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bstract

In this study, a combination of direct experimentation and computational modeling approach was used to predict the time required to complete
sothermal solidification during the transient liquid phase bonding of Inconel 718 and 625 superalloys, two most commonly used superalloys in
ero-engine hot section components, with nickel based filler alloy, BNi-2. However, unlike conventional modeling, the diffusion of solute atoms
as modeled by the Random Walk Modeling technique which can take into account the physical and chemical uncertainties associated with the

ransient liquid phase bonding experiments. The model equations for migrating solid/liquid interface and solute distribution approaches have been
odified and presented in this article. Cumulative probability distribution and probability density function of predicted isothermal solidification

imes were calculated for different process conditions. The predicted isothermal solidification time range with different confidence levels has

een verified with experimental data. Good agreement was observed. The times required for complete isothermal solidification were found to be
ignificantly less than those of other nickel superalloys with different nickel based brazing fillers. Further, significant reduction of holding time was
bserved with increasing bonding temperature and with decreasing joint gap and no significant grain growth has been observed in the temperature
ange being investigated (1325–1394 K).
 2006 Elsevier B.V. All rights reserved.
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. Introduction

Inconel 625 and 718 superalloys are extremely versatile
ustenitic nickel based superalloys with excellent strength and
ood ductility at very high temperature. Typical applications
nclude aero-engine hot section components, miscellaneous
ardware, tooling and liquid rocket components involving cryo-
enic temperatures. However, like other austenitic nickel based
uperalloys that contain a substantial amount of Ti and Al, they

re highly susceptible to heat affected zone cracking during
elding [1,2]. Typical high temperature brazing with nickel
ased filler alloys, containing boron and silicon as melting point
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epressants, evolved as an effective way to join these superal-
oys. However, these melting point depressants form eutectic
tructures that are extremely hard and contain very brittle inter-
etallic compounds with nickel and chromium which are detri-
ental to the mechanical properties of the brazed joint [3–5].
ne method to prevent the formation of these deleterious phases

s transient liquid phase bonding (TLP), also known as diffu-
ion brazing [6,7]. The TLP bonding process uses a low melting
ller alloy to wet the contacting base material and that sub-
equently solidifies isothermally via a fast diffusing element,
.g. boron. Unlike conventional brazing, the thermal exposure
sed for the TLP bonding cycle is sufficient to induce isothermal
olidification at the bonding temperature [8]. Thus, at a relatively
ow melting temperature, diffusion brazing produces a joint that
as a uniform composition profile, relatively more tolerance to
urface oxides, geometrical defects and wide gaps [6,9]. These

dvantageous features have been exploited in a wide range of
pplications, from the production and repair of turbine engines
n the aerospace industry to the connection of circuit lines in the

icroelectronic industry [7–9].
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ig. 1. SEM micrograph of an Inconel 625/BNi-2 joint showing complete
sothermal solidification.

For a given operating temperature, TLP bonding process
elies on the time required to complete the isothermal solidi-
cation to prevent the formation of the brittle eutectic phases

n the resulting brazed joints, an example is shown in Fig. 1.
oron composition reached the solidus value during the hold-

ng period because of diffusion towards the base metal and
hus, the formation of eutectic phases was avoided during
ooling.

Tuah-Poku et al. [10] derived an expression for the holding
ime for silver/copper/silver sandwich joints based on station-
ry solid/liquid interface and their predicted values were found
o be much higher than the experimentally determined values.
ee et al. [11] suggested that diffusion of the solute atoms could

ake place during liquid homogenization, which could result in
he precipitations of second phases in the base metal and thus
he holding time required for complete isothermal solidification
ould be considerably reduced. Other models based on migrat-

ng solid/liquid interface and solute distribution law have been
sed by several researchers [2,4,12–15] to predict the isother-
al solidification completion times and the formation of second

hase precipitates in the substrates for pure nickel, nickel based
ingle crystal superalloys, Inconel 738 and duplex stainless steel
ase metals with binary Ni–P and Ni–B, or ternary Ni–Cr–B, or
ulti-component Ni–Cr–B–Fe–Si filler alloys, and good agree-
ent with the experimental values have been reported. However,
odeling studies and experimental investigations of isothermal

olidification during TLP bonding of Inconel 625 and 718 super-
lloys with BNi-2 filler alloy, could not be found in the literature.

Although TLP bonding is an excellent bonding technique,
he time required to complete isothermal solidification is usually
ong enough to discourage their potential applications in many
ndustries. Therefore, a better understanding of the effect of other
rocess variables, such as bonding temperature and joint gap,
n the time required to complete isothermal solidification, is
mperative to reduce the time requirement and thus to optimize
he process. By a combination of direct experimentation with
omputational modeling, the optimum joining parameters, such

s joint gap, bonding temperature and holding time can be set
rior to actual field trials.

Mathematical modeling coupled with experimental data is
idely used to determine the kinetic parameters such as dif-

a
m
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usion coefficient of solute atoms into the base alloys during
LP bonding. However, when coupling experimental data with

he mathematical model, the physical and chemical uncertain-
ies associated with the diffusion brazing experiments should be
ddressed in a way that it best reflects the diffusion characteris-
ics of the solute atoms into the base alloy. Taking only one or
wo sets of experimental data, often sufficient to solve the gov-
rning diffusion equations, will lead to erroneous results because
nother set of experimental data will result into a different value.
herefore, in such a situation, several sets of experimental data
hould be used to determine the range of diffusion coefficients
nd it should be then modeled as a random number based on
he statistical distribution profile being observed, such as nor-

al, weibull, uniform, or any other distribution. Such modeling
pproach is known as Random Walk Modeling and is widely
sed to simulate the diffusion characteristics of solute atoms
n diffusion governing processes [16–19]. However, no such
pproach has been used so far to simulate the diffusion charac-
eristics of solute atoms into the base alloys during TLP bonding
nd, single sets of kinetic parameters for diffusion of solute
toms, which is not representative for real life experiments, con-
inue to appear in the literature.

Hence, the objectives of this work are to calculate the time
equired to complete isothermal solidification during TLP bond-
ng of Inconel 718 and 625 superalloys with BNi-2 filler alloy
sing mathematical models based on migrating solid/liquid
nterface and solute distribution law taking the random dif-
usion of solute atoms into considerations, and to verify the
redicted isothermal solidification times with experimental
nvestigations.

. Experimental investigations

.1. Procedures

This research was conducted on both wrought Inconel 625
nd 718 alloys. The microstructures of the as-received base met-
ls are shown in Fig. 2. Wedge shape joint gap specimens with
dentical base alloys, shown in Fig. 3, were utilized to form an
dge groove where the BNi-2 brazing filler paste was placed.
he nominal compositions of the base and filler alloys are given

n Table 1. The specimen was fixed by tack welds to form a
ariable brazing gap (0–250 �m).

The samples were nicro-blasted and then acid cleaned. To
revent the oxide build-up, the base alloy was pre-plated with
ery thin layer of nickel (nickel flash) and subsequently vacuum
razed at a vacuum pressure of 1.33 mPa (10−5 torr) according to
he matrix shown in Table 2. The brazed samples were prepared

etallographically and studied under the optical and scanning
lectron microscope (SEM) equipped with electron dispersive
pectrometry (EDS).

.2. Microstructures of the brazed joint
A typical micrograph of the Inconel 625/BNi-2 brazed joint
nd the corresponding EDS analyses are shown in Fig. 4. Inter-
etallic phases were formed along the centerline of the joint as
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Fig. 2. Microstructures of the as-received wrought: (a) Inconel 625 and (b) Inconel 718.

Table 1
Nominal compositions of Inconel 718, 625 and BNi-2

Alloy Nominal composition (wt%) Solidus (◦C) Liquidus (◦C)

Inconel 718 Ni (+Co): 50–55%, Cr: 17–21%, Fe: bal, Co: 1%, Mo: 2.8–3.3%, Nb (+Ta): 4.75–5.5%, Ti:
0.65–1.15%, Al: 2–8%, C: 0.8%, Mn: 0.35%, Si: 0.35%, B: 0.006%, Cu: 0.3%

1260 1336

Inconel 625 Ni: 58% (min), Cr: 20–23%, Fe: 5%, Co: 1%, Mo: 8–10%, Nb (+Ta): 3.15–4.15%, Ti: 0.4%, Al:
0.4%, C: 0.1%, Mn: 0.5%, Si: 0.5%

1290 1350
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Ni-2 Ni-7Cr-3.2B-4.5Si-3Fe-0.06Cmax

he part was cooled before the isothermal solidification finished.
he residual liquid that was present at the end of the temperature
olding eventually transformed on cooling into eutectic con-

tituents. EDS analyses suggest that the phase marked X1 is the
ro-eutectic �-nickel solid solution and the phases marked with
2 and X3 are Cr and Ni rich borides, which are in agreement
ith the findings of other researchers [2–4,7,20] who worked

Fig. 3. The wedge shape joint gap specimen.
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ith nickel based filler alloys containing boron and/or silicon as
elting point depressants, with pure nickel or different nickel

ased superalloys.
From the Ni–Si phase diagram [21], it is evident that Ni dis-

olves an average of 15 mol% Si over the brazing temperature
ange (1325–1394 K), and thus it is expected to have little or
lmost no silicides. However, EDS compositional analyses in
ig. 4 revealed a significant amount of silicon in the center of the

oint that might form nickel silicides, which is in accordance with
he findings of Jang and Shih [5]. This can be understood from
he following solidification phenomenon [3]. During brazing, �-
ickel first solidified isothermally from the faying surfaces into
he melt. Upon cooling the primary �-nickel solidified as nodu-
ar dendrites which enriched the remaining melt with boron,
ilicon and chromium. As cooling proceeded, binary eutectic
f �-nickel and nickel boride were encountered, further enrich-
ng the melt with chromium. Subsequently, binary eutectic of
-nickel and chromium boride occurred. The melt, which was
urther enriched in silicon, was then transformed into the ternary

utectic of �-nickel, nickel boride and nickel silicides. Similar
olidification phenomena are expected for the Inconel 625 and
18 superalloys with BNi-2 filler alloy when the holding time is
ot long enough to complete isothermal solidification.

able 2
raze tests matrix

emperature (K) Holding time (min)

325 10 50 60 70
358 30 50 70 90
394 10 20 30 50 90
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Fig. 4. (a) SEM micrograph of Inconel 625/BNi-2 joint brazed at 1325 K for
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time will represent the isothermal solidification time for that
brazing clearance. Significant reduction of holding time has
been observed with increasing bonding temperature and/or with
decreasing joint gap.
0 min showing centerline eutectics, (b) EDS number of counts vs. the measure-
ent step (0.5 �m).

Conventional TLP models assume that solute diffusion in
he base metal takes place under equilibrium conditions and
hus the formation of boridic precipitates is avoided. However,
ecause of rapid boron diffusion and its low solubility, parent
etal close to the brazing gap is quickly oversaturated with

oron which produces strong precipitation of borides having
very dense arrangement [22]. This was evident in all brazed

oints microstructures, irrespective of brazing temperature, hold-
ng time and joint gap. It suggests that diffusion of solute atoms
nto the base alloy could actually take place during base metal
issolution and liquid homogenization.

.3. Dissolution of base alloy

The fusing dissolution of base metal is inevitable during
ransient liquid phase bonding. The main beneficial aspect is
hat it can enhance the alloying process and thus improves the

echanical properties of the brazed joints [23]. In this work,
edge-shape joint gap specimen model, as shown in Fig. 3, was
tilized to account for the dissolution of the base metal and,
o enable measuring the maximum brazing clearance since the
nitial V-configuration is known. The dissolution of the base

etal was calculated by measuring the final width of the braze-
ent. Fig. 5 shows the effect of holding time on the dissolution
idth of Inconel 718 base metal at different brazing temper-

tures for an initial joint gap of 75 �m. Although dissolution
idths were found to be very scattered and difficult to measure

ue to the physical and chemical uncertainties associated with
he TLP bonding experiments, it was obvious that dissolution
as very rapid initially but quickly reached the saturation limit

t any selected bonding temperature. It was also observed that
F
7

ig. 5. Effect of bonding temperature and time on dissolution thickness of
nconel 718 base alloy for an initial joint gap of 75 �m.

he saturated dissolution thicknesses of the base metal increased
ignificantly with increasing bonding temperatures.

.4. Maximum brazing clearances

In the wedge gap brazed joint, a distinction is made between
reas free of brittle phase and brittle phase containing seam sec-
ions. The beginning of brittle phase stabilization marks the

aximum brazing clearance (MBC) for the combination of
ase metals and filler alloy brazed at a particular temperature
nd holding time. Figs. 6 and 7 show the maximum brazing
learances for the Inconel 718/BNi-2 and Inconel 625/BNi-2
ombinations, respectively, brazed at 1325, 1358 and 1394 K
ith different holding times ranged from 10 to 90 min. Con-
ersely, if a specified MBC is taken, the corresponding brazing
ig. 6. Effect of holding time on the maximum brazing clearances for Inconel
18/BNi-2.
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ig. 7. Effect of holding time on the maximum brazing clearances for Inconel
25/BNi-2.

. Modeling isothermal solidification time

Isothermal solidification is the most important stage of
LP bonding [24,25]. In this study, a combination of direct
xperimentation and computational modeling approach was
sed to solve a diffusion controlled two phase moving boundary
roblem.

A general error function solution, Eq. (1), can be assumed to
alculate the concentration of the solute atom in the solid phase
4,26,27].

(x, t) = A1 + A2erf

(
x√
4Dt

)
(1)

here A1 and A2 are constants that can be determined by the
oundary conditions. The base metal can be assumed semi-
nfinite. Therefore, when x → ∞
(∞, t) = A1 + A2 = Cm (2)

here Cm is the initial solute concentration in the base metal.
et us assume that the solid/liquid interface moves to x = xs after

ime t. Hence,

(xs, t) = A1 + A2erf

(
xs√
4Dt

)
= Cs (3)

here Cs is the solute concentration of the solid phase at the
olid/liquid interface. The above equation is true for all values
f t; therefore, xs must be proportional to t1/2:

s = γ
√

4Dt (4)

here γ is a constant that accounts for the moving boundary.
he mass balance at the solid/liquid interface gives the following

elationship [4,27]:

CL − Cs)
dxs = D

(
∂C(x, t)

)
(5)
dt ∂x x=xs

here CL is the solute concentration at which the liquid inter-
ayer homogenizes or, in other words, the solute concentration
f the liquid phase at the migrating solid/liquid interface. Solv-

b

C

d Engineering A 447 (2007) 125–133 129

ng Eqs. (1)–(5) results in the following relation that can be used
o determine the dimensionless constant γ [27]:

Cs − Cm

CL − Cs
= γ

√
π exp γ2(1 + erf(γ)) (6)

Now, from Eq. (4), the time required to complete isothermal
olidification can be calculated using the following relationship:

f = (2h)2

16γ2D
(7)

here 2h is the final maximum width of the molten zone.
Unlike stationary solid/liquid interface model, the migrating

olid/liquid interface model takes into consideration the moving
olid/liquid interface that exists during TLP bonding process.

oreover, it can be coupled with experimental isothermal solid-
fication times to obtain the diffusion coefficients of solute atoms
nto the base alloys being used. However, it should be noted
ere that, although migrating solid/liquid interface modeling
pproach was used by several researchers [2,4,12,27], none of
hem took into consideration the uncertainties associated with
he TLP bonding experiments. All of them reported/used one
ingle set of kinetic parameters, such as activation energy and
requency factor, for each of the combination of base and filler
etal being used which has very limited practical value. How-

ver, as described earlier, there are several physical and chemi-
al uncertainties associated with the TLP bonding experiments
hich directly affect the kinetics of the diffusion process, and
o single value of diffusion coefficient would be representative
or real life TLP bonding experiments. Physical uncertainties
nclude, but are not limited to, (i) variation of nickel layer thick-
ess in the base alloy after nickel flushing, (ii) waviness of the
aying surface, (iii) uncertainties in temperature, time and length
easurements, (iv) variation of joint configurations, (v) hetero-

eneous wetting of base alloy by the filler alloy, etc. Chemical
ncertainties include, but are not limited to, (i) compositional
ariations of solute atoms in the filler alloy throughout the
oint gap, (ii) heterogeneity in the elemental composition of the
ase alloys, etc. These uncertainties directly affect the assump-
ion of unidirectional diffusion of solute atoms. Therefore, it is
uite obvious that diffusion of solute atoms cannot be modeled
ssuming an ideal case to predict the time required for complete
sothermal solidification; rather, it should be modeled taking the
andom diffusion of solute atoms into considerations. However,
he random numbers should be based on the type of statisti-
al distribution (i.e. normal distribution, weibull distribution,
niform distribution, etc.), being observed for diffusion coeffi-
ients, obtained from several sets of experimentally determined
sothermal solidification times.

Another approach that has been used to predict the time
equired to complete isothermal solidification during TLP bond-
ng is the application of solute distribution law. According to
rank [28], for the unsteady state diffusion of a specie present

n 2w thick region, into a semi-infinite substrate, solute distri-

ution in the substrate is represented by:

(x,t) = Cm + 1

2
(C0 − Cm)

{
erf

x + w√
4Dt

− erf
x − w√

4Dt

}
(8)
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here Cm is the initial solute concentration in the base metal;
0 is the initial solute concentration in the interlayer; C(x,t) is the

olute concentration as a function of distance from the centre of
he interlayer (x) and time (t); D is the diffusion coefficient of
he solute in the substrate.

Holding time can be estimated considering the fact that
sothermal solidification is completed when the solute concen-
ration at the centre of the interlayer is reduced to the solidus
alue Cs. Substituting C(x,t) = Cs at x = 0 yields the following
quation:

s − Cm = (C0 − Cm)

{
erf

w√
4Dtf

}
(9)

Although this is a simple modeling approach which does
ot take into consideration the dissolution of base metal, some-
imes it can be very useful to have a reasonable approximation
f holding time required to complete isothermal solidification
uring TLP bonding. Several researchers [2,13,29] used this
pproach to predict the isothermal solidification time during
LP bonding and to predict the precipitation of second phases in

he substrate. However, again, the uncertainties associated with
LP bonding experiments were not taken into account while
redicting the isothermal solidification times. For example, the
se of the linear relationships between the eutectic width and
quare root of holding time to get the extrapolated isothermal
olidification times suffers from the drawback that the times
sed are not the actual ones, and the complexity in measuring
xact eutectic width poses a big challenge on the assumption of
inear relationship between the eutectic width and square root
f holding time. Moreover, the use of only two sets of data
o solve the diffusion equations is not representative for real
ife transient liquid phase bonding experiments that involves
umerous physical and chemical uncertainties as mentioned
arlier.

An attempt has been made in this study to take into considera-
ion the uncertainties associated with TLP bonding experiments
nd both the migrating solid/liquid interface model and solute
istribution model equations have been modified using Random
alk Modeling technique.

.1. Modified model equations

The migrating solid/liquid interface model equations are thus
odified as following:

i,j = (2hi,j)2

16γ2tfi,j

(10)

here i = 1, 2, 3, . . ., n, which denotes the number of experi-
entally determined post brazed maximum joint widths free of

utectic phases and the corresponding holding times. j = 1325,
358, 1394 K, which denotes the bonding temperature.
Diffusion coefficient at a specified bonding temperature can
hen be written as:

j = [D1,j, D2,j, D3,j, . . . , Dn,j] (11)

c
b
i
a
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Diffusion coefficient for a specified bonding temperature can
e written as following:

R(j) = RDj (12)

here RDj is a random number based on the statistical distribu-
ion profile of Dj, as described earlier.

Isothermal solidification time for a specified bonding tem-
erature can then be calculated using the following relation:

1/2
fi,j

= 1

4γ

(
2hi,j

D
1/2
R(j)

)
(13)

Since the initial composition of boron in both Inconel 718 and
25 superalloys, Cm = 0, solute distribution model equations can
e modified as following:

i,j = w2
i,j

(erf−1(Cs/C0))
2 × 4 × ti,j

(14)

here wi,j are the halves of the maximum brazing clearances
btained experimentally and ti,j are the corresponding holding
imes.

The isothermal solidification time can then be predicted using
he following equation:

i,j = w2

(2 × erf−1(Cs/C0) ×√RDj )
2 (15)

here w is half of the initial joint gap thickness for which the
sothermal solidification time is to be calculated.

. Comparison between models and experiments

.1. Migrating solid/liquid interface model

Boron has very low solubility in nickel. Ojo et al. [2] reported
hat the presence of substitutional alloying elements, like Cr and
o, in nickel based superalloys does not affect this solubility sig-
ificantly and the Cs value can be taken as 0.3 at%, which is the
aximum solubility of boron in nickel and remains almost con-

tant in the bonding temperature range. Similarly, the presence
f small amount of alloying elements in the nickel based filler
lloys is not expected to change the CL value significantly from
hat of the Ni–B system which is 16.6 at%. Similar approach was
lso used by Sakamoto et al. [4] and Rhee et al. [29]. Therefore,
was calculated by taking Cs and CL as the average solidus and

iquidus boron compositions of the Ni–B system in the bonding
emperature range, 0.3 and 16.6 at%, respectively.

Ideally, diffusion coefficient of solute atoms at a specified
onding temperature is constant. However, as described earlier,
t is impossible to obtain a constant diffusion coefficient of the
olute atoms at the bonding temperature. Range of diffusion
oefficients, for both Inconel 718/BNi-2 and Inconel 625/BNi-2

ombinations, for each of the three bonding temperatures have
een obtained using 28 sets of experimentally determined max-
mum brazing clearances and the corresponding holding times,
nd are presented in Tables 3 and 4.
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Table 3
Range of diffusion coefficients for Inconel 718/BNi-2 combination

Bonding temperature (K) Diffusion coefficients (m2 s−1) × 10−10

Dmin Dmax Mean S.D.

1325 5.82 7.7 6.99 0.84
1358 14.4 17.6 15.5 1.4
1394 22.3 33.6 28.2 5.27

Table 4
Range of diffusion coefficients for Inconel 625/BNi-2 combination

Bonding temperature (K) Diffusion coefficients (m2 s−1) × 10−10

Dmin Dmax Mean S.D.

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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ig. 8. Cumulative probability plot and probability density plot of isothermal
olidification time for Inconel 718/BNi-2 for an initial joint gap of 75 �m and
358 K bonding temperature.

Numerical simulations were carried out using MATLAB
.0.1 with modified model equations as discussed earlier. Fig. 8
hows the cumulative probability and probability density of
sothermal solidification time for Inconel 718/BNi-2 combina-
ion for an initial joint gap of 75 �m at 1358 K bonding tempera-
ure. Isothermal solidification time for the process condition has
een predicted as a range where different values have different

ndividual probabilities. Cumulative probability distribution is a
ery useful tool because it is the measure of the probability that
sothermal solidification will take place for less than or equal
o a given holding time, e.g. a holding time of 60 min would

m
t

onfidence levels (migrating solid/liquid interface model) with experimental
ata for an initial joint gap of 75 �m for: (a) Inconel 718/BNi-2 and (b) Inconel
25/BNi-2 [CP = cumulative probability = confidence level].

nclude the probabilities of isothermal solidification times that
re less than or equal to 60 min. Therefore, it is a measure of the
onfidence level that isothermal solidification would take place
f the corresponding length of time is elapsed in the furnace at
he bonding temperature.

The predicted isothermal solidification times for three dif-
erent bonding temperatures with different confidence levels
ave been compared with experimentally determined values, for
n initial joint gap of 75 �m, for both Inconel 718/BNi-2 and
nconel 625/BNi-2, as shown in Fig. 9. It should be noted here
hat a lower confidence level, such as 50% confidence, is not
n indication that the probability of occurrence of that event is
ower than that of a higher confidence level. In fact, for a per-
ectly normal distribution, 50% confidence level values have the
ighest individual probability or in other words, the maximum
ikelihoodness.

.2. Solute distribution law approach
Similar studies were carried out for the solute distribution
odeling approach. The value of Cs was taken as 0.3 at% due

o the reasons described earlier.
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Fig. 10. Comparison of predicted isothermal solidification times with different
confidence levels (solute distribution model) with experimental data for an ini-
t
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(2004) 209–220.
ial joint gap of 75 �m for (a) Inconel 718/BNi-2 and (b) Inconel 625/BNi-2
CP = cumulative probability = confidence level].

The predicted isothermal solidification times with different
onfidence levels, for an initial joint gap of 75 �m and for
hree different operating temperatures, are compared with exper-
mental data in Fig. 10. It was observed that unlike migrating
olid/liquid interface model, solute distribution model underes-
imated the isothermal solidification times at higher temperature
1394 K) bonding operation for both of the combinations. This
an be attributed to the fact that solute distribution model does
ot take into consideration the dissolution of base metal which
s significant at higher bonding temperature. It can, therefore, be
nferred that although this simple model can be used for a reason-
ble approximation of isothermal solidification time, modified
igrating solid/liquid interface model should be used for better

ccuracy and reliability.
The constant search for a suitable combination of base and

ller alloy with significantly low isothermal solidification time

as led to several studies of isothermal solidification times dur-
ng transient liquid phase bonding of different nickel superalloys
ith compatible nickel based filler alloys. However, the shortest
ossible isothermal solidification time reported so far is still in

[

Engineering A  447 (2007) 125–133

he order of several hours, which is quite impractical for indus-
rial applications. In this study, it was observed that the times
equired for complete isothermal solidification for both Inconel
18/BNi-2 and Inconel 625/BNi-2 combinations were signifi-
antly less, which is of great importance from industrial point
f view.

. Summary and conclusions

The kinetics of isothermal solidification during TLP bond-
ng of Inconel 718 and Inconel 625 superalloys with nickel
ased filler alloy BNi-2 have been studied through migrating
olid/liquid interface modeling and solute distribution law. How-
ver, unlike conventional modeling approaches, the diffusion
f solute atoms have been modeled using the Random Walk
odeling technique which can take into account the physi-

al and chemical uncertainties associated with TLP bonding
xperiments. The modified model equations for both of the two
odeling approaches have been developed and presented.
Cumulative probability distribution along with probability

ensity functions of isothermal solidification times were cal-
ulated for different process conditions and predicted isother-
al solidification times with different confidence levels were

ompared with the experimental results. It was observed that
lthough the modified solute distribution model is useful to have
easonable estimations of isothermal solidification time, modi-
ed migrating solid/liquid interface model is more reliable and
ccurate.

Unlike other currently used combinations, the isothermal
olidification completion times for Inconel 718 and 625 with
Ni-2 filler alloy were found to be much less. Further signif-

cant reduction of holding time was observed with increasing
onding temperature and with decreasing joint gap thickness.

cknowledgements

The authors wish to thank Prof. René LeGall at Université
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