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Numerical Simulation Study of Temperature Gradient
Transient Liquid Phase Bonding
with Concentration-Dependent Diffusivity

O.E. BAMIDELE and O.A. OJO

A new numerical model is developed to study the kinetics of temperature gradient transient
liquid phase (TG-TLP) bonding under concentration-dependent diffusivity by using a first-order
implicit–explicit finite-difference numerical method and Landau coordinate transformation with
adaptable spatial discretization. The model is validated with experimental data reported in the
literature. The results of computational analysis by the new model show that the presence of
solute concentration gradient in the liquid is the major factor that enables shorter solidification
completion time in TG-TLP bonding compared to the conventional transient liquid phase
bonding (C-TLP bonding). In contrast to the common assumption that solid-state diffusion can
be ignored during the modeling of TG-TLP bonding, this work shows that solid-state diffusion
plays a significant role, not only in controlling the transition in solidification behavior from
bidirectional to unidirectional, but also affects the kinetics of the bonding process. Moreover, it
is found that the anomalous increase in solidification completion time with increase in
temperature that occurs during C-TLP bonding can be avoided by TG-TLP bonding. This is
possible if the solute concentration gradient in the liquid is sufficiently high to enable adequate
solidification kinetics to overcome increased volume of liquid that accompanies increase in
bonding temperature.
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I. INTRODUCTION

TRANSIENT liquid phase (TLP) diffusion bonding
was developed to avoid cracking problems encountered
during the welding of difficult-to-weld advanced mate-
rials, such as nickel based superalloys that are used in
aircraft gas turbine engines.[1–4] There are four main
stages in the TLP bonding process: heating, base-metal
dissolution, isothermal solidification, and homogeniza-
tion.[5,6] When the TLP sample is heated to the joining
temperature, a liquid layer forms between two adjoining
solids. The melting point depressant (MPD) solute
inside the liquid, which causes the melting of the filler
alloy, subsequently diffuses into the solid substrate,
thereby, producing isothermal solidification of the liquid
phase. One of drawbacks of TLP bonding is that a
substantial holding time is required to obtain complete
isothermal solidification of the liquid.[7] If the holding
time is insufficient, deleterious micro-constituents will be

formed within the joint region from the residual liquid
during cooling and degrade the properties of bonded
materials.[8] Researchers such as Shirzadi and Wallach[1]

and Yang et al.[9] have reported that the processing time
during TLP bonding can be reduced by imposing
temperature gradient across the bond line (TG-TLP
bonding) compared to when the temperature is uniform,
as in the case of conventional TLP bonding (C-TLP
bonding). Similarly, studies carried out by Jabbareh and
Assadi,[10] and Shirzadi and colleagues[11] on joint
morphology show that TG-TLP bonding produces a
more reliable and higher bond strength compared to
C-TLP diffusion bonding. To take full advantage of
TG-TLP bonding process, the mechanisms involved
need to be adequately understood. Although various
studies in the literature have indicated that TG-TLP
bonding can produce a shorter bonding time compared
to C-TLP bonding process, the main factor that enables
the fast solidification behavior has not been adequately
studied and explained. To elaborate, during TG-TLP
bonding, only one solid–liquid interface undergoes
solidification, whereas in C-TLP bonding, the two
solid–liquid interfaces experience solidification. Also,
during TG-TLP bonding, more liquid is produced into
the joint region as the solidification progresses due to
the melting that occurs at one of the two solid–liquid
interfaces, whereas in C-TLP bonding, no extra liquid is

O.E. BAMIDELE and O.A. OJO are with the Department of
Mechanical Engineering, The University of Manitoba, Winnipeg, MB,
R3T 5V6, Canada. Contact e-mails: oluwasola68@gmail.com,
olanrewaju.ojo@umanitoba.ca

Manuscript submitted September 2, 2020; accepted February 20,
2021.

Article published online April 3, 2021

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 52A, JUNE 2021—2261

http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-021-06219-3&amp;domain=pdf


produced once solidification starts. These two factors
can be expected to increase the time required to achieve
complete solidification during TG-TLP bonding, which
is in contrast to what is generally reported in the
literature that solidification completion time is shorter
during TG-TLP bonding. Furthermore, reports in the
literature on TG-TLP bonding discuss the effects of TG
magnitude on the bonding process; however, the same
magnitude of TG can occur over different ranges of
temperature. The effect of variation in temperature
range, for a given TG value, on the kinetics of the
bonding process is not generally discussed in the
literature. Therefore, the two major goals of the present
work are to develop a diffusion-based numerical model
to systematically study and understand the key factor
that enables TG-TLP bonding to be faster than C-TLP
bonding and analyze the influence of variation in
temperature range, for a given TG, on the solidification
kinetics. Most of the existing TG-TLP bonding models
in the literature assume that the solute diffusion coef-
ficient in the solid substrates is independent on solute
concentration. It is known, however, that solid-state
diffusion coefficient can significantly vary with solute
concentration. Therefore, to properly address the two
key objectives of the present work, the numerical model
developed in this work incorporates concentration-de-
pendent diffusion coefficient. The development of the
new numerical model and the results of the study are
presented and discussed in this article.

II. DEVELOPMENT OF THE NUMERICAL
MODEL AND VALIDATION

A. Governing Equations

The numerical model for the TG-TLP bonding
problem is based on Fick’s second law of diffusion. In
this research, planar geometry is used. The two moving
solid–liquid interfaces can be modeled with a velocity
term known as Stefan’s equation.

The main assumptions in the model development are

1. The geometry of the solid–liquid interfaces remains
planar throughout the bonding process.

2. Local equilibrium exists at the solid–liquid interface
so that the liquidus and the solidus concentrations
are derived from the liquidus and the solidus lines in
the binary equilibrium phase diagram.

3. The liquidus and the solidus lines are assumed
linear with constant slopes.

4. Variations of temperature with solute concentration
is constant (i.e., dT=dC ¼ K).

5. Temperature gradient across the TLP bonding
assembly is linear.

6. The molar volumes of the phases involved are
assumed constant.

7. Change of the liquid composition has no effect on
the liquid diffusion coefficient.

The equations required to model the diffusion
problem in a three-phase binary system are shown as
Eqs. [1] through [4]. Equation [1] describes the diffu-
sion of the solute in the first solid phase (Base Metal
A), Eq. [2] for the liquid phase (Filler alloy B), and
Eq. [3] for the second solid phase (Base Metal C).
Equation [4] is the velocity term that describes the
movement of the first solid–liquid interface (Interface
1) and Eq. [5] is for the second solid–liquid interface
(Interface 2), where C is the composition profile of the
solute in each of the phases expressed as a function of
position (x) and time (t). DA;C(x,) and DB(x,) are the
diffusion coefficients of the two solids and liquid,
respectively. CBA;CBC, CCB , and CAB are the equilib-
rium liquidus and solidus composition values for the
phases.
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To achieve solute conservation, the concept of
Landau transformation technique that was first intro-
duced by Illingworth et al.[12] is used in the present
work. It is worth noting that in this TG-TLP bonding
model, the solute diffusion coefficients in the liquid and
solid phases are not constant throughout the bonding
process as in the case of the C-TLP bonding process.
Instead, the diffusion coefficients vary with temperature
based on the Arrhenius equation [6]. Moreover, the
diffusion coefficient in the solid also varies with solute
concentration, so it will be modeled with the concen-
tration-dependent relation used by Ghanbar et al.,[13]

as shown in Eq. [7].
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B. Spatial Discretization of Governing Equations

Landau transformation can be used to obtain new
coordinates in which the grids are fixed, but space
meshing automatically adjusts to accommodate the
motion of a migrating interface.[14] New positioning

variables u = x
s1ðtÞ, w = x�s1

s2ðtÞ�s1ðtÞ , and v =x�s2ðtÞ
L�s2ðtÞ are

introduced such that the coordinate ranges from
0<u<1 for phase A, 0<w<1 for phase B, and
0<v<1 for phase C, respectively. Obtaining trans-
formed expressions for each concentration profile will
need the application of some mathematical procedures.
The expressions obtained from the transformation
analysis in each phase are given in Figure 1.

1. Implicit–explicit scheme
A numerical approach that can be used for any

particular diffusion problem strongly depends on the
value of the diffusion coefficient, initial interface condi-
tions, and desired accuracy. In a system where diffusivity
does not significantly depend on the solute concentra-
tion, for example in liquid-state diffusion, a typical
implicit up/downwind approach provides the most
stable solution.[12] However, if the diffusivity is concen-
tration-dependent, like in the solid-state diffusion, the
use of an explicit scheme for the solution of the diffusion
term and up/downwind scheme for the convective term
would provide a more stable solution.[15] In the present
work, an hybrid approach is used. Implicit method is
used for the diffusion analysis in the liquid phase and
explicit scheme is used for solid-state diffusion.

The numerically integration for each Eqs. [8], [9], and
[10] follows finite volume technique[16] with the spatial
coordinates discretized with equal spatial division.

Hence, the finite-difference approximation solutions
for each of the phases are listed below, while further
solutions are shown in Appendix.
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Fig. 1—Illustration of the new TG-TLP bonding model scheme based on Landau transformation with moving boundary interfaces.
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4. Phase C
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where DAð Þnjþ1 2= corresponds to the diffusion coefficient
for the solute concentration that is halfway between the
discretized points ðjþ 1Þ and ðjÞ, while DAð Þnj�1=2 corre-

sponds to the diffusion coefficient for the solute con-
centration halfway between ðjÞ and ðj� 1Þ.

C. Implementation

Figure 2 shows the spatial mesh of the three mass
transfer domains considered. The initial and the bound-
ary conditions of these domains can be written as follows:

8t � 0;
@p

@u
¼ @q

@v
¼ 0; u ¼ 0;

0; v ¼ 1:



½11�

This means that no mass transfer is allowed beyond
the boundaries of the system. In addition, the boundary
conditions at the interfaces are as follows:

t � 0; C x; tð Þ ¼

Cn
AB; x ¼ s�1 ;

Cn
BA; x ¼ sþ1 ;

Cn
BC; x ¼ s�2 ;

Cn
CB; x ¼ sþ2 :

8>><
>>:

½12�

The interface equilibrium concentrations Cn
AB,C

n
BA,

Cn
BC , and Cn

CB change with temperature along the TG
line, and are modeled by using Eqs. [A3] through [A6]
listed in the Appendix with the assumption that the
interface compositions are changing linearly with tem-
perature, which is denoted with ‘m.’ Likewise, the TG
across the liquid width is linear. The parameter ‘f’ in the
expressions serves as an equilibrium partitioning coef-
ficient between the liquidus and the solidus lines.

D. Moving Boundary Equations

The two moving solid/liquid interfaces can be tracked
by discretizing the interface equations [4] and [5] with
the requirement that solute is conserved at each interface
or by an alternative form derived from the finite-differ-
ence approximation solution of the phases through the
substitution of boundary conditions at each interface.

Fig. 2—Illustration of discretization of spatial coordinates [0, 1] of u, w, and v in phases A to C.
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A computational program code is developed to
implement the following algorithm, which, at each time
step, carries out the following steps:

1. sn is used as the initial interface position in order to
determine the future interface position snþ1, as it
applies to both interfaces.

2. pnj ; z
n
j , and qnj represent the solute concentration

in profiles p, z, and q at the initial bonding time
n.

3. The future interface positions s1nþ1 and s2nþ1 are
determined by using the interface solutions calcu-
lated with Eqs. [13] and [14], respectively.

4. The future solute concentration profiles pnþ1
j ; qnþ1

j ,
and znþ1

j are updated by using the finite-difference
approximation solution of each phase and the new
interface positions s1nþ1 and s2nþ1.

5. The value of sn; pnj ; z
n
j , and qnj is replaced with snþ1,

pnþ1
j ; znþ1

j , and qnþ1
j , respectively.

6. The current sn, pnj ; z
n
j , and qnj in Step 5 is used to

produce the new future interface position and future
solute concentration profiles.

7. Steps 3 to 6 are repeated multiple times until the
gap between the two moving interfaces reaches
the set space limit. Then, the algorithm will break,

which signifies the end of the solidification
process.

E. Validation of the New Model

Using a Bi-Sn binary system and process parameters
listed in Table I, spatial convergence tests were per-
formed by varying a mesh density that carried from 50
to 1000 elements. The predicted interface position with
time was found to be dependent on spatial discretization
as the mesh density was increased, as shown in Figure 3.
However, increasing the spatial resolution to over 400
points/mm was found to have less effect on the accuracy
of the solution. The results show that a truncation error
caused by the use of a 400 points/mm space-step resulted
in a predicted interface location that is 1.3 lm off of the
converged solution, which shows that the error in the
model solution is considered minimal. Time discretiza-
tion tests were also performed by varying time step from
0.5 to 50 ms. Figure 4 shows that the predicted interface
position is also dependent of the time discretization as
the time step size was decreased. The truncation error
caused by the use of a coarse time step of 50 ms resulted

Table I. Processing Parameters Used for Numerical Simulation of TG-TLP Bonding

Parameter Symbol Value

Binary System — Sn-Bi
Diffusion Coeff. of Bi in Liquid Sn D ¼ DL � expðQL=RTÞ mm2=s DL ¼ 2:934 2 910�2

kJ/mol QL ¼ 12.16[17]

Diffusion Coefficient of Bi in Solid Sn D ¼ Ds � expðQs=RTÞ mm2=s Ds ¼ 1:18� 105

kJ/mol Qs ¼ 99.72[18]

Lowest Temperature To
�C 150

Initial Bi Composition in Liquid Sn at. pct 43
Initial Bi Composition in Solid Sn at. pct 0
Conc. Dependency Diffusivity Constant k � 0.1
Base-Metal Thickness lm 1000

Fig. 3—Effect of mesh density on predicted interface position at TG
of 50�C=cm, gap size 50 lm.
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in a predicted interface location that is 18lm off of the
converged solution.

The newly developed model is versatile such that
apart from TG-TLP bonding, it can also be used to
simulate C-TLP bonding process. To initially validate
the new model, simulation of C-TLP bonding was
performed at a constant temperature for a single-crystal
nickel alloy (base metal) with a thickness of 3000 lm
and a filler alloy with a half thickness of 12.5 lm, which
are similar to the specifications used in Zhou et al.[5] and
Illingworth et al.[12] A comparison of the results of the
new model with those in Zhou et al.[5] and Illingworth
et al.[12] by using the same initial and boundary
conditions (listed in Table II) is shown in Figure 5. In
addition, the model results are compared with the
experimental data for C-TLP bonding of nickel as
reported by Zhou et al.[5] The movement of the two
interfaces in this symmetrical system as predicted by the
present model is found to be comparable with the result
of a previous numerical analysis[12] and experimental
data.[5] Also, the maximum dissolution width of the
liquid does not exceed the theoretical maximum value of
23.2 lm which indicates that the model conserves the
solute.

Aside from validating the model with C-TLP bond-
ing, the newly developed numerical model is used to
examine how the solidification distance changes with
time during the TG-TLP bonding process for a tin-bis-
muth alloy, and the results are presented in Figure 6.
The results show that the velocity of the solidification is
not constant but reduces with time. Based on the results
of the model presented in Figure 6, the relationship
between the solidification distance and bonding time can
be represented with a general equation as follows:

Y ¼ atn; ½15�

where a is a constant parameter at a given temperature
and n is a time index value. Using the logarithmic
form of Eq. [15] yields Eq. [16]. Based on Eq. [16], a
straight line is expected if logY is plotted against logt.

The slope of the straight line will give the exponent n,
and the intercept of the line on the vertical axis (log Y
axis) produces the constant a.

logY ¼ nlogtþ loga: ½16�

Some data are extracted from Figure 6 and used to
plot the log of the solidification distance against the log
of time. The results are shown in Figure 7. The results
show that a log–log plot of the solidification distance vs.
time results in a straight line with a slope that is greater
than 0.5 (the time index in C-TLP bonding, obtained by
removing the temperature gradient and making the
temperature constant). Therefore, the new model indi-
cates that during TG-TLP bonding, a log–log plot of the
solidification distance against holding time will produce
a linear relationship and the slope of the linear plot will
be larger than 0.5. In order to validate these predictions
from the newly developed model, some TG-TLP bond-
ing experimental data are obtained from Zhong et al.[19]

and Yin et al.,[20] and the log of the solidification
distance is plotted against the log of time. The results are
presented in Figure 8. The two different sets of exper-
imental data show that the relationship between the
log–log plot of the solidification distance and time is a
straight line. Also, the slope of the straight line is
consistently higher than 0.5, which agrees with the
prediction of the new model. Therefore, the experimen-
tal results are in qualitative agreement with the predic-
tions of the newly developed model. In addition, another
qualitative validation of the model prediction was
performed. The new model predicts that apart from
the unidirectional solidification that is reported in the
literature to occur during TG-TLP bonding, it is
possible to first have a bidirectional solidification, which
can subsequently translate to unidirectional solidifica-
tion, under a low-temperature gradient condition
(Figure 9). The results of an experimental work per-
formed by Bigvand[21] show that during TG-TLP
bonding, the solidification process started with bidirec-
tional solidification mode and later changed to unidi-
rectional solidification, which concurs with the
prediction of the newly developed model in this work.

III. RESULTS AND DISCUSSION

A. Investigation of the Key Factor that Enables Shorter
Solidification Completion Time During TG-TLP Bonding
Compared to C-TLP Bonding

Time is a crucial parameter in TLP bonding that
affects the microstructure of the bonded joint. If
sufficient time is not used to enable complete solidifica-
tion of the liquid, the residual liquid will solidify during
cooling to produce non-equilibrium solidification prod-
ucts that can be deleterious to the mechanical properties
of the joint. It has been suggested in the literature that
one of the advantages of TG-TLP bonding process over
C-TLP bonding process is its ability to reduce solidifi-
cation completion time tf .

[9,19] Nevertheless, it is impor-
tant to identify the exact factor that is responsible for

Fig. 4—Effect of time steps on predicted interface position at TG of
50�C=cm, gap size 50 lm.
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reducing the tf . In order to appropriately compare the
two bonding methods, there is a need to determine the
proper bonding temperatures to use because bonding
during the C-TLP occurs at a constant temperature,

Table II. Processing Parameters Used in Experimental Data and Numerical Predictions for C-TLP bonding in Zhou et al.[5] and
Illingworth et al.[12]

Parameter Symbol Value

Materials Data
Binary System — nickel-phosphorus (Ni-P)
Diffusion Coeff. of P in Liquid Ni lm2=s 500
Diffusion Coefficient of P in Solid Ni lm2=s 18

Initial Conditions
Composition of P in Filler Alloy at. pct 19
Composition of P in Base Metal at. pct 0

Boundary Conditions
Bonding Temperature �C 1150
Liquidus Composition at. pct 10.223
Solidus Composition at. pct 0.166

Model Parameters
Filler Half Thickness lm 12.5
Base Thickness lm 3000

Fig. 5—Plot of movement of two solid/liquid interface in Ni-P
binary alloy system based on Zhou et al.[5] and Illingworth et al.[12]

Fig. 6—Movement of the solidifying interface vs. time during
TG-TLP bonding for tin-bismuth alloy.

Fig. 7—Log–log plot of solidification distance vs. time with data
from Fig. 6.

Fig. 8—Plot of log of intermetallic compound growth on cold
interface against log of time in TG-TLP bonding process: (a) growth
of Cu6Sn5,

[20] and (b) growth of Ni3Sn4
[19]
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while bonding during the TG-TLP occurs over a range
of different temperatures. A conservative approach is
used in this study to compare these two bonding
methods. TG-TLP bonding simulation is performed
over a temperature range of 150 �C to 170 �C, and
C-TLP bonding simulation is done at a constant
temperature of 170 �C. Based on this approach, if the
TG-TLP bonding process results in a shorter tf relative
to C-TLP bonding, then it confirms that TG-TLP
bonding inherently has capability to shorten solidifica-
tion completion time compared to C-TLP bonding. The
reason is that higher temperature generally enhances
solidification kinetics, which tends to reduce tf . Since
C-TLP bonding is done at a higher temperature, it is
expected that its solidification kinetics would be faster
and enables a shorter tf . However, if the TG-TLP
bonding, which is simulated at a lower overall temper-
ature compared to the C-TLP bonding, produces

shorter tf , the reason cannot be attributed to tempera-
ture effect, but must be an inherent characteristic of the
TG-TLP bonding process. The results of the simulations
of TG-TLP and C-TLP under the stated temperature
conditions are presented in Figure 10. The results show
that the TG-TLP bonding process produced a shorter tf
relative to the C-TLP bonding process, notwithstanding
some opposing factors in the TG-TLP bonding. First,
the TG-TLP bonding is done at a lower temperature
while C-TLP bonding at a higher temperature. Sec-
ondly, in C-TLP bonding, the two solid–liquid interfaces
undergo solidification, but in TG-TLP bonding, only
one interface solidifies. Lastly, there is no production of
extra liquid in C-TLP bonding during the solidification
process, but in TG-TLP bonding, when one of the
interfaces is solidifying, the other interface is melting.
To determine the key factor that enables the TG-TLP

bonding method to produce the shorter tf , a careful
study was done by analyzing the mass balance equation
that governs the migration velocity of the solid–liquid
interface that undergoes solidification during the
TG-TLP bonding process, as follows:

ds1

dt
¼ 1

CLA � CAL½ � DA

@C

@x s
�DL

@C

@xL

� �
: ½17�

Based on Eq. [17], it is found that four parameters:
DA; DL,

@C
@xs

, and 1= CLA � CAL½ � have higher values in

C-TLP bonding compared to TG-TLP bonding, due to
the higher temperature in C-TLP bonding. The higher
values of all these parameters facilitate the solidification
process in C-TLP bonding relative to the TG-TLP. The
only parameter that is higher in the TG-TLP bonding
process and makes it to have a shorter tf is the

concentration gradient in the liquid phase @C
@xL

� �
. The

value of this parameter is practically zero in the C-TLP
bonding process because during isothermal solidifica-
tion, the liquidus solute concentration on the two
solid–liquid interfaces is the same. Therefore, no

Unidirectional 
solidification
 zone

Transition zone

Bidirectional 
solidification
 zone

(a)

(b)

Fig. 9—Plot of interface displacement against
ffiffi
t

p
; simulations

performed with different gap sizes of (a) 5 lm, and (b) 20 lm under
constant temperature gradient of 1 �C=cm. Parameters used are
defined in Table I.

Fig. 10—Comparison of the bonding time between TG-TLP and
C-TLP bonding under a TG of 50 �C/cm; maximum bonding
temperature 170 �C; gap size 0.1 mm.
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concentration gradient across the liquid phase during
the isothermal solidification stage. However, the liq-
uidus solute concentration on both interfaces is different
in TG-TLP bonding, because the two interfaces have
different temperatures, which induces a concentration
gradient across the liquid phase. Hence, this indicates
that the major driving force which enables the TG-TLP
bonding to exhibit a shorter tf compared to the C-TLP is
the occurrence of concentration gradient across the
liquid phase, during the solidification process.

It has been recognized in the literature that diffusion
through the liquid is responsible for shorter tf during
TG-TLP bonding compared to C-TLP bonding. Never-
theless, there are two components that control solute
flux during liquid-state diffusion: the solute diffusivity
and the concentration gradient. The analysis performed
in this work has clearly showed that the solute concen-
tration gradient in the liquid phase is the key factor that
enables shorter tf in TG-TLP bonding compared to
C-TLP bonding. Notwithstanding that the influence of
liquid-state diffusion, it is worthwhile to also analyze the
role that solute diffusivity in the solid ðDsÞ plays during
the TG-TLP bonding method. Generally, DL is orders of
magnitude higher than Ds. Accordingly, it has been
assumed in the literature that solid-state diffusion can be
ignored during the modeling of TG-TLP bonding, due
to the low value of Ds relative to DL and that the
contribution of Ds to the whole process kinetics can be
considered negligible.[1] However, calculations per-
formed in this work show that an increase in the value
of Ds can significantly reduce the solidification comple-
tion time tf during TG-TLP bonding (Figure 11). The
analysis in Figure 11 is performed at a constant
temperature range and temperature gradient. The fre-
quency factor and activation energy of DL are kept

constant, frequency factor of Ds is also kept constant,
while the activation energy of Ds is varied. To explain
the influence of Ds on the kinetics of TG-TLP bonding,
it is vital to examine how the movement of the two
solid–liquid interfaces changes with time during the
solidification process. Also, it is worth noting that
during the solidification process, the solute diffusivity in
both the liquid and solid phases increases with increases
in temperature along the TG direction. To simplify the
analysis, all the values of frequency factor and activa-
tion energy for both the DL and Ds are kept constant.
The DL and Ds only change as the temperature changes
during the TG-TLP bonding process. The effects of the
increase in the DL and Ds with increases in temperature,
during the process, are used to determine how DL and
Ds affect the kinetics of the bonding process. The
kinetics as defined here are the slopes of the plot of the
two solid–liquid interface displacements against the
square root of time. The slope of the solidifying
interface displacement is denoted as Us; while that of
the melting interface is Um. Three cases are simulated.
Case 1 is when the DL and Ds values are kept constant
with respect to the temperature, throughout the bonding
process. This serves as the baseline condition for
comparison purposes. Case 2 is when DL increases with

increases in temperature (denoted as D"
L), and Ds is kept

constant throughout the bonding process (denoted as
D�

s ). This case is used to study the effect of DL on Um

and Us. Case 3 is when DL is kept constant throughout
the bonding process (denoted as D�

L), and Ds increases

with increases in temperature (denoted as D"
s ). This case

is used to study the effect ofDs on Um and Us. The results
of these simulations are presented in Table III. The results
of Cases 1 and 2 show that increasing the value of DL

increases both Us and Um. However, increasing the value
of Ds increases the Us but decreases Um. The extent of
change in theUm andUs depends on themagnitudes ofDL

and Ds used in the bonding process. It should be noted
that to reduce the time tf necessary to complete the
bonding process and have all the liquid within the joint
fully solidified, it is not only necessary for Us to increase
but it is also beneficial for Um to reduce.
Accordingly, one of the reasons why a higher value of

Ds contributes to a shorter solidification completion
time tf as shown in Figure 11 is because of the strong
influence of Ds in decreasing Um, which helps to reduce
the extent of melting at the higher temperature solid–liq-
uid interface during bonding. These results show that Ds

can play a significant role during TG-TLP bonding,
which may not be intuitively obvious. To clarify, when
comparing C-TLP bonding to TG-TLP bonding, the
major reason why solidification completion time is
shorter in TG-TLP bonding relative to C-TLP bonding
is due to the occurrence of concentration gradient across
the liquid phase during TG-TLP bonding process, which
is not present during C-TLP bonding. However, when
just considering TG-TLP alone, the solidification com-
pletion time during TG-TLP bonding can be further
reduced if the diffusion coefficient in the solid state, Ds,
is increased. Moreover, analysis in this work shows that
aside from the influence of Ds in aiding reduction in tf ,

Fig. 11—Effect of increasing Ds on solidification completion time tf
(frequency factor and activation energy of DL are kept constant,
frequency factor of Ds is also kept constant, but the activation
energy of Ds is varied) during TG-TLP bonding with temperature
gradient of 50 �C/cm and a minimum temperature of 150 �C, and
gap size of 0.1 mm.
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Ds also influences the mode of solidification during the
early stage of TG-TLP bonding process. In a situation
where Ds is zero (ignored) the solidification mode is fully
unidirectional starting from the beginning of

solidification to the end (Figure 12). However, when a
value of Ds is incorporated, at the beginning of the
process, solidification occurs at the two solid–liquid
interfaces to produce a bidirectional solidification, which
later changes to unidirectional solidification as the
process progresses (Figure 12). Bigvand[21] has experi-
mentally observed the occurrence of bidirectional solid-
ification at the early stage of TG-TLP bonding and this
solidification model translated to unidirectional solidifi-
cation mode at a later stage of the bonding process. This
provides experimental validation of a key feature pre-
dicted by the numerical model developed and used in the
present work. This thus shows that in contrast to what
has been reported that solid-state diffusion can be
ignored during the modeling of TG-TLP bonding, this
work shows that solid state plays important roles during
TG-TLP bonding, by reducing bonding completion time
and influencing the mode of solidification, and, as such
should not be ignored.

B. Effect of Bonding Temperature Range During
TG-TLP Bonding Process

Most of the studies in the literature on the kinetics of
TG-TLP bonding are focused on the impact of the
magnitude of the temperature gradient; i.e., how the
magnitude of the TG affects the kinetics of solidification.
However, at any given TG value, there can be several

Table III. Results of Three Hypothetical Cases of TG-TLP Bonding

Case 1: D�
L,D

�
s Case 2: D"

L,D
�
s Case 3: D�

L,D
"
sffiffi

t
p

Um Us Um Us Um Us

5 �4:1� 10�4 1:8� 10�3 �3:8� 10�4 1:9� 10�3 �6:5� 10�4 2:0� 10�3

15 9:9� 10�4 3:3� 10�3 1:1� 10�3 3:4� 10�3 7:6� 10�4 3:5� 10�3

30 3:1� 10�3 5:6� 10�3 3:3� 10�3 5:8� 10�3 2:8� 10�3 5:8� 10�3

45 5:1� 10�3 8:1� 10�3 5:4� 10�3 8:4� 10�3 — —

Note: temperature gradient: 50�C=cm; gap size: 0:10mm, minimum temperature: 150 �C, and Ds 	 5:33x10�4cm2=s.

Bidirectional 
solidifcation

Unidirectional 
solidification

Fig. 12—Effects of solid-state diffusion (Ds) on direction of
solidification during TG-TLP bonding process. Ds 
¼ 0 (solid
diffusion considered); Ds ¼ 0 (solid diffusion neglected).

Fig. 13—Effect of increasing bonding temperature on bonding
completion time tf when TG is 5 �C=cm; gap size of 0.05 mm; and
base-metal thickness of 1.0 mm.

Fig. 14—Effect of increases in bonding temperature on bonding
completion time tf with a TG of 50 �C=cm; gap size of 0.05 mm;
and base thickness of 1.0 mm.
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temperature ranges, and the effect of temperature range on
the kinetics of TG-TLP bonding has been hardly studied.
In C-TLP bonding, temperature is known to have a
significant effect on the solidification completion time tf . A
dual effect of an increase in temperature with solidification
time has been observed.[22] The dual effect is a condition in
which the tf initially decreases as bonding temperature
increases up to a critical temperature threshold of TC,
above which further increase in temperature increases the
tf , thus resulting inaU-shape curvewhen tf vs. temperature
is plotted.[22] In order to study the effect of temperature
range during the TG-TLP bonding process on the occur-
rence of the dual temperature effect, a fixed TG value is
used in the present work. The minimum temperature in
each temperature range of the TG is used as a parameter to
represent the temperature when plotting the solidification
completion time against bonding temperature. The result
presented in Figure 13 shows that the dual temperature
effects are also possible during TG-TLP bonding. Gener-
ally, when temperature increases, the volume of liquid
within the joint region increases and likewise the solidifi-
cation kinetics increases. The decrease in tf when the
temperature is increased occurswhen the extent of increase
in the solidificationkinetics is large enough toovercome the
concomitant increase in the liquid volume.However, as the
temperature is increased beyond a threshold temperature,
TC, the extent of increase in the solidification kinetics may
not be large enough to overcome the attendant increase in
the liquid volume and this would cause the tf to increase as
the temperature is increased. Further analysis shows that if
the concentration gradient in the liquid, which is the key
driving force that enhances solidification kinetics during
TG-TLP bonding, is increased, the dual temperature effect
can be prevented. A major bonding parameter that can be
used to increase the concentration gradient in the liquid is
themagnitude of the imposed TG. Figure 9 shows how the
concentration gradient in the liquid at the solidifying
solid–liquid interface varies with TG. By increasing the
magnitude of the TG from 5 to 50 �C=cm, the dual
temperature effect is avoided as the solidification comple-
tion time monotonically reduces with increase in bonding
temperature (Figure 14). Therefore, an undesirable
increase in solidification completion time with increase in
bonding temperature range can be avoided; adequate
solute concentration gradient exists across the interlayer
liquid phase during TG-TLP bonding.

IV. SUMMARY AND CONCLUSIONS

The key findings and conclusions in the work are
summarized as follows:

1. A new TG-TLP bonding numerical model that
incorporates variable diffusivity that not only changes
with temperature but alsowith solute concentration in
the solid has been developed and validated by exper-
imental data reported in the literature.

2. A comparison of the solidification completion time
between the C-TLP and TG-TLP bonding processes

shows that instead of the high value of solute
diffusivity in the liquid, the major reason why
TG-TLP bonding produces shorter processing time
compared to C-TLP bonding is due to the occur-
rence of solute concentration gradient in the liquid
during TG-TLP bonding, which is essentially zero
during C-TLP bonding.

3. Moreover, an increase in the solid-state diffusion
coefficient is found to decrease the solidification com-
pletion time. This is attributable to the fact that
solid-state diffusion plays a significant role of reducing
the melting kinetics and increasing the solidification
kinetics during the TG-TLP bonding process, notwith-
standing the previous assumption in the literature that
solid-state diffusion canbe ignored during themodeling
of TG-TLP bonding process.

4. Aside from affecting the kinetics of the bonding
process, the result of an analysis performed by the
new numerical model, which is validated by exper-
imental result reported in the literature, shows that
solid-state diffusion also influences the occurrence
of bidirectional solidification mode at the early
stage of the bonding process. The bidirectional
solidification mode subsequently translates to uni-
directional solidification as the TG-TLP bonding
process progresses.

5. This study shows that a dual temperature effect,
where solidification completion time decreases and
later increases as bonding temperature is increased,
can occur during TG-TLP bonding. However, this
undesirable behavior can be avoided provided that
the concentration gradient in the liquid is large
enough to adequately enhance the solidification
kinetics to persistently overcome the increased vol-
ume of liquid that accompanies increase in bonding
temperature.
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APPENDIX

The up/downwind approximations used in the analysis are

For positive
velocity
(snþ1>sn)

Negative
velocity
(snþ1<sn)

pnjþ1=2 ¼ pnjþ1 pnj�1=2 ¼ pnj pnjþ1=2 ¼ pnj pnj�1=2 ¼ pnj�1

qnþ1
jþ1=2 ¼ qnþ1

jþ1 qnþ1
j�1=2 ¼ qnþ1

j qnþ1
jþ1=2 ¼ qnþ1

j qnþ1
j�1=2 ¼ qnþ1

j�1

znjþ1=2 ¼ znjþ1 znj�1=2 ¼ znj znjþ1=2 ¼ znj znj�1=2 ¼ znj�1
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Equation [8] is rearranged to calculate the future

solute concentration, so that pnþ1
j gives Eq. (A1), where

a1; a2 , and a3 are the diffusion values obtained from the
upwind solution. Separate values are derived for the
downwind solution.

pnþ1
j ¼ a1p

n
j þ a2p

n
j�1 þ a3p

n
jþ1; ½A1�

a1 ¼ s1n � Dt

Duð Þ2
DAð Þnj�1=2 þ DAð Þnjþ1=2

s1n

 !

=s1nþ1 �
ðs1nþ1 � s1nÞuj�1=2

Dues1nþ1
;

½�

a2 ¼
Dt

Duð Þ2
DAð Þnj�1

2

s1n

 !
=s1nþ1; ½�

a3 ¼
Dt

Duð Þ2
DAð Þnjþ1

2

s1n

 !
=s1nþ1 þ

ðs1nþ1 � s1nÞujþ1=2

Dues1nþ1
: ½�

The future solute concentration of Phase C is derived
by using similar approach, which is expressed in
Eq. (A2), where c1; c2 , and c3 are the diffusion values
obtained from the upwind solution. The values for the
downwind solution are derived separately.

qnþ1
j ¼ c1q

n�1
j þ c2q

n
j�1 þ c3q

n
jþ1; ½A2�

c1 ¼
ðL� s2n�1Þ � Dt

ðDvÞ2
ðDCÞn

j�1
2

þðDCÞn
jþ1

2

L�s2nf g

ðL� s2nþ1Þ

�
ðs2nþ1 � s2nÞ 1� vj�1=2

� 	
DueðL� s2nþ1Þ
� � ; ½�

c2 ¼
Dt

Dvð Þ2
DCð Þnj�1

2

ðL� s2nÞðL� s2nþ1Þ

 !
; ½�

c3 ¼
Dt

Dvð Þ2
DCð Þnjþ1

2

L� s2nð Þ L� s2nþ1
� 	

þ
ðs2nþ1 � s2nÞ 1� vjþ1=2

� 	
DueðL� s2nþ1Þ
� � ; ½�

Cn
BA ¼ 1

m
T0 � Tmð Þ þ G

m
s1n; ½A3�

Cn
AB ¼ f�Cn

BA; ½A4�

Cn
BC ¼ 1

m
T0 � Tmð Þ þ G

m
s2n; ½A5�

Cn
CB ¼ f � Cn

BC: ½A6�

ABBREVIATIONS

TLP Transient liquid phase
TG Temperature gradient
C-TLP Conventional transient liquid

phase
TG-TLP Temperature gradient transient

liquid phase
D Diffusion coefficient
MPD Melting point depressant
Cðx; tÞ Concentration profile
CAB = Cðs1ðtÞ�; tÞ Equilibrium concentration in

Solid A
CCB = Cðs2 tð Þþ; tÞ Equilibrium concentration in

Solid C
CBA = Cðs1 tð Þþ; tÞ Equilibrium concentration in

Liquid/Solid A
CBC = Cðs2 tð Þ�; tÞ Equilibrium concentration in

Liquid/Solid B
Dðcðx; tÞÞA;C Diffusivity of Solid A or C
p ¼ pðu; tÞ Concentration profile of Solid A
z ¼ zðw; tÞ Concentration profile of liquid

phase
q ¼ qðv; tÞ Concentration profile of Solid C
s1ðtÞ; s2ðtÞ Solid/Liquid Interfaces 1 and 2
k Geometric factor (0, 1 or 2 for

planar, cylindrical or spherical
geometry, respectively)

N, K, M Number of discretizations in the
phases

Q Activation energy (kJ/mol)
R Universal gas constant (kJ/mol K)
G ¼ dT=dX Temperature gradient across the

bonding line
f Partitioning coefficient between

the liquidus and solidus lines
m ¼ dT=dC Slope of the temperature and

solute composition
Tm Melting temperature of a material
To Lowest bonding temperature on

temperature gradient line
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