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Abstract

The kinetics of isothermal solidification during the TLP-
brazing of nickel superalloys, Inconel 625 and 718, and
stainless steel, SS 410, with BNi-2 filler alloy has been studied
through a combination of modeling and experimental
investigations. It was observed that the boron diffusion model
and migrating solid/liquid interface model predicted the
isothermal solidification times relatively accurately when
nickel superalloys were used as base metals; however, silicon
diffusion model was more accurate for stainless steel base
metal due to the increased solubility of boron in the multi-
component melt. A revision of boron diffusion model
parameters was given for the SS 410/BNi-2 combination for
better approximation of holding time and to calculate the
composition of the residual liquid when the holding time was
not long enough to complete the isothermal solidification.

Introduction

Inconel 625 and 718 superalloys are extremely versatile
austenitic nickel based superalloys with excellent strength and
good ductility at very high temperature. 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]. SS 410 is martensitic stainless
steel that provides good corrosion resistance plus high strength
and hardness. 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 [2]. Typical high temperature
brazing with nickel based fillers that contain boron and silicon
as melting point depressants are commonly used to join these
alloys. However, these melting point depressants form eutectic
structures that are extremely hard and contain very brittle
intermetallic compounds with nickel and chromium which are
detrimental to the mechanical properties of brazed joint [3-5].
One method to prevent the formation of these deleterious
phases is transient liquid phase bonding (TLP), also known as
diffusion brazing. The diffusion brazing process uses a low
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melting filler alloy to wet the contacting base material and that
subsequently solidifies isothermally via a fast diffusing
element, e.g. boron. Thus, at a relatively low melting
temperature, diffusion brazing produces a joint that has a
uniform composition profile and that is relatively more
tolerant of surface oxides, geometrical defects and wide gaps
[6]. These advantageous features have been exploited in a
wide range of applications, from the production and repair of
turbine engines in the aerospace industry to the connection of
circuit lines in the microelectronic industry [7].

One of the most important parameters in the diffusion brazing
process is the time required to complete the isothermal
solidification to prevent the formation of the brittle eutectic
phases in the resulting brazed joints. Tuah-Poku et al. [8]
derived the expression for the holding time for
silver/copper/silver sandwich joints based on stationary
solid/liquid interface and their predicted values were found to
be overestimated compared to the experimental findings. Lee
et al. [9] suggested that diffusion of the solute 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.
Other models based on migrating solid/liquid interface [4,10]
and Fick’s second law of diffusion have been used by other
researchers [11-14] to predict the isothermal solidification
completion times for pure nickel and nickel based superalloys
with either binary Ni-P or ternary Ni-Cr-B filler alloys, and
good agreement with the experimental values have been
reported. However, such studies have not yet been carried out
for transient liquid phase bonding of Inconel 625 and 718, and
SS 410 base alloys with multicomponent filler alloy, such as
BNi-2. One of the major limitations of the existing modeling
approaches, when nickel based fillers are used for bonding, is
that these models rely on the solubility of boron in pure nickel
as a reference for isothermal solidification. However, the real
systems are almost always multi-component and the validity
of such assumption has to be verified experimentally. An
increase in solubility will result into overestimation of time
requirement to complete isothermal solidification and vice
versa.

Although diffusion brazing 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 brazing 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.

The objectives of this work are, thus, to calculate the time
required to complete the isothermal solidification using
different modeling approaches, and to study the effect of
process variables during the transient liquid phase bonding of
Inconel 625 and 718, and SS 410 with nickel based filler BNi-
2, and to verify the predicted values with experimental
investigations.

Experimental Procedures

In this work, wedge shape joint gap specimen model, shown in
Fig. 1, was utilized. The specimen models consisted of two
identical wrought Inconel 625 and 718, and SS 410 base alloys
with a relative movement of 4 mm from each other to form an
edge groove where the BNi-2 brazing 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 brazing gap (0 — 250 pm).

Brazing filler metal

/ Tack weld
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Y
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A-A

Fig. 1 The wedge shape joint gap specimen

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 of nickel (nickel flash) and subsequently
vacuum brazed in an Argon atmosphere at a vacuum pressure
of 106.6 Pa according to the matrix shown in Table 2. The
brazed samples were prepared metallographically and studied
under the optical and scanning electron microscopes (SEM)

190

equipped with electron dispersive spectrometry (EDS) at
Concordia University and the Université Polytechnique de
Nantes, France.

Table 1 Nominal compositions of Inconel 625, 718, SS 410
and BNi-2

Alloy Nominal Composition | Solidus | Liquidus
({9) ({9)
Ni: 58% (min), Cr: 20 —
23%, Fe: 5%, Co: 1%,
Mo: 8 — 10%, Nb(+Ta):
Incomel | 315 4159 Ti: 0.4%, | 1290 1350
625 | Al: 0.4%, C: 0.1%, Mn:
0.5%, Si: 0.5%
Ni (+Co): 50-55%, Cr:
17-21%, Fe: bal, Co:
1%, Mo: 2.8-3.3%,
Inconel Nb(+Ta): 4.75-5.5%,
718 Ti: 0.65-1.15%, Al: 2- 1260 1336
8%, C: 0.8%, Mn:
0.35%, Si: 0.35%, B:
0.006%, Cu: 0.3%
Fe, <0.15%C, 11.5-
AISI 13.5%Cr, >0.75%Ni,
410 | <to%si  <0.04%p, | 1480 1530
<0.03%S
Table 2 Braze tests matrix
Temp. Holding Time (min)
(K)
1325 10 50 60 70 90
1358 30 50 70 90
1394 10 20 30 50 90

Microstructures of the Joint

A typical micrograph of the SS 410/BNi-2 brazed joint and the
corresponding EDS analyses is shown in Fig. 3. Intermetallic
phases were formed along the centerline of the joint since the
holding time was not long enough to complete isothermal
solidification. The residual liquid that was present at the end
of the temperature holding eventually transformed on cooling
into eutectic constituents.

EDS analyses suggest that it consists of y- nickel solid
solution (both pro-eutectic and eutectic) and Cr and Ni rich
borides, which are in agreement with the findings of other
researchers [3,5,15]. A line scan through the centerline
eutectics reconfirmed the findings, as shown in Fig. 4.
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Fig. 3 SEM micrograph and the corresponding EDS
analyses of a SS 410/BNi-2 joint brazed at 1394K for 50
minutes
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Fig. 4 Line scans through centerline eutectics of a SS
410/BNi-2 joint brazed at 1325K for 50 minutes
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EDS compositional analyses in Fig. 3 and 4 revealed a
significant amount of silicon in the center of the joint that
might form nickel silicides, which is in accordance with the
findings of Jang et al. [5]. This can be understood from the
following solidification phenomenon [3]: 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 solidified, further
enriching the melt of chromium. Subsequently, binary eutectic
of y- nickel and chromium boride solidified. The remaining
portion of the melt, which is further enriched in silicon will
eventually transform into the ternary eutectic of y-nickel,
nickel boride and nickel silicides. Since the multi-component
melt is rich of nickel, similar solidification phenomena are
expected for Inconel 625, 718 and SS 410/BNi-2 combinations
when the holding time is not sufficient to complete isothermal
solidification.

Conventional TLP models assume that solute diffusion in the
base metal takes place under equilibrium conditions and thus
the formation of boridic precipitates is avoided. However,
because of rapid boron diffusion and its low solubility, parent
metal close to the brazing gap is quickly oversaturated with
boron which produces strong precipitation of borides having a
very dense arrangement [16]. This was evident in all brazed
joints microstructures, irrespective of brazing temperature,
holding time and joint gap. It suggests that diffusion of solute
atoms into the base alloy could actually take place during base
metal dissolution and liquid homogenization. These borides
produce brittleness and decrease the formability of the joint
[17]. 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 brazed joint. Some
researchers [7,17] suggested the necessity of homogenization
heat treatment after complete isothermal solidification to
achieve comparable properties between the base and filler
alloys.

Mathematical Modeling of Isothermal
Solidification Time

Boron Diffusion Model:

For unsteady state diffusion of a specie from a source with
initial thickness 2w, which is of the order of diffusion distance
(Dt)", into a semi-infinite substrate, solute distribution in the
substrate is represented by [18]:

-C, +%(cO —Cm){erf y+w

y—w
—erf
/4Dt /4Dt }
where, C,, = initial solute concentration in the base metal; C, =

initial solute concentration in the interlayer; Cyy = solute
concentration as a function of distance from the centre of the

C (D)

(y,t)
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interlayer (y) and time (t); 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
concentration at the centre of the interlayer is reduced to the
solidus value C,. Substituting C,y = Cs at y = 0 yields the
following equation:

W

[4Dt,

Migrating Solid/liquid Interface Model:
Modeling based on migrating solid/liquid interface gives the
following expression [7]:

C.-C, =(C,—C, ) erf

t, ' A 3)

y ® 4% Dl/2
where t; is the time required to complete isothermal
solidification, D is the diffusion coefficient, 2h is the
maximum width of the brazed insert following
homogenization of liquid and y is a dimensionless parameter
that accounts for the moving boundary which can be
determined from the following expression:

Co=Cu = y\/;expy”z (+erf(y))....... 4)
c,-C,
C, and Cjp are the solute concentration in the solid phase and
the liquid phase at the interface, respectively. The value of y
was first calculated by taking C, and Cg as the average values
of boron concentration in solidus (0.3 at%) and liquidus (16.3

at%) of Ni-B binary system over the brazing temperature
range (1325 -1394K).

For y < 0.1, a linear relationship exists among t;, D and 2h
[19]. Nakao et al. [20] developed the following linear
expression:

/ 2h
tfl 2 :J(Wj ....................................... (5)

where J is a constant and is related to y by equation (3).
Plotting the values of t; & against (Zh/D” 2), the value of J, the
slope of the straight line, can be determined.

Silicon Diffusion Model:

Like boron, silicon also acts as a melting point depressant
which diffuses out from the joint towards the base metal.
Using the average silicon composition in the isothermally
solidified joint from EDS analyses, solute distribution law,
equation 1, can be used to calculate the activation energy and
frequency factor. Hence, this approach does not neglect the
effect of any element in the multi-component melt on the
solubility of the melting point depressant which will result into
better approximation of holding time requirement for complete
isothermal solidification than the other two models.
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Experimental Verifications

In the wedge gap brazed joint, a distinction is made between
areas of free of brittle phase and brittle phase containing seam
sections. The beginning of brittle phase stabilization marks the
maximum brazing clearance (MBC) for the combination of
base metals and filler alloy brazed at a particular temperature
and holding time. Figure 5 shows the maximum brazing
clearances for the Inconel 625/BNi-2 and Inconel 718/BNi-2
combinations brazed at 1325K, 1358K and 1394K with
different holding times ranged from 10 to 90 minutes.

110 -

_ 1394K
e 100 -
2
» 90
3 1358K
<
© 80
©
2 1325K
© 70 - N
(=2}
£
N 60 F-———— A B ——
s
e 50
=]
£
©
=
30 T T T L T T 1
0 20 40 60 80 100 120
Holding time (min)
(@)
100 1
m  Exp. 60 micrometer
90 ] \\ A Exp. 70 micrometer
_— \\
£ A \\ - - - -Sidiffusion model
g 80 ) ~~~ \‘ — - =Migratting interface model
= N B dif del
:g 70 | . S, — — B diffusion model
= \\ N \t~
:g AR \\\
§ 60 "IN NN
L L EERNENNN AN TS
= AN N
B NN AT
S 50 RN N ~
» N N N ~.
—_ t. REN
g 40 4 ~..~\\\~\\_\\ - \‘\.é} 70 ym
— el NT -
_qc) T ST
= | vy~ L 60um
3 30 ,}}
20 T T T 1
1320 1340 1360 1380 1400
Temperature (K)
(b)

Fig. 7 (a) Effect of holding time on the maximum brazing
clearance for SS 410/BNi-2 combination; (b) Comparison
of predicted isothermal solidification times with
experiments

194

Conversely, if a specified MBC is taken, the corresponding
brazing time will represent the isothermal solidification time
for that brazing clearance. Significant reduction of holding
time was observed with increasing brazing temperatures and
with decreasing joint gap.

It has been observed that the predicted isothermal
solidification completion times for nickel superalloys were in
very good agreement with the experimentally determined
values, as shown in Fig. 6, with an error of £8%. Besides the
uncertainties of experimental measurements, the small
deviations could be attributed to the following model
assumptions: (i) The value of C; was taken as 0.3 at% to
simplify the wvariation of boron solubility in the multi-
component melt. This is the maximum solubility of boron in
pure nickel and remains almost constant in the holding
temperature range (1325-1394K); (ii)) The assumptions
associated with Fick’s second law of diffusion might have
contributed some errors to the calculations.

However, for stainless steel base metal, both the boron
diffusion model and the migrating solid/liquid interface model
overestimated the time required to complete isothermal
solidification, especially at low temperature bonding
operation, as shown in Fig. 7. Significant amount of iron and
chromium was dissolved in the joint due to the dissolution of
base metal, and the assumption of 0.3 at % solubility of boron
as a reference for forming solid solution would no longer be
appropriate. An increase of solubility will result into
overestimation of time requirement for complete isothermal
solidification, as evident from the model predictions at lower
temperature. This suggests that at lower temperature range of
investigation (1325-1358K), the solubility limit of boron in the
multi-component melt must have increased. The eutectic
temperature in Ni-B binary system is 1366K, and it is
expected that for a nickel based multi-component system, the
eutectic point will be at lower temperature than the binary
eutectic, e.g. the eutectic temperature for BNi-2 filler alloy is
1244K. The dissolution of the base metal in the liquid filler
metal could eventually shift the eutectic point, however, it is
obvious that the eutectic temperature will still be lower than
1325K, since, otherwise, no isothermal solidification would
have taken place at that temperature. The increased boron
solubility at lower temperature range (1325 — 1358K) is, thus,
reasonable since the solubility limit is the maximum at the
eutectic temperature. Silicon diffusion model does not neglect
the effect of any element in the multi-component melt and the
predicted times were almost accurate.

Computational Thermodynamics

Considerable reduction of time required to complete
isothermal solidification has been observed with the increase
of brazing temperature and/or with the decrease of initial joint
gap for all the three combinations. 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 which
are mainly borides with little amount of silicides as discussed
before. It is, therefore, necessary to determine the boron



composition in the residual liquid at the end of holding time,
and an accurate boron diffusion model has no alternative in
this regard. The revision of boron diffusion model for the SS
410/BNi-2 combination is, thus, necessary.

Revision of Boron Diffusion Model for SS 410/BNi-2:
Since the times predicted for isothermal solidification at 1358
and 1394K were within the uncertainty limits of the
experimental measurements, 0.3 at% boron solubility, for a
joint to be solidified isothermally, was considered reasonable
for this temperature range. Diffusion coefficients were
obtained for the two brazing temperatures: 1358 and 1394K.
The revised values of activation energy and frequency factor
were found to be 1982 kJ/mol and 0.00676 m’™,
respectively. Using the revised diffusion coefficient at 1325K,
and the time required for isothermal solidification for an initial
joint gap of 70 um from Fig. 7, the reference solubility (Cs) for
a joint to be solidified isothermally was determined as 0.33
at%. The revised model parameters are summarized below:

Activation energy, Q = 198.2 kJ/mol,

Frequency factor, Dy = 0.00676 m%/s;

C,=0.30 at%; 1358 K < T < 1394K

=0.33 at%; 1325 K< T < 1358K

The residual liquid width and its composition can now be
determined using the revised boron diffusion model and EDS
analysis, taking the dissolution of the base metal into
consideration. Computational thermodynamics coupled with
kinetic model of diffusion can be applied to predict the
amount of these deleterious phases evolved from the residual

liquid at the end of isothermal solidification. Since
solidification of residual liquid takes place under non-
equilibrium  conditions,  Scheil  simulation, using

multicomponent thermodynamic database, can be used in this
regard using the composition of the residual liquid.

Summary and Conclusions

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

Diffusion modeling using Fick’s second law and migrating
solid/liquid interface was successful in predicting the
isothermal solidification times for the Inconel 625/BNi-2 and
Inconel 718/BNi-2 combinations; however, silicon diffusion
model was more accurate for SS 410/BNi-2.

The overestimation of predicted times, for the SS 410/BNi-2
combination, by boron diffusion model, and migrating
solid/liquid interface model at lower temperature, was due to
the increased solubility of boron in the multi-component melt.
A revision of boron diffusion model parameters was given for
low temperature bonding operation (1325 — 1358K) which can
be used to determine the time required for isothermal
solidification as well as the boron composition in the residual
liquid at the end of holding time when isothermal
solidification is not completed. The revision of boron
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solubility at lower temperature can also be incorporated in the
migrating solid/liquid interface for better approximation of
holding time required for isothermal solidification.

Significant reduction of isothermal solidification time has
been observed with decreasing joint gap and with increasing
brazing temperature. No significant grain growth has been
observed in the base metal in the temperature zone being
investigated, however, before adopting higher brazing
temperature, the susceptibility of base alloy to grain growth
should be carefully studied.
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