- s

£ Sl Science
ELSEVIER Press

Available online at www.sciencedirect.com

“e.° ScienceDirect

Trans. Nonferrous Met. Soc. China 24(2014) 996—-1003

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

TLP bonding of dissimilar FSX-414/IN738 system with MBF80 interlayer:
Prediction of solid/liquid interface location
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Abstract: Isothermal solidification process of a dissimilar transient liquid phase (TLP) bonding of FSX-414/MBF80/IN738 system
was simulated by finite difference method. The TLP joint model was divided into two parts and a moving liquid /solid interface
model was used for the parts. Diffusion equations were solved for each half of the joints simultaneously up to the end of isothermal
solidification. The completion time of isothermal solidification, concentration profiles and position of the solid/liquid interface for
each half were calculated. The intersection of the solid/liquid interfaces of two halves was considered the end of isothermal
solidification. To obtain some required diffusion data, TLP bonding of FSX-414/MBF80/IN738 was performed at different
temperature and time under vacuum atmosphere. The calculated results show good agreement with the experimental results.
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1 Introduction

Transient liquid phase (TLP) bonding is an
interesting process in the field of construction and repair
of similar and dissimilar structural materials which are
difficult to weld. It is applied in aerospace industry,
construction and repair of turbine blades, electronics and
bonding of superalloys [1-3]. In TLP process a filler
material usually has similar composition of base metals,
and contains elements such as boron and phosphorus
which reduce the melting point. The filler material is
inserted between two base materials and the whole
assembly is heated to bonding temperature which is
defined as being higher than melting temperature of the
filler but below that of the substrate material. Because of
holding assembly in bonding temperature, the filler
material melts and fills the space between the two
contact surfaces. During melting of filler material, some
parts of the base metals dissolve and solid/liquid
interface starts to move and develop the molten zone
until local equilibrium occurs at liquid/solid interface. In
the next stage, the melting point depressant elements
such as boron diffuse to the base metal and the chemical
composition of the interface changes and its melting
point increases. With increasing of melting point above

the local temperature, isothermal solidification begins
and the solid/liquid interfaces move toward center of the
joint. If holding time at the bonding temperature is
sufficient, the interfaces get each other and isothermal
solidification will be completed [4—8]. Otherwise,
harmful products of eutectic will be produced [9].
Moreover, if the holding time is more than the optimum,
the cost of process will increase unnecessarily. Required
time to complete isothermal solidification depends on
various parameters such as chemical composition of the
base metal and filler material, interlayer thickness and
bonding temperature [4].

Many efforts have been done to calculate
solidification time, concentration profile and position of
solid/liquid interface and most of them are limited to the
joints with similar materials [10—14]. There are a few
reports for the joints with dissimilar materials [4].

Due to widespread application of nickel-based super
alloy, many researches about its TLP bonding have been
carried out to date. However, there are very few reports
about TLP bonding of cobalt-based super alloy FSX-414
[15—17] and so far there is no report about TLP bonding
of FSX-414/MBF80/IN738 system. In the present work,
a new and simple model for prediction of solid/liquid
interface location and isothermal solidification time
in TLP bonding of dissimilar system is developed. The
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model is verified by TLP bonding systems of
FSX-414/MBF80/FSX-414 and  FSX-414/MBF80/
IN738.

2 Simulation of TLP bonding

2.1 Moving liquid/solid interface model

To calculate the movement of solid/liquid interface
in the dissimilar TLP joints, finite difference method
with linear elements was used to solve differential
equations. Schematic of the joint is shown in Fig. 1.
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Fig. 1 One dimensional schematic of dissimilar TLP joint

In this model the whole joint including liquid zone
was divided into two parts and the simulation was started
on each part simultaneously. Solid/liquid interfaces
develop and get each other at a position between the
liquid zones. The position is unknown and should be
calculated. To calculate the position, the trial and error
technique was used. At first, middle of the liquid zone
was chosen as the position and the isothermal
solidification time at the each half of joints was
calculated. Whenever difference between two isothermal
solidification times is greater than a negligible error, a
new position for the interface intersection is obtained. To
update the position, an incremental distance from the
joint half with more solidification time reduces and is
added to the other half. The calculation will stop when
difference between the calculated solidification times in
two halves becomes smaller than the negligible error.
Following assumptions are considered in the
calculations:

1) Coefficient of diffusion is independent of
concentration in the liquid and solid phases;

2) The mole volume is assumed to be constant;

3) The liquid/solid interface always exhibits a
planar geometry;

4) Geometrical symmetry exists at the centerline of
the joint.

2.2 Differential equations and discritization

One-dimensional differential equations in a

diffusion process with a solid/liquid interface movement
are shown as follows [4]:
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The discretized equations are extracted in relations
of Egs. (4)—(9). To determine position of the solid/liquid
interface in the first and second joint halves, Egs. (4) and
(5) are used as follows:
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The solute concentration of the liquid phase can be
calculated by Egs. (6) and (7) in the first and second joint
halves, respectively.
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To determine the solute concentration of the solid

phase in the first and second joint halves, Egs. (8) and (9)
are used respectively.
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2.3 Diffusion data

To simulate TLP bonding of FSX-414/MBF-80/
FSX-414 and FSX-414/MBF-80/IN738 systems, some
data were required including the bonding temperature,
diffusion activation energy (Q) of boron as the melting
point depressant element, diffusion constant of boron in
the base metal (D,), the initial concentration of boron at
the base metal and interlayer, equilibrium concentration
of boron at the solid/liquid interface and thicknesses of
the interlayer and base metal. The initial concentrations
of boron in IN738, FSX-414 superalloys and the
interlayer according to chemical composition of the
superalloys (Table 1) are 0.009%, 0.006% and 4% in
18.13% in mole fraction),
respectively. Also, the boron equilibrium concentrations
of the materials at the solid/liquid interface are estimated
to be 0, 0, 3.6% in mass fraction (0, 0 and 16.87% in
mole fraction) respectively by binary phase diagrams of
Ni—B and Co—B. Diffusion constant of boron in the
liquid phase of each superalloy was considered 5x107°
m?/s [4]. Diffusion coefficient of boron in a IN738 single
crystal superalloy was estimated as 0.14 m*/s [2,4]. To

mass fraction (0, O,

consider grain boundaries effects, the following equation
was used [18]:

1)
Dey = D, +7ng (10)
where D is the effective diffusion coefficient, D, is
diffusion coefficient in the bulk, ¢ is grain boundary
width, / is the average grain size and Dy, is diffusion

coefficient at the boundary. Diffusion activation energy
of boron in IN738 superalloy was assumed to be 211
kJ/mol [4].

Since the diffusion constant and diffusion activation
energy of boron in FSX-414 superalloys were not
available, the diffusion constants of boron in both of
superalloys were considered to be same and equal to 0.14
m?*/s at single crystal condition. Since diffusion constant
of an interstitial atom depends on unit cell parameter in
the second order and considering that the unit cells of Co
and Ni are same and their unit cell parameters are very
closed to each other, so it is suggested and verified by
the numerical calculation that the error resulted from
these assumptions can be ignored. Using Eq. (10), the
effective diffusion coefficient for the polycrystal
superalloy was obtained.

To obtain the diffusion activation energy of boron
in FSX-414 superalloy, diffusion couples were prepared
for FSX-414 superalloy with dimensions of 5 mmX
5 mmx 10 mm. After initial preparation, TLP bonding
was performed in a vacuum furnace at 1050, 1075, 1100
and 1150 °C bonding temperatures for different time,
using MBF-80 interlayer with thickness of 50 pm. Then,
the width of the eutectic layer at interface of the joints
was measured at least in 5 points by metallographic
method. The results are shown in Fig. 2. In Fig. 2, slope
of the lines, m, is related to the diffusion activation
energy according to Eq. (11) [19]:
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where C; and C; are concentrations of the melting point
depressant element (boron) in the solid and liquid phases,
respectively; Vs and 7} are mole volume of the solid and
liquid phases, respectively; Q is the diffusion activation

energy; Dy and R are constants. Equation (11) can be
simplified as follows [19]:

In m=A—Q/(2RT) (12)

Variation of In m vs 1/T is shown in Fig. 3.
According to this diagram, the diffusion activation
energy of boron in the FXS-414 superalloy is obtained as
229 kJ/mol.

Table 1 Chemical composition of IN738, FSX-414 superalloys and MBF-80 interlayer (mass fraction, %)

Alloy Ni Co Cr Mo W Nb Al Ti Fe Ta C B Zr S Si  Mn
IN738 Bal. 85 15.84 1.88 248 092 346 347 0.07 169 0.11 0.009 004 0.001 - -
FSX-414 1032 Bal. 3025 0.03 676 - - - 052 0.14 0.15 0.006 - - 0.72  0.59
MBF-80 Bal. - 15.2 - - - - - - - 0.06 4 - - - -
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3 Results and discussion

3.1 Verifying program

To verify the program, the isothermal solidification
time and the solid/liquid interface position in a TLP
bonding of CMSX-4/MBF80/IN738 were calculated and
compared with the experimental and calculated results by
GHONAIM and OJO [20]. The results are shown in Figs.
4 and 5. The model [20] predicted the isothermal
solidification time at 1373 and 1403 K bonding
temperature for 6.2 and 4.8 h, respectively, whereas the
experimental results are about 6—7 h at 1373 K and
5-5.5 h at 1403 K. In the present model, the predicted
times of complete isothermal solidification are 6.5 and
42 h at 1373 and 1403 K bonding temperatures,
respectively. The present model can be acceptable and
applied for dissimilar TLP systems.

3.2 Simulation
3.2.1 TLP bonding of FSX-414/MBF-80/FSX-414

Figure 6 shows the position of solid/liquid interfaces
in TLP bonding of FSX-414/MBF-80/FSX- 414 at
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Fig. 4 Predicted solid/liquid interface location in TLP bonding
of CMSX-4/MBF80/IN738 by the present model
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Fig. 5 Obtained isothermal solidification time in TLP bonding
of CMSX-4/MBF80/IN738 by the present model,
GHONAIM’s model and experiments [20]
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Fig. 6 Predicted solid/liquid interface location in TLP bonding
of FSX-414/MBF80/ FSX-414 by the present model

temperatures of 1323, 1373 and 1423 K. The curve is
fully symmetrical and the location of the solid/liquid
interface at the end of isothermal solidification is
determined by a point where two branches of the curve
get each other. The simulated and experimental results
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related to completion time of isothermal solidification
are compared in Fig. 7. The simulated results show that
the solidification isothermal times are 1267, 593 and 293
s at the temperatures of 1323, 1373 and 1423 K,
respectively; whereas for the same temperatures,
experimental results are 1200, 600 and 300 s,
respectively. Microstructure of the FSX-414/MBF-80/
FSX-414 joints made at 1323 K for 10 min is shown in
Fig. 8. It is seen that the joint microstructure of the two
halves are similar. The eutectic islands, shown by the

arrow, were almost formed on the center line of the joints.

This confirms the simulation results where the
solid/liquid interface location is almost at the center line
of the interlayer.
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Fig. 7 Isothermal solidification time in TLP bonding of
FSX-414/MBF80/ FSX-414 by the present model and
experiments [20]

80/FSX-414 system made at 1323 K for 10 min

3.2.2 TLP bonding of FSX-414/MBF80/IN738
Microstructure of dissimilar joints of FSX-414/
MBF-80/IN738 system made at 1323 K for 10 min is
shown in Fig. 9. As can be seen, the microstructures in
the left and right halves are completely different.
There are some intermetallics particles with different

Fig. 9 Microstructure of TLP joints of FSX-414/MBF-80/

IN738 system made at 1323 K for 10 min

morphologies at both sides of the bond. In the FSX-414
half, these intermetallics are mostly needle-like, whereas
they are almost spherical at the IN738 half. Also, the
width of diffusion affected zone (DAZ) in IN738 half is
more than that in the FSX-414 half. Distances between
the positions of the eutectic islands and
base-metal/interlayer boundary at the different points
were measured and averaged on the two parts of the
joints. They are 26.4 and 10.4 um for the IN738 and
FSX-414 halves, respectively. The ratios of the distances
are 2.53, 1.79 and 1.76 at bonding temperatures of 1323,
1373 and 1423 K, respectively.

The simulated results for dissimilar TLP joints of
FSX-414/MBF80/ IN738 made at 1323, 1373 and 1423
K are shown in Fig. 10, respectively. It is seen that
curvatures of the graph at the top and bottom halves are
different and asymmetric, unlike the similar joints.
Confluence of the top and bottom graphs shows the
location and time of the complete isothermal
solidification. Figure 11 shows a comparison between the
experimental and simulated results for the isothermal
solidification time and the ratio of interface location. The
predicted isothermal solidification time at the bonding
temperatures of 1323, 1373 and 1423 K are 710, 350 and
185 s, respectively; whereas the experimental results are
600, 360—420 and 180 s, respectively at the same
temperatures.

When the bonding temperature decreases to1323 K,
the differences between calculated and experimented
results for isothermal solidification time and the
solid/liquid interface location may rise to 10% and
13.5%, respectively.

The slope of the curves in Fig. 10 shows the
solidification growth rate (speed of solid/liquid interface
movement). Figure 12 shows the variation of these
slopes with time for each half of the joint at
various temperatures of 1323, 1373 and 1423 K. The
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Fig. 10 Predicted solid/liquid interface location in TLP bonding
of FSX-414/MBF80/ IN738 at bonding temperatures of 1323 K
(a), 1373 K (b) and 1423 K (¢)

solidification growth rate increases with time up to a
certain value and then decreases in all curves. This is
may be related to boron diffusion into the base metal,
where with increasing boron concentration at the DAZ,
the concentration gradient reduces and leads to reduction
of solidification growth rate. Also, this rate increases
with increasing the bonding temperature at each time. As
the temperature rises, the diffusion coefficient and
concentration gradient of boron increase and decrease,
respectively. This variation results in increase of
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Fig. 11 Predicted and experimental results for TLP bonding of
FSX-414/MBF80/ IN738 at different bonding temperatures of
1323, 1373 and 1423 K: (a) Completion time of isothermal
solidification; (b) Ratio of interface location

solidification growth rate, until the reduction of the
gradient reaches a critical value. It is shown a
considerable reduction in the melting point depressant
element concentration gradient with increasing bonding
temperature to being higher than the critical temperature
can lead to a deviation of parabolic relationship between
solid/liquid interface displacement and bonding time as
well as reduction of isothermal solidification rate[7].

4 Conclusions

The isothermal solidification process of the TLP
joint of FSX-414/MBF80/IN738 was simulated by a new
and simple model. A finite difference code was written
and verified with the experiments and the other works.
To obtain some required diffusion data, TLP bonding of
FSX-414/MBF80/ FSX-414 was performed at different
temperature and time under vacuum atmosphere. The
simulated and experimental results showed that two
solid/liquid interfaces meet each other closer to the
FSX-414 than IN738 half. The rate of solid/liquid
interface movement for both halves of the TLP bonding
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was calculated. Results showed that the growth rate at
the IN738 half is more than that at the FSX-414.
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Fig. 12 Growth rate of solid/liquid interface movement for TLP
bonding of FSX-414/MBF-80/IN738 system at IN738 (a) and
FSX-414 halves (b)

Symbols

Cs  Equilibrium concentration of MPD at solid phase;

Crs Equilibrium concentration of MPD at liquid phase;

D; Diffusion coefficient of boron in solid phase;

D, Diffusion coefficient of boron in liquid phase;

t Time;

X  Location;

I(x) Position of solid/liquid interface;

d¢  Time step;

Sl-/ Next position of solid/liquid interface in the first
joint half at the jth time step;

Szj Next position of solid/liquid interface in the second
joint half at the jth time step;

Pl,j Concentration of boron in the liquid phase at the ith
position and the jth time step in the first joint half;

Pz,j Concentration of boron in the liquid phase at the ith
position and the jth time step in the second joint
half;

ql-i/' Concentration of boron in the solid phase at the ith

position and the jth time step in the first joint half;

qzlj Concentration of boron in the solid phase at the ith
position and the jth time step in the second joint
half;

Ly  Sum of liquid phase and solid phase thicknesses in
the first joint half;

L,  Sum of liquid phase and solid phase thicknesses in
the second joint half;

u,  Appropriate position of the liquid phase in the first
joint half;

u,  Appropriate position of the liquid phase in the
second joint half;

vi  Appropriate position of the solid phase in the first
joint half;

v, Appropriate position of the solid phase in the
second joint half;

D, Diffusion coefficient of boron in the liquid phase;

D, Diffusion coefficient of boron in the solid phase in
the first joint half;

D, Diffusion coefficient of boron in the solid phase in
the second joint half;

C;, Equilibrium concentration of boron in the liquid
phase in contact with the solid phase in the first
joint half;

C,, Equilibrium concentration of boron in the liquid
phase in contact with the solid phase in the second
joint half;

C; Equilibrium concentration of boron in the solid
phase in contact with the liquid phase in the first
joint half;

C, Equilibrium concentration of boron in the solid
phase in contact with the liquid phase in the second
joint half;

N Number of elements.
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