance from
the centre of the interlayer (x) and time (7); D = diffusion coefficient of the solute in the

substrate.
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Holding time can be estimated considering the fact that isothermal solidification
is completed when the solute concentration at the centre of the interlayer is reduced to the

solidus value C,.. Substituting Cp. )= Cz at x = 0 yields the following equation:

C, -C, =(C,-C,, ){erf . \[’;Tf} ...................................... 2.9)

Several researchers [2,18,92] used this approach to predict the isothermal
solidification time during 7LP Bonding and to predict the precipitation of second phases
in the substrate. They reported good agreement between estimated and experimental
values. However, they used the linear relationships between the eutectic width and square
root of holding time to get the extrapolated isothermal solidification time, e.g. Fig. 2.4,
which suffers from the drawback that the time used in the model equation is not the
actual one, and the complexity in measuring exact eutectic width poses a big challenge on
the assumption of linear relationship between the eutectic width and square root of

holding time.
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Fig. 2.4 Eutectic width vs. square root of holding time (Inconel 738/Nicrobraz 150

combination with an initial joint gap of 75 pm) [2]
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Moreover, they used only two extrapolated isothermal solidification times to
solve the diffusion equations in order to obtain the activation energy and frequency
factor, which is not representative for real life TLP Bonding experiments that involve

numerous physical and chemical uncertainties.

Migrating Solid/liquid Interface Model:

The diffusion controlled isothermal solidification stage of TLP Bonding consists of
a process that involves a moving boundary. The migrating solid/liquid interface model,
alternatively known as two phase solution model, treats the system as two semi-infinite
phases with a coupled diffusion controlled moving solid/liquid interface, as shown in Fig.
2.3. A general error function solution, equation (2.10), can again be assumed to calculate

the concentration of solute atoms in the solid phase [7,88,93,94].

cun=4+4q{ x)”mmmmmmmmwwwmmam)

2Dt

where, Cgy = solute concentration as a function of distance from the centre of the

interlayer (x) and time (f); A; and A, are constants that can be determined from the

specific boundary conditions. When x——

C(0, ) = A+ Ay =Cy ovonveareeneeeeneerisssssnnsssssssssssssseens (2.11)
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At the moving solid/liquid interface, i.e., x = X{(?), solute concentration can be represented

by:

CX(0),0) = 4, + Azerf( X ) = oy e, 2.12)

27Dt

where C, is the solute concentration of the solid phase at the moving solid/liquid

interface. If equation (2.12) is true for all values of ¢, X (¢) has to be proportional to ' as:

XO =2/VDt i (2.13)

where 7 is a constant that accounts for the moving boundary. The mass balance at the

solid/liquid interface gives the following relation [7,88]:

o dX() _ (9C(x,1)
(Cua ~Cu) =, -D( ~ Lm ........................... (2.14)

where C,,is the solute concentration of the liquid phase at the moving solid/liquid

interface. The following relationship can be obtained by solving equations (2.10-2.14)

[7,88,96] and is used to determine the parameter for moving boundary, y:

c,-C
e M oy [mexpy (A4 erf (7)) eoooenneeiiiieaeineeeea, (2.15)
CLa _CaL
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Now, from equation (2.13), the time required to complete isothermal

solidification during TLP Bonding can be determined using the following relationship:

where 24 is the final maximum width of the molten zone.

Several researchers, such as Ojo et al. [2], Sakamoto et al. [7], Ramirez and Liu
[95], Zhou [96] etc., used the migrating solid/liquid interface approach, to predict the
isothermal solidification time during transient liquid phase bonding because, unlike
stationary solid/liquid model, it takes into consideration the moving boundary that exists
during the isothermal solidification stage. However, Zhou [88] showed that equation (2.7)
is a good approximation of equation (2.16) when Cy and C, are very small and Cy, is
relatively large. A relatively small Cy and C,;, compared with Cp,; will result into a very
small value of y, the parameter for the moving boundary, and hence a very slow
solidification rate as evident from equation (2.13). Therefore, in such conditions, the
migrating solid/liquid interface can be reasonably approximated by a stationary interface
(88].

For y < 0.1, a linear approximation exists between tfl/zand (2h/D'?) [97], and

Nakao et al. [87] developed the following linear expression:
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where J is a dimensionless parameter and is related to y by equation (2.16) through # By
their modeling of a moving solid/liquid interface, Nishimoto et al. [28] showed that for
multi-component migrating solid/liquid interface conditions, the following relationship

exists:

where m is the slope of the plot of the eutectic width against the square root of holding
time, Q is the apparent activation energy for diffusion of melting point depressant into the
base metal, T is the absolute bonding temperature, R is the gas constant and A4 is a
constant. If the frequency factor (Dy) is known, diffusion coefficient of melting point
depressant at any bonding temperature can be determined using the obtained activation

energy (Q) and the following an Arrhenius relationship:

)
D=Dge BT (2.19)

Equation (2.17) can then be used to predict the time requirement to complete isothermal
solidification. However, in order to use equation (2.17), J has to be determined using tf” 2

vs. (2h/D'?) plot, e.g. Fig. 2.5.
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Fig. 2.5 tfm VS. (2h/D’”) plot to determine J of equation (2.17) [26]

Since this method relies on the linear relationship between eutectic width and
square root of holding time, it suffers from the same drawbacks as mentioned earlier.

Also, linear relationship between ¢/

and (2h/D'? is only an approximation and used to
avoid complex numerical calculation of y and its variation with temperature. Moreover,
when the frequency factor (Dy) for diffusion of melting point depressant is not known,
calculation of y cannot be avoided.

It should be noted here that, although migrating solid/liquid interface modeling
approach was used by several researchers, none of them took into consideration the
physical and chemical uncertainties associated with the TLP Bonding experiments. All of
them reported one single set of kinetic parameters, such as activation energy and

frequency factor, for each of the combination of base and filler metals which has very

limited practical value.
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2.2.3 Homogenization Stage:
Ikawa et al. [46] used equation (2.20) to model the solute distribution during

homogenization of TLP Bonding with nickel based superalloy material.

Conny =Cu + 5 L, -c ){erf 2J_ —erf —2’-‘%} ........ (2.20)

where w was half the maximum liquid width at the end of base metal dissolution
and Cy was equal to Cr, The solute concentration attained its maximum value at the

centerline of the specimen (x=0) which can be represented by [53]:

C.. =C©,n=C, +(C,-C )e;f[ } ........................... (2.21)

2o

Nakao et al. [53] observed good agreement between the results predicted by
equation (2.21) and the experimentally determined values for most of the homogenization
period of nickel base superalloy material although a distinct difference between the
analytical calculations and the experimental values during the early stages of the
homogenization treatment was observed. According to Nakao et al. [53], this difference
was due to the critical assumption in the analytical results that the aluminum
concentration in the joint centerline was uniform at the beginning of the homogenization
period. Zhou [96] also used equation (2.21) to model the homogenization stage during
TLP Bonding. In his study, w was taken as half the filler alloy thickness and Cj the initial
solute concentration. Since the final liquid width need not be calculated, which requires

extensive experimental investigations, this method is quite simple and easy to use [43].
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Chapter 3

Scopes of Present Investigations

Several researchers used different mathematical modeling approaches, as
mentioned in section 2.2.2, to predict the isothermal solidification time during 7LP
Bonding of pure nickel, nickel based single crystal superalloys, precipitation hardened
nickel based polycrystalline superalloy such as Inconel 738, and also for duplex stainless
steel base metals with binary Ni-P or ternary Ni-Cr-B, or multi-component Ni-B-Cr-Si-Fe
filler alloys, and reasonable agreement with the experimental values have been reported.
However, modeling studies and experimental investigations of isothermal solidification
during TLP bonding of Inconel 625 and 718 superalloys, and SS 410 and SS 321 with a
multicomponent filler alloy, BNi-2, could not be found in the literature.

Mathematical modeling coupled with experimental data is widely used to
determine the kinetic parameters such as diffusion coefficient of solute atoms into the
base alloys during transient liquid phase bonding. However, when coupling experimental
data with the mathematical model, the physical and chemical uncertainties associated
with the diffusion brazing experiments needs to be addressed in a way that it best reflects
the diffusion characteristics of the solute atoms into the base alloy. Taking only one or
two sets of experimental data, often sufficient to solve the governing diffusion equations,
will lead to erroneous results because another set of experimental data will result in a

different value. Also, in conventional modeling technique, these one or two sets of
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experimental isothermal solidification times are usually taken from the eutectic widths
versus square root of holding time diagrams where a linear relationship is assumed i.e.
when the eutectic widths are extrapolated to zero value, the corresponding holding time
will represent the isothermal solidification time. This is the biggest source of error
because of the extreme difficulty in measuring eutectic widths and also the use of
extrapolated values instead of real values. However, the errors could not be avoided in
previous studies because the use of constant gap joints does not allow determining the
exact isothermal solidification time.

The problem of getting real experimental isothermal solidification times can be
eliminated if V-shaped joints are used to determine the maximum brazing clearances. The
details will be described later in Chapter 4 and 5. In order to take into consideration the
physical and chemical uncertainties associated with TLP Bonding experiments, several
sets of real experimental data need to be used to determine the range of diffusion
coefficients and it can be then modeled as a random number based on the statistical
distribution profile being observed, such as normal, weibull or any other distribution.
Such modeling approach is known as Random Walk Modeling and is widely used to
simulate the diffusion characteristics of solute atoms in diffusion governing processes
[98-103]. However, this approach has not been used so far to simulate the diffusion
characteristics of solute atoms into the base alloys during TLP Bonding and, single sets of
kinetic parameters for diffusion of solute atoms continue to appear in literature which is
not representative for real life experiments.

Hence, the objectives of this work are to calculate the time required to complete

isothermal solidification during transient liquid phase bonding of Inconel 718 and 625
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superalloys, and SS 410 and 321 with BNi-2 filler alloy using mathematical models based
on migrating solid/liquid interface and solute distribution law taking the random diffusion
of solute atoms into considerations, and to verify the predicted isothermal solidification
times with experimental investigations.

Diffusion models for TLP Bonding with nickel based filler alloys containing
boron as the major melting point depressant rely on the solubility limit of boron in pure
nickel as a reference to form solid solution. This assumption is reasonable when pure
nickel or nickel based superalloys are used as base metals. However, when stainless
steels are used as base metals, such as SS 410 and SS 321, significant amount of iron
comes into the melt due to the dissolution of the base metal. It is, therefore, also an
objective of this study to verify this assumption when martensitic stainless steel, SS 410,
with almost negligible amount of nickel in its composition, and austenitic stainless steel,
SS 321, with significant amount of nickel and chromium in its composition, are used as
base alloys. Besides, the use of silicon, which also acts as a melting point depressant, as a

reference element to form solid solution will be verified.
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Chapter 4

Experimental Procedures

4.1 Materials:

The brazing filler metal selected for this research is BNi-2 (AMS 4777) which is a
nickel based multi-component filler alloy with boron and silicon as melting point
depressants. Four different wrought base alloys were chosen that are extensively used in
aero-engine hot section components and in many other applications that require excellent
strength and ductility at elevated temperature. Two of them are austenitic nickel based
polycrystalline superalloys, Inconel 625 and Inconel 718, and the remaining two were
martensitic stainless steel, SS 410, and austenitic stainless steel stabilized with titanium,
SS 321. The nominal compositions of the base and filler alloys along with their melting

temperatures are given in Table 4.1.

4.2 Wedge-Gap Specimens and Brazing Procedures:

Wedge shape joint gap specimens with identical base alloys, shown in Figure 4.1,
were utilized to form an edge groove where the BNi-2 brazing filler paste was placed.
The specimen was fixed by tack welds to form a variable brazing gap (0 — 250 pm). The
wedge gap specimens have the advantage over the constant width joints that it provides
variable joint gap widths which can be tested at the same temperature and time. Since the

initial V-configuration is known, the dissolution of the base metal can be determined at
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any location of interest within the specimen using the similarity principle of triangles and
subsequently, the maximum brazing clearances for different process conditions can be

obtained.

Table 4.1 Nominal compositions of Inconel 625, Inconel 718, SS 410, SS 321 and
BNi-2

Alloy Nominal Composition (wt%) Solidus (°C) Liquidus (°C)

Ni: 58% (min), Cr: 20 — 23%, Fe: 5%,
Inconel | Co: 1%, Mo: 8 — 10%, Nb(+Ta): 3.15 -

625 4.15%, Ti: 0.4%, Al: 0.4%, C: 0.1%,
Mn: 0.5%, Si: 0.5%

1290 1350

Ni (+Co): 50-55%, Cr: 17-21%, Fe:
bal, Co: 1%, Mo: 2.8-3.3%, Nb(+Ta):

I“;‘;;‘el 4.75-5.5%, Ti: 0.65-1.15%, Al: 2-8%, 1260 1336
C: 0.8%, Mn: 0.35%, Si: 0.35%, B:
0.006%, Cu: 0.3%
Fe,  <0.15%C,  11.5-13.5%Cr,

AISI410 | >0.75%Ni,  <1.0%Si,  <0.04%P, 1480 1530
<0.03%S
Fe, <0.08%C. 17-19%Cr,  9.0- 1371 1399
12.0%Ni, <0.75%Si, <0.045%P,

AISI321 | 6 039%S, <0.7% Ti [S*(N+C) min,
<0.1%N, <2.0%Mn

BNi2 | Ni-7Cr-3.2B-4 58i-3Fo-0.06Cmax 971 999

The samples were nicro-blasted and then acid cleaned. To prevent the oxide
build-up, the base alloy was pre-plated with very thin layer (= 5 pm) of nickel (nickel
flash). A vacuum inert gas atmosphere furnace was used for brazing where the chamber
pressure could be set at 1.33 mPa (107 torr) to 106.6 Pa by controlling the flow rate of
highly purified argon into the chamber. To study the effect of major process variables,

such as temperature, holding time and joint gap, on the time required to complete
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isothermal solidifications, the samples were brazed according to the matrix shown in

Table 4.2. Two replicas were taken for each of the process conditions to ensure the

repeatability.

Brazing filler metal

/ Tack weld

g .25 mm

= '

= 1.7 mm

"""""" ¥ Y
A«
A-A
Fig. 4.1 The wedge shape joint gap specimen
Table 4.2 Braze tests matrix
Temp. (K) Holding Time (min)

1325 10 50 60 70 90
1358 30 50 70 90
1394 10 20 30 50 90

All of the brazed joint samples were cut as per section A-A in Fig. 4.1, prepared

metallographically using standard techniques and studied under the Olympus optical

microscope equipped with Discover Essential Image Analyzer to measure the maximum

brazing clearances and scanning electron microscope (SEM) equipped with electron

dispersive spectrometry (EDS) to identify the different phases in the final brazed joint

microstructures.



Chapter 5
Microstructures of the Joints and Related

Measurements

5.1 Microstructures of Brazed Joint:

In metallographic terms, a good joint can be defined as one with similar properties
of the base metals. However, previous investigations have shown that the microstructures
developed in the joints brazed with nickel based filler alloys are rather complicated and,
therefore, a better understanding of the solidification phenomena and formation of
intermetallic compounds in these braze joints is the key to control and engineer the
microstructures which have minimal weaknesses arising from the formation of brittle
intermetallic compounds [6].

A typical metallographic microstructure of a brazing joint, when isothermal
solidification is not completed, can be divided into three distinct zones, namely, the
affected base metal area (zone I), the solid solution area (zone II) and the centerline

eutectic area (zone III) [6,34], as shown in Fig. 5.1.
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Fig. 5.1 Typical microstructure of a brazed joint showing three distinct areas (I:

affected base metal, II: solid solution and III: centerline eutectics)

Zone 1 is the parent metal close to the gap where transgranular and intergranular
precipitates are found [6,21,31,71]. The intergranular precipitates are found to be much
deeper in the parent metal due to the rapid diffusion of melting point depressant along the
grain boundaries. Because of that and its low solubility in the parent metal, precipitations
take place with a very dense arrangement which in turn produce hardening of the parent
metal and increase the brittleness of the area [14,17,71].

Zone 1I is the solid solution layer. It is formed isothermally at the brazing
temperature [6,34].

Zone III is the eutectic area that forms during cooling down of the residual liquid

when the holding time is not long enough to complete isothermal solidification [30]. This
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area is of great concern because the melting point depressants form hard and very brittle

intermetallic compounds which are detrimental to the mechanical properties of the joints.

5.1.1 Inconel 718/BNi-2 and Inconel 625/BNi-2:

The optical micrographs of Inconel 718/BNi-2 joint, with an initial joint gap of =
70 pm, brazed at 1394K are shown in Fig. 5.2 to illustrate the effect of holding time on
the formation of isothermally solidified joints. Since diffusion is a time dependent
process and isothermal solidification is dependent on the diffusion of melting point
depressants, the holding time plays the key role in obtaining the eutectic free joints. As
expected, it was observed that the amount of brittle eutectic phases decreased with

increasing brazing time.
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Fig. 5.2 Microstructures of the Inconel 718/BNi-2 joint, with an initial joint gap of =

70 pm, brazed at 1394K for various lengths of times: (a) 10 min, (b) 20 min, (c) 30

min and (d) 50 min

Figure 5.2 (a) shows that large amount of eutectic phases remained in the

centerline of the bond after holding for 10 minutes at the TLP brazing temperature. When

the brazing time was prolonged to 20 minutes, the amount of brittle phase continued to
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decrease. After 30 minutes of holding period, there still exist some eutectics. Further
increase of holding time to 50 minutes resulted in complete isothermal solidification.

It was observed that initial joint gap thickness plays a significant role in the time
requirement to complete isothermal solidification as shown in Fig. 5.3. This is because
the wider the joint gap the higher the amount of boron which will take more time to

diffuse out into the base metal.

Fig. 5.3 Microstructures of Inconel 718/BNi-2 joints brazed at 1325K for 70 minutes

with initial joint gaps of (a) = 60 pm and (b) = 100 pm

Figure 5.4 shows the effect of bonding temperature on the time required to
complete isothermal solidification. Diffusivity increases with increasing temperature and,
therefore, although the joint with an initial joint gap width of = 70 pum solidified
isothermally at 1394K after 30 minutes of holding time, isothermal solidification was yet
to complete at 1358K bonding temperature for the same length of time. The width of the

final brazed joint in Fig. 5.4 (b) was found to be slightly larger than that of Fig. 5.4 (a)
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although the initial joint gap widths were same. This can be attributed to the fact that

dissolution of base metal is higher at higher bonding temperature [28].

C)) (b)

Fig. 5.4 Microstructures of Inconel 625/BNi-2 joints brazed for 30 minutes at (a)

1358K and (b) 1394K

Phase Identifications:

A typical micrograph of the Inconel 625/BNi-2 brazed joint and the
corresponding EDS analyses are shown in Fig. 5.5. Intermetallic phases were formed in
the eutectic region. EDS analyses confirm that the phase marked X/ is the pro-eutectic y-
nickel solid solution and the phases marked with X2 and X3 are Cr and Ni rich borides,
which were also reported by other researchers [2,6,27,30]. EDS analyses of Fig. 5.5
detected significant amount of chromium in the precipitates in the interfacial areas
compared to that in the surrounding y-nickel matrix which suggest that they are mainly

chromium rich borides.
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Cr rich borides
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solution
Ni rich borides
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(b)

Fig. 5.5 (a) SEM micrograph of Inconel 625/BNi-2 joint brazed at 1325K for 10

minutes showing centerline eutectics, (b) EDS number of counts versus the

measurement step (0.5 pm)
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A magnified view of the centerline eutectic structures of Inconel 625/BNi-2 joint,
as shown in Fig. 5.6, suggests that the microstructures evolved in nickel superalloy
brazed joints are extremely complicated. This is due to the presence of several alloying
elements in the base metal that come into the melt due to the dissolution. In a study of
evaluation of transient liquid phase bonding between Inconel 718 and Inconel X-750 with
BNi-2, Wu et al. [30] reported that niobium had appeared in the brazed center due to the
dissolution of Inconel 718, and the degree of niobium at immediately adjacent to the
bond was found to be relatively higher than that in Inconel 718 base metal because
niobium carbides segregatged in the vicinity of liquid/Inconel 718 interface due to boron
diffusion. They also detected titanium and molybdenum in the braze, and carbide
precipitates in Inconel 718, in the vicinity of joint interface. Appearance of titanium and
molybdenum was attributed to the dissolution of base metal and affinity of molybdenum
to boron and silicon, and carbide precipitates to boron segregation because they were
found only in the areas where there were boron segregations. Segregation of boron along
the grain boundaries of base metals has one or more of the following effects: (i) increase
grain boundary cohesion, (ii) reduction in grain boundary surface energy, (iii) lower grain
boundary diffusion rates, and (iv) changes in y” (Ni3(4l, Ti) cuboidal phase) and/or M;3C;
morphologies [30]. In the current study, the grain size adjacent to the joint interface was
found to be much smaller than that far away from the interfacial area which was also the
case in several previous TLP Bonding studies [2,7,30,34]. This can be attributed to the
fact that boron induced carbide precipitation provides the pinning effect which retards the

grain growth [30].
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Fig. 5.6 Optical micrograph of Inconel 625/BNi-2 joint showing the centerline

eutectic morphology

From the Ni-Si phase diagram [104], it is evident that Ni dissolves an average of
15 mol% Si over the brazing temperature range (1325K to 1394K), and thus it is expected
to have little or almost no silicides. However, EDS compositional analyses in Fig. 5.5 (b)
revealed a significant amount of silicon in the center of the joint that might form nickel
silicides. This can be understood from the following solidification phenomenon [6]:
During brazing, y-nickel first solidified isothermally from the faying surfaces into the
melt. Upon cooling the primary y-nickel solidified as nodular dendrites which enriched
the remaining melt with boron, silicon and chromium. As cooling proceeded, binary

eutectic of y-nickel and nickel boride occurred, further enriching the melt of chromium.
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Subsequently, binary eutectic of y-nickel and chromium boride solidified. The melt,
which was further enriched in silicon, was then transformed into the ternary eutectic of y-
nickel, nickel boride and nickel silicides. Similar solidification phenomena are expected
for the Inconel 625 and 718 superalloys with BNi-2 filler alloy when the holding times

are not long enough to complete isothermal solidification.

5.1.2 SS 410/BNi-2 and SS 321/BNi-2:

SEM micrographs of the SS 410/BNi-2 brazed joint are shown in Fig. 5.7 and 5.8,
and optical micrographs of SS 321/BNi-2 brazed joints are shown in Fig, 5.9. Like nickel
superalloys, intermetallic phases were formed along the centerline of the joint as the
samples were cooled before the isothermal solidification finished. However, the
microstructures of both stainless steel base alloy, SS 410 and SS 321, joints are found to
be less complicated than the superalloys since there are not as many alloying elements as
there are in the nickel superalloys.

EDS analyses of Fig. 5.8 (a) show that the phase marked X7 is the pro-eutectic y-
nickel solid solution and the phases marked with X2 and X3 are Cr and Ni rich borides. A
line scan through the centerline eutectics of SS 410/BNi-2 joint, shown in Fig. 5.10,
revealed significant amount of silicon in the centerline of the joint which might form
nickel silicides. These are in agreement with the findings of Shiue et al. [31] who worked
with martensitic stainless steel, SS 403, with BNi-2 filler alloy. EDS analyses of Fig. 5.7,
5.8 and 5.10 also revealed that iron concentration in the joint centerline had reached 14
wt% and 8 wt%, respectively, for SS 410/BNi-2 joints brazed at 1394K and 1325K for 50

minutes. The initial iron concentration in the BNi-2 filler alloy is 3 wt%, therefore, it is
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obvious that significant amount of iron has diffused out into the braze joint from the base
metal during the brazing process due to the dissolution of base metal and the amount of
iron increased with increasing brazing temperature because dissolution thickness
increases with increasing bonding temperature.

Extensive intergranular and transgranular precipitates were also observed at the
interface between the base metal and the brazement, as shown in Fig. 5.7, 5.8 and 5.10.
EDS analyses suggest that they are mainly chromium and iron rich borides. Shiue et al.
[31] reported the same observation while studying the interface microstructures of SS 403
and BNi-2. According to their EPMA analyses, these phases are primarily comprised of
B, Cr and Fe. The composition of SS 403 and SS 410 is very close to each other and
similar conclusions can be drawn. Although the ternary B-Cr-Fe phase diagram is not
entirely known, six ternary phases, BCrFe, B;33;CrisFess, B33CrszFezq, B3sCrssFe;,
BsoCryFesp and BsgCrssFe;s have been found in the diagram [105]. Therefore, formation
of such phases is not unexpected; however, the exact stoichiometries of these phases were
not confirmed by Shiue et al. [31] because the size of the ternary B-Cr-Fe phases were
less than 1 um which was smaller than the spot size being used in their EPMA analyses.

No EDS analyses of SS 321/BNi-2 brazed joints were carried out in this study,
however, similar isothermal solidification phenomenon applies for this combination as
well, that is the joint area is comprised of y-nickel solid solution and when the holding
time is not long enough the residual liquid will transform into nickel and chromium rich
borides and nickel silicides. The morphologies of the centerline eutectic phases are very
similar to the ones presented by Jang et al. [34] who worked with austenitic stainless

steel, SS 304 with BNi-2 filler alloy and reported the abovementioned phases. The
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composition of SS 304 is very similar to that of SS 321 except that there is no titanium in
SS 304. Therefore, similar conclusions can be inferred. However, in addition to the
intergranular and transgranular precipitates of chromium and iron rich borides, some
globular precipitates were also observed in the interfacial area of the SS 321/BNi-2 joint,
as shown in Fig. 5.9, because of the presence of Ti in the composition of SS 321 base
alloy which acts as a stabilizing element. Zorc and Kosec [17] also reported this kind of
precipitate while studying the high temperature SS 321/BNi-7 brazed joint
microstructures. The fundamental reason to add 77 in SS 321 is to avoid intergranular
corrosion. During welding or high temperature brazing, when steel goes through the
sensitization stage (i.e. intergranular attack can occur) titanium carbides would form in
preference to chromium carbides [106]. In doing so, chromium would remain in solution
that produces the passive film of chromium oxide which makes the steel corrosion
resistant. Similarly, titanium has a strong affinity to boron compared to chromium and
when boron diffuses out towards the base metal, titanium borides (globular precipitates in
the interfacial area of the joint) form in preference to the chromium borides [107].
However, the composition of chromium is much higher than that of titanium and,
therefore, significant amount of intergranular chromium boride precipitates were also

observed in the interfacial area of the SS 321/BNi-2 joint.
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Fig. 5.7 (a) SEM micrograph of SS 410/BNi-2 joint brazed at 1394K for 50 minutes

showing centerline eutectics, (b) and (c) EDS analyses
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Fig. 5.8 (a) SEM micrograph of SS 410/BNi-2 joint brazed at 1325K for 50

minutes showing centerline eutectics, (b) and (c) EDS analyses
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Fig. 5.9 Microstructure of a SS 321/BNi-2 joint brazed at (a) 1394K and (b) 1325K,

for 10 minutes showing centerline eutectics and interfacial precipitates
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Fig. 5.10 Line scans through the centerline eutectics of an SS 410/BNi-2 joint brazed

at 1325K for 50 minutes
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5.2 Diffusion Induced Precipitation:

Conventional TLP models assume sequential liquid/solid equilibration and solid
state diffusion of melting point depressants into the base alloy. Under these conditions,
no boridic precipitation is expected in the base metal during the TLP Bonding process.
However, because of rapid boron diffusion and its low solubility, parent metal close to
the brazing gap was quickly oversaturated with boron which produced precipitation of
boridic phases having a very dense arrangement as described in details in the previous
section. This was evident in all brazed joints microstructures, irrespective of brazing
temperature, holding time and joint gap. This suggests that diffusion of solute atoms into
the base alloy could actually take place during base metal dissolution and liquid
homogenization. Similar deviations from the conventional TLP models were reported by
Gale and Wallach [92]. However, they proposed that these precipitations can be avoided
if the operating temperature is set above the eutectic temperature of the Ni-B system.
Because in that case, localized liquation of the substrate would take place and the liquid
region would re-solidify following prolonged holding and would not result in the
formation of persistent boridic phases. However, it is worth noting that they worked with
pure nickel as the substrate and in the present study the base metals are complex multi-
component alloys, therefore, although one of the bonding temperatures (1394K) was
above the eutectic temperature of the binary Ni-B system, extensive boridic precipitations

could not be avoided.
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5.3 Dissolution of Base Alloy:

As described earlier, the fusing dissolution of base metal is inevitable during
transient liquid phase bonding. The main beneficial aspect is that it can enhance the
alloying process which in turn improves the mechanical properties of the brazed joints
[29]. In this work, wedge-shape joint gap specimen model, as described in Chapter 4, was
utilized to account for the dissolution of the base metal since the initial V-configuration is
known. The dissolution of the base metal was calculated by measuring the final width of
the brazement. Effect of holding time on the dissolution width of base metal at different
bonding temperature is shown in Figure 5.11. Although the measured data were found to
be scattered due to the physical and chemical uncertainties associated with TLP bonding
experiments, it was obvious that dissolution is very rapid initially but quickly reaches the
saturation limit at any selected bonding temperature. It was also observed that the

saturated dissolution thicknesses of the base metal increased with increasing bonding

temperatures.
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Fig. 5.11 Effect of bonding temperature and time on dissolution thickness of Inconel

718 base alloy for an initial joint gap of 75 pm
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5.4 Maximum Brazing Clearances:

In the wedge gap brazed joint, a distinction is made between areas free of brittle
phase and brittle phase containing seam sections. The beginning of brittle phase
stabilization, as shown in Fig. 5.12, marks the maximum brazing clearance (MBC), after
the corresponding dissolution width is subtracted, for the combination of base metals and
filler alloy brazed at a particular temperature and holding time. Figures 5.13 (a) through
(d) show the maximum brazing clearances for the Inconel 718/BNi-2, Inconel 625/BNi-2,
SS 410/BNi-2 and SS 321/BNi-2 combinations, respectively, brazed at 1325K, 1358K
and 1394K with different holding times ranged from 10 to 90 minutes. Conversely, if a
specified MBC is taken, the corresponding brazing time will represent the isothermal
solidification time for that brazing clearance. Therefore, experimental isothermal
solidification time for a given process condition (initial joint gap and temperature) can be
obtained from the corresponding best fitted line in the maximum brazing clearance
diagram. It is also worth mentioning that significant reduction of holding time has been

observed with increasing bonding temperature and/or decreasing joint gap.

Fig. 5.12 Micrograph showing the initiation of brittle eutectic phase (Inconel

718/BNi-2 joint brazed at 1394K for 50 minutes)
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Chapter 6

Mathematical Modeling and Methodology

6.1. Random Walk Modeling Based on Migrating Solid/Liquid Interface:

The migrating solid/liquid interface model takes into consideration the moving
solid/liquid interface as described in chapter 2. Moreover, it is coupled with experimental
isothermal solidification times to obtain the diffusion coefficients of solute atoms into the
base alloys being used. However, there are several physical and chemical uncertainties
associated with the experimental investigations which directly affect the kinetics of the
diffusion process, and no single value of diffusion coefficient would be representative for
real life TLP Bonding experiments. Physical uncertainties include, but are not limited to,
(i) variation of nickel layer thickness in the base alloy after nickel flushing, (ii) waviness
of the faying surface, (iii) uncertainties in temperature, time and length measurements,
(iv) variation of joint configurations, (v) heterogeneous wetting of base alloy by the filler
alloy, etc. Chemical uncertainties include, but are not limited to, (i) compositional
variations of solute atoms in the filler alloy throughout the joint gap, (ii) heterogeneity in
the elemental composition of the base alloys etc. These uncertainties directly affect the

assumption of unidirectional diffusion of solute atoms. Therefore, it is quite obvious that

diffusion of solute atoms cannot be modeled assuming an ideal case to predict the time
required for complete isothermal solidification; rather, it should be modeled taking the

random diffusion of solute atoms into considerations due to the physical and chemical
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uncertainties associated with transient liquid phase bonding experiments. However, the
random numbers should be based on the type of statistical distribution, such as normal,
weibull, uniform distribution etc., being observed for diffusion coefficients, obtained
from experimentally determined isothermal solidification times, and by taking the mean
and standard deviation into considerations. Therefore, such random numbers are based on

logical reasoning.

6.1.1 Calculation of Diffusion Coefficients:

Ideally, diffusion coefficient of solute atoms at a specified bonding temperature is
constant. However, as described earlier, a constant diffusion coefficient at the bonding
temperature is not representative of what is practically encountered during the 7LP
Bonding process. A range of diffusion coefficients can be obtained for each of the three
bonding temperatures by substituting several experimentally obtained post-brazed
maximum clearances free of eutectic phases and the corresponding holding times in
equation (2.16). Diffusion coefficient of solute atom into the base alloy can then be
modeled as a random number, which can be generated using the MATLAB Random
Number Generation function, based on the type of statistical distribution being observed,

and by taking the mean and standard deviation into consideration.

6.1.2 Modified Model Equations:

The model equations are thus modified as following:

D = (2hi’j)2
ij 2
167, ;
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wherei=1, 2, 3... n, which denotes the number of experimentally determined post-
brazed maximum joint widths free of eutectic phases and the corresponding holding

times for each bonding temperature.

j=1325K, 1358K, 1394K, which denotes the bonding temperature.

Diffusion coefficient at a specified bonding temperature can then be written as:

D, =[D,,,Dy ;s D; jevecceDy e, (6.2)

If diffusion of solute atoms is modeled as a random number, based on the statistical

distribution profile of D, being observed, diffusion coefficient for a specified bonding

temperature can be written as following:

where R, is a random number based on the statistical distribution profile of D,, as

described before.
Isothermal solidification times for a given process condition can then be calculated

using the following relation:
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6.2 Random Walk Modeling Based on Solute Distribution Law:

Although solute distribution model is a simple modeling approach which does not
take into consideration the dissolution of base metal, sometimes it can be very useful to
have a reasonable approximation of holding time required to complete isothermal
solidification.

Similar approach has been used to modify the solute distribution model equations.
Since the initial composition of boron in both Inconel 718 and 625 superalloys and SS

410 and SS 321, C,,= 0, equation (2.9) can be modified as following;:

2
w,

D, = o (6.5)

ij
( ef(—g—) P rans,

0

where w,; are the halves of the maximum brazing clearances obtained

experimentally for each bonding temperature and ¢ ; are the corresponding holding

times.
The isothermal solidification times for a given process condition can then be

predicted using the following equation:

w2

t, = R TTTTT OO
J(c
[2or (&) 70)

0

where w is half of the initial joint gap thickness for which the isothermal

solidification time is to be calculated.
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6.3 Summary of the Proposed Methodology:

TLP Bonding experiments using wedge-shape joints enable to determine

maximum brazing clearances and, thus, the ranges of apparent diffusion coefficients for

different bonding temperatures using migrating solid/liquid interface and solute

distributions models. Isothermal solidification times for different process conditions can

then be predicted using Random Walk Modeling and verified with the experimentally

determined values. Following flow chart illustrates the methodology used in the current

study:

Migrating Solid/Liquid
Interface Model

TLP Bonding Maximum Brazing Range of Diffusion
Experiments Clearances . Coefficients
Solute Distribution Statistical Distribution
Model - Check
A
Experimental Isothermal Random Walk
Verification » Solidification Time |e Modeling
Modified Model
Equations

Fig. 6.1 Flow chart illustrating the methodology of the current study
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Chapter 7

Results and Discussions

Both modified migrating solid/liquid interface and solute distribution models have
been applied, taking the random diffusion of solute atoms into consideration, to predict
the isothermal solidification times during TLP Bonding of Inconel 718 and 625, and SS

410 and 321 with nickel based filler alloy BNi-2.

7.1 Inconel 718/BNi-2 and Inconel 625/BNi-2:
7.1.1 Migrating Solid/Liquid Interface Model:

Boron has very low solubility in nickel. Previous investigation [2] on 7LP
Bonding of nickel superalloy, Inconel 738, with nickel based filler alloy, Nicrobraz 150,
have suggested that the presence of additional alloying elements does not change the C,;.
and Cj, values significantly from those of the Ni-B system. Similar approach was also
used by other researchers [7,18,108]. Therefore y, the parameter for moving boundary,
was calculated by taking C, and Cp, as the average solidus and liquidus boron
compositions of the Ni-B system at the bonding temperature range, 0.3 at% and 16.6 at%,
respectively.

Range of diffusion coefficients for each of the three bonding temperatures have
been obtained using 28 sets of experimentally determined post-brazed maximum
clearances free of eutectic phases and the corresponding holding times and are presented

in Tables 7.1 and 7.2 for Inconel 718/BNi-2 and Inconel 625/BNi-2, respectively. The
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ratios of standard deviations to the mean values at 1358K were found to be smaller than
those of the other two bonding temperatures. It suggests that the experimental data can be
considered less scattered at this temperature. A narrower prediction range of isothermal
solidification times is thus expected at 1358K than the other two temperatures. It was
found that the distribution profiles of diffusion coefficients were almost always normal,

such as Fig. 7.1, and only in few cases deviated from normality towards weibull.

Table 7.1 Range of diffusion coefficients obtained from experimentally determined

isothermal solidification times for Inconel 718/BNi-2 combination

Bonding Diffusion Coefficients (m’s™) x 100
Temp. (K) Dmin Dinax Mean STDV
1325 5.82 7.7 6.99 0.84
1358 144 17.6 15.5 1.4
1394 22.3 33.6 28.2 5.27

Table 7.2 Range of diffusion coefficients obtained from experimentally determined

isothermal solidification times for Inconel 625/BNi-2 combination

Bonding Diffusion Coefficients (m’s™) x 107"
Temp. (K)
Dmin D max Mean STDV
1325 8.43 13.05 10.54 1.05
1358 14.4 18.07 16.5 1.62
1394 21.5 39.5 31.2 8.3
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Fig. 7.1 Example of normality check of diffusion coefficient (Inconel 625/BNi-2

combination at 1325K bonding temperature)

Numerical simulations were carried out with modified model equations as given
earlier. Figures 7.2 (a) and (b) show the cumulative probability and probability density of
isothermal solidification time for Inconel 718/BNi-2 and Inconel 625/BNi-2
combinations, respectively, for an initial joint gap of 75 um at 1358K bonding
temperature. Isothermal solidification time for the process condition has been predicted
as a range where different values have different individual probabilities. Cumulative
probability distribution is a very useful tool because it can be interpreted as the
probability that isothermal solidification will take place for less than or equal to a given
holding time, e.g. a holding time of 60 minutes would include the probabilities of
isothermal solidification times that are less than or equal to 60 minutes. Therefore, it is a

measure of the confidence level that isothermal solidification would take place if the
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corresponding length of time is elapsed in the furnace at the bonding temperature. This is
also very significant from industrial point of view. For the assembly that requires a high
safety factor, isothermal solidification time should be considered as the one that
corresponds to a very high CP value, close to 1, to eliminate any possibility of failure due

to the formation of brittle eutectic phases.
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Fig. 7.2 Cumulative probability plot and probability density plot of isothermal
solidification time for (a) Inconel 718/BNi-2 and (b) Inconel 625/BNi-2 for an initial
joint gap of 7S pm and 1358K bonding temperature [* experimental data have been
obtained from the best fitted lines of the maximum brazing clearance diagrams: Fig.

5.13 (a) and (b), respectively]
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The predicted isothermal solidification times for three different bonding
temperatures, with different confidence levels, have been compared with experimentally
determined values, as shown in Fig. 7.3. It should be noted here that a lower confidence
level, such as 50% CP, is not an indication that the probability of occurrence of that event
is lower than that of a higher confidence level. In fact, for a perfectly normal distribution,

50% confidence level values have the highest individual probability.
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Bonding Temperature (K) Bonding Temperature (K)

Fig. 7.3 Comparison of predicted isothermal solidification times with different
confidence levels (migrating solid/liquid interface model) with experimental data for
an initial joint gap of 75 pm for (a) Inconel 718/BNi-2 and (b) Inconel 625/BNi-2 [CP

= Cumulative Probability (a measure of the confidence level)]

As evident from Fig. 7.3, the model predicted the isothermal solidification times

reasonably well. It should be noted here that the experimental values were extracted from

the best fitted line in the maximum brazing clearance diagrams (Fig. 5.13(a) and (b)). For
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Probability Density

each combination of base and filler alloy, only one experimental isothermal solidification

time can be obtained for each of the bonding temperatures for a given joint gap. For

statistical validation purpose, more experimental data of the same process condition are

recommended. However, it requires extensive repetition of braze test matrix (Table 4.2)

which was beyond the scope of the present investigation. However, the model was further

verified for an initial joint gap of 85 um which also showed very good agreement with

the experimental data, e.g. Fig. 7.4.

0.07 4
0.06 -
0.05 4
0.04 4
0.03 4
0.02 4

0.01 4

0.08 4
0.07 4

0.06

1 *
- Experimental
0.04

0.03 \

0.02 {
/ (Y
o \\ 0.01 . \
ot s""’

Ve, . 0 . - , , -

Experimental*

Probability Density

4 0 65 60 6 70 75 80 85 A

Isothermal Solidification Time (min)

@ (b)

Isothermal Solidification Time (min)

Fig. 7.4 Model verification for 85 pm joint gap at 1358K: (a) Inconel 718/BNi-2 and

(b) Inconel 625/BNi-2 [*obtained from Fig. 5.13 (a) and (b), respectively]

7.1.2 Solute Distribution Law Approach:

Similar studies were carried out for the solute distribution modeling approach. The

value of C; was taken as 0.3 at% following the reasons described in section 7.1.1. The

predicted isothermal solidification times with different confidence levels, for an initial

joint gap of 75 um and for three different operating temperatures, are compared with
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Isothermal Soldification Time (min)

experimental data in Fig. 7.5. It was observed that unlike migrating solid/liquid interface

model, solute distribution model is underestimating the isothermal solidification times at

higher temperature bonding operation for both of the combinations. This can be attributed

to the fact that solute distribution model does not take into consideration the dissolution

of base metal which is significant at higher temperature. It can, therefore, be inferred that

although this simple model can be used for a reasonable approximation of isothermal

solidification time, migrating solid/liquid interface model should be used for better

accuracy and reliability.

100 1
90 1
80 1
70 1
60
50 4
40 1
30 1
20 1
10 1

0

@ Experimental (75 um)

1320 1340 1360 1380 1400

Bonding Temperature (K)

(@)

n W B o (=] -~ o
o o o (=] o o o
" L i ) L L +

Isothermal Solidification Time (min
)

- .
Y.,
-

®» Experimental (75 um)

~ CP=0.9

SISSICP=07

-~ CP=0.5
CP=0.3

-

1340 1360

1380

Bonding Temperature (K)

(b)

1400

Fig. 7.5 Comparison of predicted isothermal solidification times with different

confidence levels (solute distribution model) with experimental data for an initial

joint gap of 75 pm for (a) Inconel 718/BNi-2 and (b) Inconel 625/BNi-2 [CP =

Cumulative Probability (a measure of the confidence level)}
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7.2 SS410/BNi-2 and SS 321/BNi-2:
7.2.1 Migrating Solid/Liquid Interface Model:

Range of diffusion coefficients for each of the three bonding temperatures have
been obtained using 28 sets of experimentally determined post-brazed maximum
clearances free of eutectic phases and the corresponding holding times and are presented
in Tables 7.3 and 7.4 for SS 410/BNi-2 and SS 321/BNi-2, respectively. Like the
superalloy combinations, the ratios of standard deviations to the mean values were found
to be much smaller at 1358K than those of the other two bonding temperatures and,
therefore, much narrower prediction ranges of isothermal solidification times are
expected at this temperature. The modified migrating solid/liquid interface model has
been applied to predict the isothermal solidification time for an initial joint gap of 70 um
and for three different operating temperatures.

Table 7.3 Range of diffusion coefficients obtained from experimentally determined

isothermal solidification times for SS 410/BNi-2 combination

Bonding Diffusion Coefficients (m“s™) x 10™"°
Temp. (K) Duin Dmax Mean STDV
1325 5.40 13.76 7.93 3.92
1358 7.29 9.26 8.13 0.86
1394 10.59 20.34 13.49 3.92

Table 7.4 Range of diffusion coefficients obtained from experimentally determined

isothermal solidification times for SS 321/BNi-2 combination

Bonding Diffusion Coefficients (m*s™) x 107"

Temp. (K) Drin Dmax Mean STDV
1325 4.81 10.38 6.95 2.63
1358 9.07 10.8 9.83 1.58
1394 10.44 16.0 12.79 2.4
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Figures 7.6 (a) and (b) show the cumulative probability distribution and probability
density plots for holding time required to complete isothermal solidification at 1358K
bonding temperature with 70 pm initial joint gap for SS 410/BNi-2 and SS 321/BNi-2,
respectively. Like nickel superalloy combinations, the isothermal solidification times
have been predicted as a range where different values have different individual
probabilities. Predicted isothermal solidification time for different confidence levels were
compared with experimental data for both of the two combinations, as shown in Fig. 7.7.
It was interesting to observe that for SS 410/BNi-2, the model underestimated the time
requirement at higher temperature bonding operations (1358K and 1394K) which
suggests that the solubility limit of boron might have decreased. This can be attributed to
the following model assumption: the value of C,; and C;, were taken as 0.3 at% and 16.6
at %, respectively, which are the average solidus and liquidus boron compositions in the
Ni-B system at the bonding temperatures. This assumption is reasonable when the base
metals are pure nickel or nickel based superalloys. However, when stainless steels, such
as SS 410, are used as base metals, significant amount of iron dissolves into the joint due
to the dissolution of base metal, especially at higher bonding temperatures; and the
assumptions of 0.3 at% solubility and 16.6 at% liquidus composition are no longer
appropriate. A decrease of solubility limit (Cyz) or an increase of liquidus composition
(CLs) would result in an underestimation of the time requirement to complete isothermal
solidification. The effect of solubility limit is much higher than that of the liquidus
composition. The maximum solubility of boron in iron is 0.1 at% [109] which is one third
of that in nickel. Decreased solubility limit of boron in the multi-component melt at

higher operating temperature is, thus, justified.
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Fig. 7.6 Cumulative probability plot and probability density plot of isothermal
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brazing clearance diagrams: Fig. 5.13 (c) and (d), respectively]
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Fig. 7.7 Comparison of predicted isothermal solidification times with different
confidence levels (migrating solid/liquid interface model) with experimental data for

an initial joint gap of 70 pm for (a) SS 410/BNi-2 and (b) SS 321/BNi-2

To verify this reasoning, the model was run for a solubility limit of 0.2 at% for
both 1358K and 1394K bonding temperatures which showed very good agreement with
the experimentally determined values, as shown in Fig. 7.8. For further verification, the
model was also run for 80 pm initial joint gap for both 0.3 at% and 0.2 at% boron
solubility and compared with the experimentally determined values, e.g. Fig. 7.9. Again,
the model underestimated the isothermal solidification time when 0.3 at% solubility was
used whereas very good agreement was observed for 0.2 at%. Therefore, it can be
inferred that 0.3 at% solubility can be used to predict the isothermal solidification time

requirement at low temperature bonding operation; however, for higher operating
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temperatures (1358K — 1394K) reduced boron solubility should be used for better

prediction of isothermal solidification time.
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Fig. 7.8 Verification of decreased boron solubility (0.2 at%) for SS 410/BNi-2
combinations with an initial joint gap of 70 pm for (a) 1358K and (b) 1394K [*
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Fig. 7.9 Verification of decreased boron solubility for SS 410/BNi-2 at 1358K with
an initial joint gap of 80 um: (a) 0.3 at% and (b) 0.2 at% [* obtained from Fig. 5.13
©]

It was interesting to observe that, unlike SS 410/BNi-2 combination, the predicted

isothermal solidification times for SS 321/BNi-2 were in good agreement with
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experimentally determined values in the temperature range being investigated although
the maximum probability densities were found to be much smaller than those of SS
410/BNi-2 which resulted into wider prediction ranges of isothermal solidification times.
To verify this observation further, the predicted isothermal solidification times for 80 pm
initial joint gap were compared with experimental data which also showed very good
agreement, e.g. Fig. 7.10.This suggests that the assumptions of C,, = 0.3 at% and Cy,; =
16.6 at% are applicable for SS 321/BNi-2 combination. This can be attributed to the fact
that unlike SS 410, the amount of nickel and chromium is significant in austenitic
stainless steel SS 321, 12 wt% and 19 wt%, respectively, whereas in SS 410, these
amounts are 0.75 wt% and 12 wt%, respectively. Although dissolution of base metal
brought some iron into the melt, its concentration in the melt is much smaller than that of
SS 410 base alloy. Therefore, it can be inferred that the amounts of nickel and chromium
in the base metal, as low as 12 wt% and 19 wt%, respectively, can mitigate the effect of
iron on the validity of the assumption of 0.3 at% boron solubility. The solubility limit (C,

= 0.3 at%) will be further verified later with solute distribution model.
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Fig. 7.10 Verification of 0.3 at% boron solubility for SS 321/BNi-2 combination for

an initial joint gap of 80pm at 1358K [*obtained from Fig. 5.13 (d)]
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7.2.2 Solute Distribution Modeling Approach:

Figure 7.11 shows the predicted isothermal solidification times for both SS
410/BNi-2 and SS 321/BNi-2 combinations. Results are quite good for the SS 321/BNi-2
combination but the isothermal solidification times were underestimated at 1358K and
1394K for SS 410/BNi-2 combination. This was also observed in migrating solid/liquid
interface model and confirms the hypothesis of decreased boron solubility at higher

bonding temperatures.
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Fig. 7.11 Comparison of predicted isothermal solidification times with different
confidence levels (solute distribution model) with experimental data for an initial

joint gap of 70 pm for (a) SS 410/BNi-2 and (b) SS 321/BNi-2
The simulation results were extended for a solubility limit of 0.2 at% for the 1394K

bonding temperature, as shown in Fig. 7.12. Similar to the solute distribution simulation

results of nickel superalloys, the predicted values are underestimated compared to that of
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the migrating solid/liquid interface model as evident from the large distance between the
experimentally determined value and the predicted maximum probability density. The

same reasoning of not accounting for the dissolution thickness can be given.
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Fig. 7.12 Verification of 0.2 at% solubility limit for SS 410/BNi-2 using solute

distribution model for 1394K temperature with an initial joint gap of 70 pm

[*obtained from Fig. 5.13 (c)]

Unlike SS 410/BNi-2 combination, the predicted isothermal solidification times for
SS 321/BNi-2 combination were in good agreement in the temperature range being
investigated which was also the case with the migrating solid/liquid interface model.
This, again, suggests that the assumption of 0.3 at% solubility is reasonable for SS

321/BNi-2 combination.

7.2.3 Silicon diffusion model for SS 410/BNi-2:
As mentioned earlier, due to the dissolution of base metal, significant amount of
iron comes into play during the TLP Bonding of SS 410/BNi-2 combination. Therefore,

taking the boron solubility from the Ni-B binary system as a reference to form solid
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solution is not likely to be appropriate for this system. Like boron, silicon also acts as a
melting point depressant which diffuses out from the joint towards the base metal. From
the EDS analyses of Fig. 5.7, the average silicon composition in the isothermally
solidified joint area adjacent to the solid/liquid interface was found to be = 3.16 wt%.
Modified solute distribution model equations were then used to predict the times
requirement to complete isothermal solidification for an initial joint gap of 70 um in the
similar way as it was done for boron diffusion model.

Figure 7.13 shows the predicted isothermal solidification times with different
confidence levels based on silicon diffusion model in relation to the experimental data.
The reference solubility to form y-nickel solid solution need not be assumed for silicon
diffusion model and that is why the predicted isothermal solidification times were in
better agreement than the other models that rely on the assumption of 0.3 at% boron
solubility.
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Fig. 7.13 Comparison between the predicted isothermal solidification times with
different confidence levels (silicon diffusion model based on solute distribution law)

and the experimental data for an initial joint gap of 70 pm for SS 410/BNi-2
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Chapter 8

Summary and Conclusions

8.1 Summary and Conclusions:

A comprehensive study of isothermal solidification during Transient Liquid Phase
(TLP) Bonding of nickel based polycrystalline superalloys, Inconel 718 and 625, stainless
steels 410 and 321 with nickel based filler alloy, BNi-2, have been carried out using
mathematical modeling and experimental investigations.

In contrary to the conventional TLP models, extensive volume and grain boundary
precipitations were observed in all brazed joint samples. Therefore, it is quite obvious
that diffusion of solute atoms into the base alloys actually takes place during base metal
dissolution and liquid homogenization.

The kinetics of isothermal solidification during TLP Bonding has been studied
through migrating solid/liquid interface modeling and solute distribution law. However,
unlike conventional modeling approaches, the apparent diffusion of solute atoms have
been modeled using the Random Walk Modeling technique which can take into account
the physical and chemical uncertainties associated with TLP Bonding experiments. The
modified model equations for both modeling approaches have been developed and
presented in this dissertation.

The concept of cumulative probability distribution and probability density plots of

isothermal solidification times were introduced. Predicted isothermal solidification times

81



for various process conditions with different confidence levels were compared with
experimental data. It was found that although the modified solute distribution model is
useful to estimate the isothermal solidification time reasonably, modified migrating
solid/liquid interface model is more reliable and accurate.

Unlike other currently used nickel superalloy combinations, the isothermal
solidification completion times for Inconel 718 and 625 with BNi-2 filler alloy were
found to be much shorter. It was also observed that although the isothermal solidification
times of SS 410/BNi-2 and SS 321/BNi-2 combinations were relatively higher than those
of nickel superalloy combinations, they were significantly less than those of other
stainless steels with different nickel based filler alloys reported in the literature. Further
significant reduction of holding time was observed with increasing bonding temperature
and/or decreasing joint gap thickness.

Both migrating solid/liquid interface model and solute distribution model have
underestimated the time requirement to complete isothermal solidification for SS
410/BNi-2 combination at higher temperature bonding operations (1358K — 1394K)
which suggests that the solubility limit of boron has decreased in this temperature range.
In this study, 0.2 at% solubility was used for the abovementioned temperature range and
good agreement was observed with experimental data. The isothermal solidification times
predicted by silicon diffusion model were in reasonable agreement with the experimental
data because it does not rely on the assumption of reference solubility to form y-nickel
solid solution.

Unlike SS 410/BNi-2 combination, the predicted isothermal solidification times for

the SS 321/BNi-2 combination, by both migrating solid/liquid interface and solute
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distribution models, were in good agreement with the experimentally determined values.
It can, therefore, be concluded that the amount of nickel, as low as 12 wt%, and the
amount of chromium, as low as 19 wt%, can mitigate the effect of iron, on the validity of
the assumption of solubility limit and liquidus composition of boron, that comes into the

melt due to the dissolution of base alloy.

8.2 Contributions:

The kinetics of isothermal solidification during transient liquid phase bonding of
Inconel 718, Inconel 625, SS 410 and SS 321 with nickel based filler alloy BNi-2 have
been studied for the first time.

Experimental investigations have been carried out over a wide range of bonding
temperature and joint gaps. Maximum brazing clearance diagrams, very useful way to
determine isothermal solidification times when the process conditions are varied, have
been obtained for each of the four combinations. These will also serve as a reference for
any future modeling studies.

Unlike conventional modeling, the diffusion of solute atoms into the base alloys
have been modeled using the Random Walk Modeling technique which can take into
account the physical and chemical uncertainties associated with transient liquid phase
bonding experiments. By using the concept of apparent diffusion coefficients, model
equations for both migrating solid/liquid interface and solute distribution law have been
modified and presented.

It has been found that the isothermal solidification times for Inconel 718/BNi-2

and Inconel 625/BNi-2 are much less than many other currently used combinations.
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Isothermal solidification times for the stainless steel combinations were also found to be
reasonably less than other stainless steel combinations with different nickel based filler
alloys. This is a very significant finding from practical point of view because 7LP
Bonding community has been searching for suitable combinations of base and filler
alloys that can offer reasonably low isothermal solidification time.

It was shown in this study that conventional modeling approach of 0.3 at%
solubility of boron as a reference to form solid solution is not appropriate for stainless
steels with high iron content such as SS 410, especially at higher bonding temperatures.
The appropriate solubility has been determined for the first time.

It was also presented in this study that silicon, which also acts as a melting point
depressant in nickel based filler alloys, can be used as a reference element in the

mathematical models to determine the time required to complete isothermal solidification

8.3 Future Research Directions:

Considerable reduction of time required to complete isothermal solidification has
been observed with the increase of bonding temperature and/or with the decrease of
initial joint gap. However, when the material limits the temperature and the complex
geometry does not allow the joint gap to be narrow enough to have a reduced isothermal
solidification time; it is necessary to predict the extent of formation of brittle eutectic
phases. Computational thermodynamics, using a multi-component thermodynamic
database, coupled with kinetic model of diffusion can be applied to predict the amount of
these deleterious phases evolved from the residual liquid when the holding time is not
long enough to complete isothermal solidification. It should be noted here that

commercial databases do not cover the whole composition range that is encountered
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during the TLP bonding process and development of such thermodynamic database is
absolutely vital for predicting the final joint microstructures and also for filler alloy
developments.

Effect of surface preparation plays a significant role during the process kinetics of
TLP bonding since it can expedite or slow down the diffusion of melting point depressant
into the base alloy. Detail investigations of TLP bonded samples with different surface
preparations will enable better understanding of the diffusion phenomenon and, optimum
technique can be selected for the lowest isothermal solidification time requirement.

The boridic precipitations in the base metal close to the joint interface area
produce brittleness and decrease the formability of the joint. In order to obtain superior
mechanical properties, it is necessary to dissolve these borides or to dilute them to a
degree where they have no or minimum negative effects. Solid solution in the joint gap
with no or minimum precipitates in the base metals would form an ideal TLP bonded
joint. Homogenization heat treatment after complete isothermal solidification can be used
to achieve comparable properties between the base and filler alloys.

Higher bonding temperature reduces the isothermal solidification time
significantly. However, the change of mechanical properties of the base metal should be
carefully studied before increasing the temperature.

Finally, efforts should be continued in developing a comprehensive mathematical
model that accounts for all the different stages of TLP bonding, namely, dissolution of
the base metal, liquid homogenization, isothermal solidification and homogenization, and
to couple the model with computational thermodynamics in order to predict the final joint

microstructure.
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