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Abstract

The random diffusion of solute atoms during transient liquid phase (TLP) bonding of SS 410 and 321 with nickel-based brazing filler alloy BNi-2
have been modeled using Random Walk Modeling technique. Cumulative probability distributions and probability density functions of isothermal
solidification times have been calculated for different process conditions and verified with experimental data. The solubility limit of boron has
been found to have decreased from 0.3 at.% at higher temperature bonding operations (1358-1394 K) because of substantial iron-rich base metal
dissolution when SS 410 was used as base metals; whereas it remained unchanged for SS 321/BNi-2 combination because of high concentrations
of nickel and chromium in the base metal. Silicon diffusion model, based on the EDS analysis, also predicted the isothermal solidification times

reasonably well.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

SS410and 321 are commonly used in aero-engine hot section
components, pump and valve shafts, steam generators, expan-
sion joints, super-heaters and re-heaters, etc. due to their high
strength, ductility and resistance to creep and to oxidation dam-
ages at elevated temperatures. However, due to hardenability,
SS 410 is highly susceptible to the heat affected zone (HAZ)
cracking during welding [1] and, many intergranular cracks have
been observed in the HAZ of the welded SS 321 components
due to reheat cracking which is associated to the relaxation of
residual stresses that are induced during cooling from welding
temperature [2,3].

Typical high temperature brazing with nickel-based fillers
evolved as an effective way to join nickel superalloys and stain-

* Corresponding author. Tel.: +1 514 848 2424x3146; fax: +1 514 848 3175.
E-mail addresses: ma_arafi @encs.concordia.ca (M.A. Arafin),
mmedraj@encs.concordia.ca (M. Medraj), Daniel.P.Turner@pwc.ca
(D.P. Turner), Philippe.Bocher @etsmtl.ca (P. Bocher).
1 Tel.: +1 514 848 2424x7095; fax: +1 514 848 3175.
2 Tel.: +1 450 647 3342; fax: +1 450 647 2319.
3 Tel.: +1 514 396 8645; fax: +1 514 396 8530.

0254-0584/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi: 10.1016/j.matchemphys.2007.05.049

less steels because it has the capability of producing oxidation
and corrosion resistant, high strength joints suitable for elevated
temperature applications [4—7]. However, the melting point
depressants in the nickel-based fillers form eutectic structures
which are extremely hard and contain very brittle intermetallic
compounds that are detrimental to the mechanical properties of
the brazed joints. There exists a hybrid joining process which
can prevent the formation of the abovementioned deleterious
phases. It is known as transient liquid phase (TLP) bonding,
alternatively termed as diffusion brazing [8,9]. The TLP bond-
ing 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. Unlike conventional braz-
ing, 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 [10].

For a given operating temperature, TLP bonding process
relies on the time required to complete the isothermal solidifica-
tion to prevent the formation of the brittle eutectic phases in the
resulting brazed joints. Tuah-Poku et al. [11] derived an expres-
sion for the holding time for silver/copper/silver sandwich joints
based on stationary solid/liquid interface and their predicted
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values were found to be much higher than the experimentally
determined values. Lee et al. [ 12] suggested that diffusion of the
solute atoms into the base metal could actually take place dur-
ing 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. Other models based on migrating solid/liquid interface
and solute distribution law have been used by several researchers
[4,6,13—17] to predict the isothermal solidification completion
times and the formation of second phase precipitates in the sub-
strates for pure nickel, nickel-based single crystal superalloys,
Inconel 718, 738, 625 and duplex stainless steel base metals with
binary Ni—P and Ni-B, or ternary Ni-Cr-B, or multi-component
Ni—Cr-B—Fe-Si filler alloys, and reasonable agreement with the
experimental values have been reported. However, modeling
studies and experimental investigations of isothermal solidifi-
cation during TLP bonding of SS 410 and 321 with BNi-2 filler
alloy, could not be found in the literature.

Although TLP bonding is an excellent bonding technique,
the time required to complete isothermal solidification is usually
long enough to discourage their potential applications in many
industries. Therefore, a better understanding of the effect of other
process variables, such as bonding temperature and joint gap,
on the time required to complete isothermal solidification, is
imperative to reduce the time requirement and thus to optimize
the process. 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.

Mathematical modeling coupled with experimental data is
widely used to determine the kinetic parameters such as dif-
fusion coefficient of solute atoms into the base alloys during
TLP bonding. However, when coupling experimental data with
the mathematical model, the physical and chemical uncertain-
ties associated with the TLP bonding experiments needs to be
addressed in a way that it best reflects the diffusion charac-
teristics 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 yield one single diffu-
sion coefficient value which is not representative of real life
experiments. Several sets of experimentally determined isother-
mal solidification times, taking the uncertainties involved in the
TLP bonding experiments into consideration, are required to
obtain the true diffusion characteristics of solute atoms. Also, in
conventional modeling technique, these one or two sets of exper-
imental 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 hold-
ing 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 it is extremely difficult to obtain the
exact isothermal solidification time for constant gap joints as the
number of samples required is very high and, linear extrapolation
to zero eutectic width is employed to approximate the isother-

mal solidification time for a given joint width. The problem of
getting real experimental isothermal solidification times can be
eliminated if V-shaped joints are used to determine the maximum
TLP bonding clearances. In order to take into consideration the
physical and chemical uncertainties associated with TLP bond-
ing 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, uni-
form 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 [18-21]. 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 the
literature which is not representative for real life TLP bonding
experiments.

Hence, the objectives of this work are to calculate the time
required to complete isothermal solidification during transient
liquid phase bonding of SS 410 and SS 321 stainless steels with
BNi-2 filler alloy using mathematical models based on migrating
solid/liquid interface and solute distribution law taking the ran-
dom 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 depres-
sant rely on the solubility limit of boron in pure nickel as a
reference to form solid solution. This assumption is reason-
able 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 321, significant amount of
iron comes into the melt due to the dissolution of base metal.
Therefore, such assumption has to be verified experimentally.
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. Also,
the use of silicon, which also acts as a melting point depres-
sant, as a reference element to form solid solution will be
verified.

2. Experimental investigations
2.1. Procedures

Wrought SS 410 and 321 alloys, widely used in aero-engine hot section com-
ponents, were chosen for the current study. Wedge-shaped joint gap specimens
with identical base alloys, shown in Fig. 1, were utilized to form an edge groove
where the BNi-2 filler paste was placed. The nominal compositions of the base
and filler alloys are given in Table 1. The specimen was fixed by tack welds to
form a variable joint gap (0-250 wm).

The samples were nicro-blasted, acid cleaned and then subsequently TLP
bonded at a vacuum pressure of 1.33 mPa (107> Torr) according to the matrix
shown in Table 2. The bonded samples were prepared metallographically and
studied under the optical and scanning electron microscope (SEM) equipped
with electron dispersive spectrometry (EDS).
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Fig. 1. The wedge-shape joint gap specimen.

2.2. Microstructures of the joints

SEM micrographs of the SS 410/BNi-2 joint are shown in Figs. 2 and 3.
Intermetallic phases were formed along the centerline of the joint as the sam-
ples were cooled before the isothermal solidification finished. EDS analyses
of Fig. 3(a) suggest 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. A line scan through the centerline eutectics of SS 410/BNi-2 joint,
shown in Fig. 4, reconfirmed the findings. From the Ni—Si phase diagram
[22], it is evident that Ni dissolves an average of 15mol% Si over the bond-
ing temperature range (1325-1394 K), and thus it is expected to have little
or almost no silicides. However, EDS compositional analyses in Figs. 2—4
revealed a significant amount of silicon in the center of the joint that might
form nickel silicides. This can be understood from the following solidifica-
tion phenomenon [5]: during holding at the bonding temperature, 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 remain-
ing melt with boron, silicon and chromium. As cooling proceeded, binary
eutectic of y-nickel and nickel boride occurred, further enriching the melt of
chromium. Subsequently, binary eutectic of y-nickel and chromium boride solid-
ified. The melt, which was further enriched in silicon, was then transformed
into the ternary eutectic of vy-nickel, nickel boride and nickel silicides. Simi-
lar solidification phenomena are expected for the SS 410 and 321 with BNi-2

Table 1
Nominal compositions of SS 410, SS 321 and BNi-2
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Fig. 2. (a) SEM micrograph of SS 410/BNi-2 joint TLP bonded at 1394 K for
50 min showing centerline eutectics, (b) and (c) EDS analyses.

filler alloy when the holding times are not long enough to complete isothermal
solidification.

EDS analyses of Figs. 2—4 also revealed that iron concentration in the joint
centerline had reached to 14 wt% and 8 wt%, respectively, for SS 410/BNi-2
joints brazed at 1394K and 1325K for 50 min. The initial iron concentra-
tion in the BNi-2 filler alloy is 3 wt%, therefore, it is obvious that significant
amount of iron has dissolved into the melt due to the dissolution of base metal.
The amount of iron increased with increasing bonding temperature because
dissolution increases with increasing bonding temperature. Extensive intergran-

Alloy

Nominal composition (wt%) Solidus (°C) Liquidus (°C)
SS 410 Fe, <0.15%C, 11.5-13.5%Cr, >0.75%Ni, <1.0%S1, <0.04%P, <0.03%S 1480 1530
SS 321 Fe, <0.08%C, 17-19%Cr, 9.0-12.0%Ni, <0.75%Si, <0.045%P, 1371 1399
<0.03%S, <0.7%Ti [5(N + C) min], <0.1%N, <2.0%Mn
BNi-2 Ni—7Cr-3.2B—4.5Si-3Fe—-0.06C nax 971 999
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Table 2
TLP bonding tests matrix

Temperature (K) Holding time (min)

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

ular and transgranular precipitates were also observed at the interface between
the base metal and the brazement, as shown in Figs. 2—4. EDS analyses sug-
gest that they are mainly chromium- and iron-rich borides which were also
reported by other researchers who worked with BNi-2 filler with different stain-

less steels such as SS 403, SS 304 and duplex stainless steels UN S31803,
etc.

2.3. Maximum TLP bonding clearances

In the wedge gap joint, a distinction is made between areas free of brit-
tle phase and brittle phase containing seam sections. The beginning of brittle
phase stabilization marks the maximum 7LP bonding clearance for the com-
bination of base metals and filler alloy boned at a particular temperature
and holding time. Fig. 5 shows the maximum 7LP bonding clearances for
the SS 410/BNi-2 and SS 321/BNi-2 combinations, respectively, brazed at
1325K, 1358 K and 1394 K with different holding times ranged from 10 min
to 90 min. Conversely, if a specified maximum 7LP bonding clearance is taken,
the corresponding holding time will represent the isothermal solidification
time for that joint clearance. Significant reduction of holding time has been
observed with increasing bonding temperature and/or with decreasing joint
gap.
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Fig. 3. (a) SEM micrograph of SS 410/BNi-2 joint TLP bonded at 1325 K for
50 min showing centerline eutectics, (b) and (c) EDS analyses.
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Fig. 4. Line scans through the centerline eutectics of an SS 410/BNi-2 joint TLP
bonded at 1325 K for 50 min.

3. Random Walk Modeling of isothermal solidification
time

3.1. Migrating solid/liquid interface

According to this modeling approach, the parameter for the
moving boundary, vy, can be obtained from the following equa-
tion [6,23]:

Co, — Cm
Cro — CoL
where Cyr and Cq,p are the solute concentrations of the solid
and liquid phase at the interface, respectively. The completion

time for isothermal solidification during TLP bonding can then
be calculated using the following relation:

_ @’
~16y2D @

= yJ/mexpyA(l +erf(y)) 4))

It

where 2h is the maximum width of the molten zone, D is the
diffusion coefficient of solute atoms into the base metal and #ris
the time required to complete isothermal solidification.

The migrating solid/liquid interface model takes into con-
sideration the moving solid/liquid interface. Moreover, it is
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Fig. 5. Effect of holding time on the maximum TLP bonding clearances for (a) SS 410/BNi-2 and (b) SS 321/BNi-2.

coupled with experimental isothermal solidification times to
obtain the diffusion coefficients of solute atoms into the base
alloys being used. However, as mentioned earlier, there are
several physical and chemical uncertainties associated with
the experimental investigations which directly affect the kinet-
ics 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 lim-
ited to (i) waviness of the faying surface, (ii) uncertainties
in temperature, time and length measurements, (iii) variation
of joint configurations, (iv) 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) hetero-
geneity in the elemental composition of the base alloys, etc.
These uncertainties directly affect the assumption of unidirec-
tional 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 physi-
cal and chemical uncertainties associated with transient liquid
phase bonding experiments. However, the random numbers
should be based on the type of statistical distribution, such
as normal distribution, weibull distribution, uniform distribu-
tion, etc. being observed for diffusion coefficients, obtained
from experimentally determined isothermal solidification times,
and by taking the mean and standard deviation into considera-
tions. Therefore, such random numbers are based on logical
reasoning.

3.2. Modified model equations
The model equations are thus modified as following:

(2h; ;)

D:: —
b 16)/2tf,.’j

3)

where i=1, 2, 3, ..., n, which denotes the number of experi-
mentally determined post bonded maximum joint widths free of
eutectic phases and the corresponding holding times. j = 1325 K,
1358 K, 1394 K, which denotes the bonding temperature.

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

D;=1[Dyj, D2, D3 j...Dyl 4)

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:

Dg(j) = Rp;, Q)

where Rp i is a random number based on the statistical distribu-
tion profile of Dj, as described before.

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

2h;
1/2 (6)

R(j)

12 1

g 4y \ p

3.3. Solute distribution modeling

According to Crank [24], for the unsteady state diffusion of a
specie present in 2w thick region, into a semi-infinite substrate,
solute distribution in the substrate is represented by

1 +w —-w

Cp = Cm + 5(Co = Cm) {erffM_Dt - erff/4_Dt} )
where Cy, =initial solute concentration in the base metal;
Co =1initial solute concentration in the interlayer; C(y ) = solute
concentration as a function of distance from the centre of the
interlayer (y) and time (7); D = diffusion coefficient of the solute
in the substrate.

Holding time can be estimated considering the fact that
isothermal solidification is completed when the solute concen-
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tration at the centre of the interlayer is reduced to the solidus
value Cs. Substituting C(y5) = Cs at y=0 yields the following
equation:

Cs— Cny = (Cop — Cn) {erf 3

w
4 Dtg }

Although this is a simple modeling approach which does
not take into consideration the dissolution of base metal, some-
times it can be very useful to have a reasonable approximation
of holding time required to complete isothermal solidification
during TLP bonding. Several researchers [4,14,17,25] used this
approach to predict the isothermal solidification time during TLP
bonding and to predict the precipitation of second phases in
the substrate and reported reasonable agreement with exper-
imentally determined values. However, they used the linear
relationships between the eutectic width and square root of hold-
ing time to get the extrapolated isothermal solidification times.
This approach suffers from the drawback that the time used in
the model equation is not the actual one. Also, 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. Moreover, they used only two sets
of data to solve the diffusion equations, which is not represen-
tative for real life transient liquid phase bonding experiments
that involve numerous physical and chemical uncertainties as
mentioned earlier. Therefore, similar approach has been used to
modify the solute distribution model equations. Since the initial
composition of boron in both SS 410 and SS 321 is negligible,
Cim =0, Eq. (8) can be modified as following:

w? .

1,

Dij=—F 3 ©))
(erf T Cs/Co) x4 Xt

Migrating Interface

where w; ; are the halves of the maximum TLP bonding clear-
ances obtained experimentally and ¢#;; are the corresponding
holding times.

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

w2

L= 3

(2erf'(Cs/Co)+/Rp;)
where w is half of the initial joint gap thickness for which the
isothermal solidification time is to be calculated.

(10)

3.4. Summary of the proposed methodology

TLP bonding experiments using wedge-shaped joints enabled
determining maximum TLP bonding clearances and, thus, the
ranges of diffusion coefficients for different bonding tem-
peratures using migrating solid/liquid interface and solute
distribution models. Isothermal solidification times for differ-
ent process conditions were then predicted using Random Walk
Modeling and verified with the experimentally determined val-
ues. The flow chart shown in Fig. 6 illustrates the methodology
used in the current study.

4. Results and discussions
4.1. Migrating solid/liquid interface model

Boron has very low solubility in nickel. Previous investi-
gation [4] on TLP bonding with nickel-based filler alloy have
suggested that the presence of small amount of additional
alloying elements does not change the Cy1, and Cr, values sig-
nificantly from those of the Ni—B system. Similar approach was
also used by other researchers [6,15,25] since the solubility of
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Fig. 6. Flow chart illustrating the methodology of the current study.
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Table 3
Range of diffusion coefficients for SS 410/BNi-2 combination
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Table 4
Range of diffusion coefficients for SS 321/BNi-2 combination

Bonding temperature (K) Diffusion coefficients (m? s 1) x 1010

Bonding temperature (K) Diffusion coefficients (m? s 1) x 1010

Dpin Diax Mean S.D. Dhin Diax Mean S.D.
1325 5.40 13.76 7.93 3.92 1325 4.81 10.38 6.95 2.63
1358 7.29 9.26 8.13 0.86 1358 9.07 10.8 9.83 1.58
1394 10.59 20.34 13.49 3.92 1394 10.44 16.0 12.79 24

solute atoms in the multi-component melt that are practically
encountered during TLP bonding are not available in the lit-
erature. Therefore, y was calculated by taking C,p, and Cr as
the average solidus and liquidus boron compositions of the Ni-B
system in the bonding temperature range, 0.3 at.% and 16.6 at.%,
respectively.

Numerical simulations were carried out using MATLAB
7.0.1 with modified model equations as given earlier. 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 3 and 4
for SS 410/BNi-2 and SS 321/BNi-2, respectively. The modified
migrating solid/liquid interface model has been, then, applied to
predict the isothermal solidification time for an initial joint gap
of 70 wm and for three different operating temperatures.

Fig. 7(a) and (b) shows the cumulative probability distri-
bution and probability density plots for holding time required
to complete isothermal solidification for SS 410/BNi-2 and SS
321/BNi-2, respectively, for 1358 K bonding temperature and

0.1

70 pm joint gap. 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 is the measure of
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 min would include the probabilities of isothermal solidifica-
tion times that are less than or equal to 60 min. Therefore, it is
a measure of the confidence level that isothermal solidification
would take place if the corresponding length of time is elapsed
in the furnace at the bonding temperature. 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.

The predicted isothermal solidification times for three dif-
ferent bonding temperatures with different confidence levels
have been compared with experimentally determined values,
for an initial joint gap of 70 wm, for both SS 410/BNi-2 and
SS 321/BNi-2, as shown in Fig. 8. It should be noted here that a
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Fig. 7. Cumulative probability plot and probability density plot of isothermal solidification time (modified migrating solid/liquid interface model) for (a) SS 410/BNi-2
and (b) SS 321/BNi-2 for an initial joint gap of 70 wm and 1358 K bonding temperature.
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Fig. 8. Comparison of predicted isothermal solidification times with different confidence levels (modified migrating solid/liquid interface model) with experimental

data for an initial joint gap of 70 wm for (a) SS 410/BNi-2 and (b) SS 321/BNi-2.
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Fig. 9. Verification of decreased boron solubility (0.2 at.%) for SS 410/BNi-2 combinations (modified migrating solid/liquid interface model) with an initial joint

gap of 70 wm for (a) 1358 K and (b) 1394 K.

lower confidence level, such as 50% confidence, is not an indi-
cation that the probability of occurrence of that event is lower
than that of a higher confidence level. In fact, for a perfectly nor-
mal distribution, 50% confidence level values have the highest
individual probability or, in other words, the maximum likeli-
hoodness. It was interesting to observe that for SS 410/BNi-2,
the model underestimated the time requirement at higher temper-
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ature bonding operations (1358 K and 1394 K) which suggests
that the solubility limit of boron might have decreased. This can
be attributed to the following model assumption: the value of
CqL and Cp, were taken as 0.3 at.% and 16.6 at.%, respectively,
which are the average solidus and liquidus boron composi-
tions in the Ni—B system at the bonding temperatures [25]. This
assumption is reasonable when the base metals are pure nickel or
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Fig. 10. Verification of decreased boron solubility for SS 410/BNi-2 at 1358 K (modified migrating solid/liquid interface model) with an initial joint gap of 80 pm:

(a) 0.3 at.% and (b) 0.2 at.%.
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nickel-based superalloys. However, when stainless steels, such
as SS 410, are used as base metals, significant amount of iron dis-
solves due to the dissolution of base metal, especially at higher
bonding temperatures; and the assumptions of 0.3 at.% solubil-
ity and 16.6 at.% liquidus composition are no longer appropriate.
A decrease of solubility limit (C,1.) or an increase of liquidus
composition (Cpy) will 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 com-
position, as evident from Eq. (1). The maximum solubility of
boron in iron is 0.1 at.% [26] 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.

To verify this reasoning, the model was run for a solu-
bility limit of 0.2at.% for both 1358 K and 1394 K bonding
temperatures which showed very good agreement with the
experimentally determined values, as shown in Fig. 9. 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. 10. 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; how-
ever, for higher operating temperatures (1358-1394 K) reduced
boron solubility should be used for better prediction of isother-
mal solidification time.

It was interesting to observe that, unlike SS 410/BNi-2 com-
bination, the predicted isothermal solidification times for SS
321/BNi-2 were in good agreement with experimentally deter-
mined values in the temperature range being investigated. To
verify this observation further, the predicted isothermal solidi-
fication times for 80 pm initial joint gap were compared with
experimental data which also showed very good agreement, e.g.
Fig. 11. This suggests that the assumptions of Cy1,=0.3 at.%
and Cr, = 16.6 at.% are applicable for SS 321/BNi-2 combina-
tion. This can be explained by the fact that unlike SS 410, the
amount of nickel and chromium is significant in austenitic stain-
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Fig. 11. Verification of 0.3 at.% boron solubility for SS 321/BNi-2 combination
(modified migrating solid/liquid interface model) for an initial joint gap of 80 wm
at 1358 K.

less steel SS 321, 12wt% and 19 wt%, respectively, whereas
in SS 410, these amounts are 0.75 wt% and 12 wt%, respec-
tively. Although dissolution of base metal brought some iron
into the melt, its concentration in the melt is much smaller than
that of SS 410-based 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 assumption of 0.3 at.% boron solubility as a refer-
ence to form solid solution. The solubility limit (Cs =0.3 at.%)
will be further verified later with solute distribution
model.

4.2. Solute distribution modeling approach

Fig. 12 shows the comparison between the predicted isother-
mal solidification times, for 70 wm initial joint gap at different
bonding temperatures, with different confidence levels and
experimental data for both SS 410/BNi-2 and SS 321/BNi-2
combinations. The underestimation of isothermal solidification
time at 1358 K and 1394 K, for SS 410/BNi-2 combination,
which was also observed in migrating solid/liquid interface
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Fig. 12. Comparison of predicted isothermal solidification times with different confidence levels (modified solute distribution model) with experimental data for an

initial joint gap of 70 wm for (a) SS 410/BNi-2 and (b) SS 321/BNi-2.
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Fig. 13. Verification of 0.2 at.% solubility limit for SS 410/BNi-2 using modified
solute distribution model for 1394 K temperature with an initial joint gap of
70 pm.

model, justifies the reasoning of decreased solubility at higher
bonding temperatures.

The simulation results were extended for a solubility limit of
0.2 at.% for 1394 K bonding temperature, as shown in Fig. 13.
The predicted values are found to be underestimated compared
to that of the migrating solid/liquid interface model as evident
from the large distance between the experimentally determined
value and the predicted maximum probability density. 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 bonding operation.

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.

4.3. Silicon diffusion model for SS 410/BNi-2

As mentioned earlier, due to the dissolution of base metal, sig-
nificant amount of iron goes into solution within the joint region
during the TLP bonding of SS 410/BNi-2 combination. There-
fore, taking the boron solubility from the Ni—B binary system
as a reference to form solid solution is not likely to be appro-
priate 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. 2, 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 wm in a similar way as in the case of
boron diffusion model using solute distribution law.

Fig. 14 shows a comparison between the predicted isothermal
solidification times for 70 pwm wide SS 410/BNi-2 joint with the
experimental data. Silicon diffusion model does not neglect the
effect of any alloying element on the assumption of reference
solubility to form y-nickel solid solution and that is why the pre-
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Fig. 14. Comparison of predicted isothermal solidification times with different
confidence levels (silicon diffusion model based on solute distribution law) with
experimental data for an initial joint gap of 70 wm for SS 410/BNi-2.

dicted isothermal solidification times were in better agreement
than the other models that rely on the assumption of 0.3 at.%
boron solubility.

5. Conclusions

The kinetics of isothermal solidification during TLP bonding
of SS 410 and 321 with BNi-2 filler has been studied through
migrating solid/liquid interface modeling and solute distribution
law. However, unlike conventional modeling approaches, the
diffusion of solute atoms have been modeled using the Random
Walk Modeling technique which can take into account the phys-
ical and chemical uncertainties associated with TLP bonding
experiments. The modified model equations for both modeling
approaches have been developed and presented.

Cumulative probability distribution along with probability
density plots of isothermal solidification times were calculated
for different process conditions and predicted isothermal solidi-
fication times with different confidence levels were compared
with experimental data. Higher cumulative probability value
should be chosen for the components that requires high safety
factor.

Both migrating solid/liquid interface model and solute dis-
tribution model have underestimated the time requirement to
complete isothermal solidification for SS 410/BNi-2 combina-
tion at higher temperature bonding operations (1358-1394 K)
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 agree-
ment 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 neglect the effect of any alloying element in the melt
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 combinations, by both
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migrating solid/liquid interface and solute distribution models,
were in good agreement with the experimentally determined
values due to the presence of significant amount of nickel and
chromium in the base metal composition.
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