Modelling of transient liquid phase bonding
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Modelling of transient liquid phase (TLP) bonding
is reviewed. The outputs produced during
analytical and numerical modelling are discussed
in detail and compared with actual experimental
results produced when joining simple binary alloy
systems. The effects of increased diffusivity at
base material grain boundaries, of grain boundary
motion, and of grain boundary grooving, on
isothermal solidification during TLP bonding are
described. There is a critical need for detailed
research in which modelling output is closely
related to direct microstructural observations
during bonding of complex alioy systems.
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Introduction

Diffusion controlled growth or dissolution of an
unstable phase is important in a wide range of
metallurgical situations,!~ such as:

(i) in solid—gas (vapour) systems when an inter-
mediate aluminide phase grows during
aluminisation of nickel base alloy materials*

(ii) in solid-solid systems when a second phase
grows and subsequently dissolves during
solution heat treatment,” or when an inter-
mediate layer grows in a thermal barrier
coating®

(iii) in solid-liquid systems when the liquid phase
grows and/or shrinks during liquid phase sin-
tering’ or during transient liquid phase (TLP)
bonding.®

During TLP bonding, a thin layer of liquid forms at
the joint interface, wets the contacting substrates, and
then solidifies isothermally.®® Liquid film formation
during TLP bonding depends on the formation of a
low melting point eutectic or peritectic at the joint
interface. An interlayer (filler metal) is clamped be-
tween the contacting metal surfaces and the entire
assembly is heated to the bonding temperature. At
the bonding temperature, the interlayer forms a liquid,
either directly or by reaction with the base metal.
The resulting liquid film resolidifies isothermally when
the joint is held at the bonding temperature.
Following isothermal solidification, the joint is
homogenised either at the bonding temperature or at
some lower temperature. All stages of TLP bonding
(interlayer and base metal melting, isothermal solidi-
fication and joint homogenisation) depend on solute

diffusion from the joint centreline region into the base
material.

In certain situations, liquid formation can occur
without the introduction of an interlayer at the bond-
line. For example, solute diffusion during heating
promotes formation of a low melting point eutectic
in Zircaloy 2-AISI 304 stainless steel joints.'°
However, in this case, the liquid film width increases
continuously at the bonding temperature. Since this
is quite a different situation from that assumed during
TLP bonding (where the liquid width increases to a
maximum value before isothermal solidification) this
joining process is generally termed eutectic bonding.
As would be expected, the success of eutectic bonding
depends on being able to produce a uniform temper-
ature distribution across the whole joint and on
careful control of bonding temperature and holding
time.

Transient liquid phase bonding has been employed
in a range of applications, since it produces joints
that have microstructural and hence mechanical prop-
erties similar to those of the base material. Transient
liquid phase bonding has the following advantages.

1. Joint formation depends on an isothermal,
relatively low temperature bonding mechanism.

2. No interface remains after the TLP bonding
operation.

3. Since the joining technique depends on capillary
filling, the joint preparation before TLP bonding is
relatively simple. Also, using the wide gap TLP bond-
ing technique permits repair of defects up to 100 pm
wide.!1:12

4. In contrast to diffusion bonding,!*'4 the joining
process is highly tolerant to the presence of a faying
surface oxide layer. For this reason, and because of
the absence of thermal stresses, TLP bonding is ideal
when joining intermetallic base materials which
have stable oxide surface films, are highly sensi-
tive to microstructural changes, and have poor low
temperature ductility.*>18

5. The bonding process is ideal when joining base
materials which are inherently susceptible to hot
cracking or post-weld heat treatment cracking
problems.*?

6. The bonding process is ideally suited for the
fabrication of large and complex shaped components.

Transient liquid phase bonding has been used when
joining nickel base and iron base superalloy mater-
ials,®*22%-4% when joining titanium alloys,*'=** when
joining stainless steel,*> when joining aluminium,*
when joining aluminium base and titanium base metal
matrix composites,*’* during dissimilar joining of
copper to austenitic stainless steel,”> and when joining
microcircuitry components.>®3” Non-metals have also
been joined using TLP bonding; for example, silicon
nitride has been bonded at 1550°C using an oxynitride
glass.>® In this case, the key requirement is that the
glass composition must be selected so that thermal
expansion mismatch is minimised.
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Rationale for review

Although TLP bonding has been widely applied, the
underlying basis for its use rests on empirical testing.
Much published research on final joint quality empha-
sises the results of engineering assessments, i.e. evalu-
ations of high temperature tensile strength, creep
rupture strength, thermal shock resistance, corrosion
resistance, fatigue properties, and so on. Considerable
work is still required to provide a quantitative predic-
tion of the optimum bonding conditions (interlayer
composition, bonding temperature, holding time)
during TLP bonding. However, much research has
been carried out on modelling of diffusion controlled
growth or dissolution of an unstable phase (as is
encountered during TLP bonding) using analytical
and finite element modelling techniques. In addition,
a number of microstructural investigations (of varying
detail) of TLP bonding have been completed.>®~%*
With this in mind, the present review describes the
status of research in process modelling of TLP bond-
ing. The advantages and disadvantages of analytical
and numerical modelling are discussed, based on a
comparison of calculated output with the experi-
mental results produced when examining simple
binary alloy systems. Finally, the extent to which
modelling output and microstructural observations
can be correlated in complex alloy joints is reviewed.
Since much research has been published on TLP
bonding of nickel base superalloys, the results pro-
duced in this particular area are reviewed as an
example of the application of modelling when joining
complex alloy systems. The future needs in TLP
bonding research are associated with the development
of a much clearer relationship between modelling
output and direct microstructural observations.

Basis of process

Stages in TLP bonding

Duvall et al.® examined TLP bonding of Ni-Cr—Co
base superalloy material using Ni—B filler metal and
suggested that the TLP bonding process comprised
three different stages, namely, base metal dissolution,
isothermal solidification of the liquid phase, and joint
homogenisation. However, Tuah-Poku et al.® investi-
gated TLP bonding of silver using pure copper filler
metal and suggested that filler metal melting and
widening of the liquid zone at the bonding temper-
ature were separate stages. There is consequently
some dispute concerning the detailed characteristics
of the base metal dissolution stage.

MacDonald and Eagar®® pointed out that a further
stage should be included in TLP bonding in order to
account for solute diffusion during the heating cycle
to the bonding temperature. This assertion was based
on an analysis of the experimental results published
by Niemann and Garret*” when they joined Al-B
composite base material using thin copper foils. When
the heating rate between room temperature and the
eutectic temperature is very slow, insufficient liquid
forms at the resulting bonding temperature (owing to
diffusion of copper from the copper filler metal into
the base material during the heating stage), and very
poor joint mechanical properties are produced. It is
worth emphasising that the heating rate between the
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also has an important effect on the process kinetics
which occur during TLP bonding. Solute diffusion in
the temperature range from the filler metal melting
point Ty to the bonding temperature T; may allow
solidification to occur before the selected bonding
temperature is reached. This particular situation was
modelled by Nakagawa et al.°® during TLP bonding
of Nickel 200 base metal using Ni—19 at.-%7P filler
metal. Solidification occurred when the heating rate
between T, and T, was very slow (~1Ks™!) and
when a thin (5 pm) filler metal was used. In addition,
the likelihood of solidification at temperatures
between Ty and Tj increased markedly when the filler
metal contained a high diffusivity melting point
depressant such as boron. It is worth noting that the
heating rate from the eutectic temperature to the
bonding temperature can be very slow unless induc-
tive heating is employed during TLP bonding. For
example, Zhou®” obtained a heating rate of 2-5 K s~!
between the eutectic temperature (850°C) and the
bonding temperature (1150°C) when joining 10 mm
long x 10 mm dia. cylindrical Nickel 200 test sam-
ples using Ni—19 at.-%P filler metal in a vertical
radiation furnace.

Based on the above commentary, the different
stages during TLP bonding require further classifi-
cation. With this in mind, an overall classification of
the different stages in TLP bonding is presented
below. It is convenient to describe this classification
of TLP bonding using the binary eutectic equilibrium
phase diagram and the time-temperature relationship
shown in Figs. 1 and 2. It is worth noting that this
classification equally applies when a eutectic alloy
filler metal is employed (see Figs. 1 and 3a) and when

‘a single element filler metal is used during TLP

bonding (see Figs. 1 and 3b).

Stage |
This is the heating stage, where the component is
heated from room temperature to the filler metal
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2 Schematic showing different stages during
heating cycle of TLP bonding, where Ty is
bonding temperature and Ty, is melting point
of filler metal

melting temperature (from point 0 to point a in
Fig. 2). During heating, interdiffusion occurs between
the filler metal and base material so that the solute
concentration C,s at the base material/filler metal
interface changes with temperature following the
solvus line in the binary phase diagram (see Fig. 1).
Niemann and Garret?” pointed out that the heating
stage is particularly important when the filler metal
is very thin (since all the filler metal can be consumed
during heating to the bonding temperature). In this
connection, Li et al.®* examined TLP bonding of
alumina bearing metal matrix composite material
using thin copper foils and found that the minimum
interlayer thickness for satisfactory joint formation
increased from 0-6 to 2 pm when the heating rate
decreased from 5 to 1 Ks™ L.

Stage |l

This is the dissolution stage (from point a to point b
and then to point c in Fig. 2), when the base metal
dissolves into the liquid and hence the width of the
liquid zone increases. This stage can be subdivided
as follows.

Stage II-1

In this stage, the temperature increases from the
melting point to the bonding temperature (from
point a to point b in Fig.2) and the solute concen-
trations, Cy, and C,, and Cy; and Cy. at the solid/
liquid interfaces are changing with temperature fol-
lowing the solidus and liquidus lines in the binary
phase diagram.

Stage II-2

This is when isothermal dissolution occurs at the
bonding temperature (from point b to point c¢ in
Fig. 2). When a single element interlayer B is used in
the binary eutectic alloy system, three metallurgical
phases («, §, and liquid) are present at the beginning
of the dissolution stage. Stages II-1 and II-2a (see
Fig. 3b) proceed and the f-phase disappears during
stage II-2b. At the end of stage II, the liquid zone has
reached its maximum width.

Col  Stage IH Cal

|

a b

3 Schematic showing concentration profiles
during TLP bonding using a eutectic filler metal
and b single element filler metal

Again, it is worth noting that isothermal dissolution
of the base metal might not occur at the bonding
temperature if the heating rate between Ty and Ty is
very slow and a thin eutectic composition filler metal
containing a high diffusivity melting point depressant
is used.®®

Stage Il
This is the isothermal solidification stage, where the
liquid zone solidifies as a result of solute diffusion
into the base metal at the bonding temperature (from
point ¢ to point d in Fig. 2). The solute concentra-
tions at the solid/liquid interface C;, and C,. are
unchanged during this stage and the width of the
liquid zone decreases continuously until the joint
completely solidifies. The solute distribution in the
liquid is uniform during almost all of the isothermal
solidification stage.5¢-68

The isothermal solidification stage is generally
considered to be the most important since the com-
pletion time required for the entire TLP bonding
process is largely determined by the time required for
completion of isothermal solidification (see, for
example, Refs. 8, 69). This readily explains why much
research has been carried out on this particular aspect
of the bonding process.

Stage IV

This is the homogenisation stage where solid state
solute redistribution occurs (from point d to point e
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in Fig. 2). The homogenisation temperature need not
be that used during stages II and IIT and this oper-
ation is generally terminated when the maximum
solute concentration at the joint centreline reaches
some preselected value.

The two crucial factors in the TLP bonding process
are that: the completed joint has a chemical compos-
ition located in the single phase region of the binary
equilibrium phase diagram (Fig. 1); and the joining
process approaches this end point through solute
diffusion. Figure 3 confirms that use of a single
element filler metal will markedly increase the maxi-
mum liquid width and hence the time required for
joint completion during TLP bonding (compared
with the situation when an equivalent thickness, eutec-
tic composition filler metal is employed). However, it
is important to emphasise that TLP bonding is a
continuous process and Figs. 1-3 are only presented
as a basis for understanding the physical phenomena
that occur during the joining operation.

Process modelling

Much modelling research to date has involved the
use of analytical methods.®1>2%-7%71 However, the
analytical approach treats the joining process as a
number of discrete steps and this is not what actually
occurs during TLP bonding. For example, the com-
pletion time required for solute homogenisation will
depend on the solute distribution immediately follow-
ing completion of the isothermal solidification stage.”
In addition, the analytical calculations for each stage
of the joining process depend on the error function
solution and parabolic law assumptions and these
may be considered only as approximate solutions. In
contrast, numerical modelling has the key advantage
that it can treat base metal dissolution, isothermal
solidification, and solute homogenisation as inter-
dependent sequential processes. Furthermore, numer-
ical modelling can be readily applied to two- or three-
dimensional joining situations, or when the fabricated
components have complicated shapes.

Local equilibrium at the migrating interface is
generally assumed when modelling two phase
diffusion controlled problems. However, this is an
approximation, since local equilibrium is generally
not attained at the solid/liquid interface.”® Also, it is
generally assumed that the formation of the liquid
phase assures complete wetting of the base metal
and production of a sound joint, and this may not
necessarily be the case during TLP bonding.

Basic solutions for diffusion equations
Analytical modelling of TLP bonding depends on
classical solutions for Fick’s diffusion equations.”®
For the sake of brevity, the present discussion will be
limited to two cases only.

The first case occurs when the surface of a semi-
infinite specimen with an initial solute concentration
Cy is maintained at composition C, for all t>0
values, i.e.

C(y,0)=Cy - (1)
CO,)=Co « « « v v e .
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where t is time and y the distance from the surface,
and the solute concentration in the specimen is

y
C(y,t)=C0+(CM—CO)erf<W> N )]

where D is the solute diffusion coefficient. The rate
at which the diffusing species enters the specimen is
given by the relation

L) _D(Cu=Co)
ay y=0 (TEDt)I/Z
The total amount M, of diffusing substance which

has entered the medium at time ¢ is found by
integrating the above equation with respect to ¢

Mt=2(c0—cM)(Dt>1/2 N )

[

(4)

The second case is when the initial thickness (24) of
the source of the diffusing species (Cy) is of the order
of the diffusion distance (Dt)*?, i.e.

C(y,0)=C, hzy=0 . . . . . . . (6)
C(y,0)=Cy y>h . . . . . . . . (D

where Cy is the initial concentration of diffusant in
the specimen. The solute concentration is given by
the relation

1
C(y,t)=Cy + 5 (Co—Cwm)

y+h y—h
x {erf[(wr)”z} _erf[(wr)”]} ®

Analytical solutions for TLP bonding

As pointed out above, analytical solutions have been
derived for each individual stage in TLP bonding. It
is tacitly assumed that the output of any stage does
not affect the operating conditions that apply in
subsequent stages of the TLP bonding process.

Heating stage

Equation (5) was used by Niemann and Garret*’ to
calculate the loss of the copper from an electroplated
copper layer during the heating cycle from room
temperature to the bonding temperature (when join-
ing Al-B composite material). They developed the
relation

xp, = 111284p, (C.s — Cy)DsH . . . . (9)

where x is the thickness of copper coating lost through
diffusion, p, the density of copper, Dy the diffusion
coefficient of copper in aluminium, ¢ time, C,g the
solubility of copper in aluminium, p, the density of
the alloy, and Cy the initial copper concentration in
the -aluminium substrate. Niemann and Garret
assumed constant C,g and D values in their calcu-
lations. However, both the diffusion coefficient and
solid solubility limit increase with temperature. With
this in mind, MacDonald and Eagar® suggested this
problem could be overcome through the use of the
effective diffusion coefficient proposed by Shewmon.”
It is worth pointing out that this diffusion problem
is easily solved using numerical techniques.>*
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base superalloy material MBF-007 using and
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Dissolution stage

No analytical solution is available for stage II-1 of
TLP bonding (base metal dissolution during the
heating cycle from the eutectic temperature to the
bonding temperature) since the solute concentrations
C., and C, at the interface vary with temperature.
In this connection, only limited work has been carried
out to determine the process kinetics during stage I1-2
of the TLP bonding process (base metal dissolution
at the bonding temperature).

Nakao et al' examined isothermal dissolution
during TLP bonding (stage II-2 in Fig. 2) and,
based on the Nernst-Brunner theory (see Ref. 66),
developed a dissolution parameter P

Wo(W: + ph)]
ph(Wo— W)~

where W, is the width of base metal dissolved at
time t, W, the equilibrium (saturated) dissolution
width, p the ratio of the densities of the liquid and
solid phases, h half of the initial liquid width, and
K a constant. During TLP bonding of nickel base
superalloy base material using Ni—15-5 wt-%Cr filler
metal, this dissolution parameter was related linearly
to holding time (see Fig. 4). Nakao et al3! therefore
concluded that the Nernst-Brunner theory could be
used to explain dissolution during TLP bonding.
However, Nakagawa et al. pointed out that the key
assumptions of a thin boundary layer and a large
bulk liquid region in the Nernst-Brunner theory did
not apply during TLP bonding, and solute diffusion
into the base metal was neglected in the calculations
made by Nakao et al. It is worth noting that the
width of the liquid layer was held constant during
the TLP bonding experiments carried out by Nakao
et al. When, however, silver base metal was TLP
bonded using copper filler metal, the liquid width
formed at the bonding temperature was not held
constant, and a non-linear relation was observed
between the dissolution parameter and holding
time.5-66

Lesoult’™ applied a square root law solution to
estimate the time required for interlayer melting when
a pure metal interlayer was used in a binary eutectic
alloy system. However, MacDonald and Eagar®® have
pointed out that Lesoult’s assumption that the final

P=Kt=h1n[ . (10)

t70
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width of the liquid zone equals the interlayer width
(when melting of the interlayer is completed) is doubt-
ful, since base metal dissolution occurs when the
interlayer melts. In this connection, Liu et al.”® devel-
oped a model that accounts for base metal melting
during liquid formation. They used a general error
function solution to describe the solute distribution
in the liquid zone when modelling stage II-2a (the
dissolution stage when three metallurgical phases
exist) and assumed that there was no solute diffusion
into the base metal. These assumptions are question-
able. The error function solution is really only appli-
cable for infinite or semi-infinite media, and the liquid
zone is very thin in comparison with the solute
diffusion rate in the liquid during TLP bonding.
Furthermore, solute diffusion into the base metal can
affect the process kinetics during stage II of TLP
bonding®

In summary, analytical methods are difficult to
apply during modelling of the dissolution stage during
TLP bonding. It is shown in the section ‘Comparison
of numerical and analytical output’, below, that
numerical methods are more efffective when solving
this particular problem.

Isothermal solidification
Solute distribution in the liquid can be considered
uniform during the isothermal solidification stage of
TLP bonding,%*%” and therefore, solute diffusion in
the liquid can be ignored. In addition, the base metal
can be assumed to be semi-infinite because solute
diffusion in the solid is relatively slow. The isothermal
solidification stage during TLP bonding can be
analytically modelled as a single phase diffusion
controlled moving interface problem (see Fig. 5).
Lynch et al.”” first linked interface movement with
the mass balance at the liquid/solid interface but
failed to provide an analytical solution for this
problem. Tuah-Poku et al.® proposed a method for
estimating the completion time required to the iso-
thermal solidification stage of TLP bonding, In their
treatment, the problem was simplified to a half semi-
infinite base metal with a surface on which the solute
concentration was maintained at C,;. Consequently,
an error function solution can be employed to
describe the solute distribution in the base metal

Yy
Cy,t)=Cy +Cy erfli(‘]-D—s)lﬁ:I . (11)
where C,; is the solute concentration in solid at
the interface. The total solute amount M, that has
entered the base metal at time ¢ can be calculated
from the relation

Dyt\1?
M, =2Cy <7>

If the amount of solute diffused into the base metal
during the heating and dissolution stages is ignored,
the total amount of solute diffused into the base metal
equals the original solute content of the filler metal, i.e.

Dst\'2
CF I’Vo = 4CaL <7S>

. (12)

. (13)

where Cg is the solute content in the filler metal and
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W, the initial width of the filler metal. The completion
time for isothermal solidification can therefore be
calculated using the relation

fo = n CeWy 2
ST 16Dg\ C,y
Similar treatments of this problem have been reported
by Ikawa et al.,*> Nakao et al.,>* and Onzawa et al.*

A more rigorous treatment of the problem was
presented by Lesoult.”® His derivation is almost ident-
ical with that described by Danckwerts,”® when he
derived a general solution for unsteady state linear

heat conduction or diffusion. A general error function
solution is assumed in the solid phase

. (14)

Cs(y, t)=A1+A2 erfl: . (15)

o
2(Dst)'?

where A, and A, are constants determined by the
specific boundary conditions. When y — oo

Cs(w, t)=A1+A2=CM . . . . . . . (16)

and at the moving interface

Ci(Y,t)=A4,+ A, erfl:iD_:it)m] =C, . . (17)
Since equation (17) has to be satisfied for all values
of t, Y must be proportional to t'/2, i.e.

Y= K(4Dst)'? .
where K is a constant. The mass balance at the
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interface produces the relation

dy(r) 0Cs(y, 1)
=D .. (19
de ® < dy >y=Y(t) (19)

Solving equations (15) and (19) leads to
K(1 +erf K)n'l? _ Ca.—Cy
exp(—Kz) B CLa - CazL

Similar solutions were derived by Sakamoto et al.,”®
and Ramirez and Liu.®° It is worth noting that in the
derivations of Lesoult’® and Liu et al,’® the term
exp(—K?) is higher than the fraction indicated in
equation (20). Also, Le Blanc and Mevrel* used an
identical derivation procedure to obtain a formulation
which accounts for boron consumption as a result of
boride formation during TLP bonding of nickel base
superalloy base material.

The completion time for isothermal solidification
during TLP bonding can be calculated using the
relation

W hax
~ 16K2Dy

where W, is the maximum liquid width calculated
using the mass balance method.®

Derivation of equation (14) depends on the assump-
tion that the solute distribution is given by equa-
tion (11) and this is only exact for a stationary
interface. Since the liquid/solid interface migrates
during TLP bonding, it is important to determine the
conditions when this assumption can be applied.
Solving equations (15)—(17), we obtain

(CLa - CaL)

. (20)

ts . (21

_ CM - CaL CM - CaL
Cs(y, 1) =Cy— 1—erf(K)  1—erf(K)
y
g erf[z(nst)”} ™

K is the factor related to the solute distribution in
equation (20) and therefore when K-—-0 and
erf(K)—1, equation (22) becomes

y
Cs(y, 1) =Cou. +(Cy— Cr) eff[WJ (23)
This is identical to equations (3) and (11). It follows
that the solute distribution in the solid can be
calculated using equation (11) when K is very small.

Homogenisation stage

Equation (8) was used by Ikawa et al.?? to model the
solute distribution during homogenisation of TLP
bonded nickel base superalloy material. In their for-
mulation, h was half the maximum liquid width at
the end of the base metal dissolution period and C,
equalled C;,. The solute concentration attained its
maximum value at the centreline of the specimen
(x =0) when,

Cmax = C(Oa t) = CM + (CO - CM)

h
x erf [—4 De0)! /21|

When examining the aluminium redistribution during

. (24)



Zhou et al. Modelling of transient liquid phase bonding 187
20
o
1.5
R —
—
o = 1.0
e
x .
- os5F © Experimental
Q ~— Calculated
g
00 =3 =2 1 100 101 2 030 104
10°° 10 10 10 10 10 10 10
2
] {]]
50 T T T T T
¢ 100 200 300 7 Comparison of calculated and experimental
Holding time, ks results during TLP bonding of single crystal
nickel (after Ref. 67)
L4 experimer{tal test resuits

e calculated results .

6 Calculated and experimentally measured
aluminium concentrations at the joint centreline
during homogenisation of TLP bonded nickel
base superalloy material using MBF-80
filler metal at 1453 K (after Ref.12): C, is
concentration of aluminium at time t; G, is
aluminium concentration in base metal

homogenisation of nickel base superalloy material,
Nakao et al.3! observed close agreement between the
results calculated using equation (24) and the experi-
mental values (for much of the homogenisation
period). However, there was a distinct difference
between the analytical calculations and the experi-
mental values during the early stages of the homo-
genisation treatment (see Fig.6). Nakao et al!?
suggested that this difference was due to a critical
assumption in the analytical results (that the alumin-
ium concentration in the joint centreline was uniform
at the beginning of the homogenisation period).

Zhou® also used equation (24) to model the homo-
genisation stage during TLP bonding. In that study,
h was half the filler metal thickness (W,/2), and C,
the initial solute concentration in the filler metal Cy.
This particular approach has the advantage that the
maximum liquid width need not be calculated using
equation (24).

Numerical simulation of TLP bonding

Nakagawa et al.®® modelled dissolution behaviour
during TLP bonding of Nickel 200 base metal using
Ni-P and Ni-Cr-P filler metals. This research con-
firmed the critical effect that both the filler metal
thickness, and the heating rate between the filler metal
melting temperature and the bonding temperature
had on the base metal dissolution process. An explicit
finite difference method was employed to calculate
solute diffusion in liquid and solid phases and a
stepwise ‘mechanical’ mass balance method was
used to determine solid/liquid interface movement.
However, the approach of Nakagawa et al. had
inherent problems, since the exact location of the
solid/liquid interface could be determined using the
stepwise mass balance technique, and extremely long

calculation times were required when the whole TLP
bonding process was modelled.

These problems were overcome by developing a
fully implicit finite difference model that simulated
the TLP bonding process in a continuous manner.3!
Figure 7 compares the calculated and experimental
test results during TLP bonding of single crystal
nickel. The results are in excellent agreement and a
short computation time is required. This numerical
model output can be used to:

(i) predict the completion times required for
dissolution, isothermal solidification, and
homogenisation

(ii) predict the solute concentration distribution
both in the solid phase and in the liquid phase
throughout TLP bonding (see Figs. 8-10);
these results cannot be calculated using
analytical methods®®

(iii) select the optimum filler metal (chemistry,

thickness) and bonding temperature which will
ensure that the TLP bonding operation is
completed in a reasonable time frame

(iv) examine diffusion controlled, two phase

moving interface problems other than TLP
bonding; for example, the fully implicit finite
difference model has been applied to the solu-
tion treatment of thin multilayer « and f brass
diffusion couples.®!-83
Figure 11 shows the influence of changes in the equi-
librium solute content in solid at the bonding tem-
perature C, on the completion times required for
base metal dissolution, isothermal solidification, and
homogenisation. C, can be varied by altering the
solute content in the filler metal or by changing the
bonding temperature. Increasing the C, value
decreases the time required for completion of iso-
thermal solidification and also the time required for
homogenisation. Thus, the time required for com-
pletion of the entire TLP bonding process (dissolu-
tion, isothermal solidification, and homogenisation)
will not be affected by an increase in the C,; value.

It has been suggested that selection of the optimum
bonding temperature during TLP bonding depends
on the interplay of increasing solute diffusivity and
decreasing equilibrium solute concentration in the

International Materials Reviews 1995 Vol..;lo No.5
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solid.® However, this idea is based wholly on a
consideration of the isothermal solidification stage
during TLP bonding; the critical homogenisation
stage during TLP bonding is not taken into account.
Since variation of the equilibrium solute concen-
tration in the solid has no influence on the time
required for completion of the whole TLP bonding
operation, the highest possible bonding temperature
should be selected during joining. This will increase
the rate of solute diffusion into the base metal. In
practice, the maximum bonding temperatures will be
limited by the need for compatibility with the heat
treatment requirements of the base material 3+

Comparison of numerical and analytical output

In the analytical approach, it-is assumed that move-
ment of the solid/liquid interface Y during isothermal
solidification obeys a parabolic law

Y = 28(42) = 2K (Dgt)1? . (25)

where the constant f defines the rate of interface
movement. During numerical calculations, f is
evaluated using the relation

1 dy
=3
The f parameter is a particularly useful means of

dy
=2, - . (26)
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9 Change in solute concentration profile during
isothermal solidification stage (after Ref. 68)
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10 Change in solute concentration profile during
homogenisation stage (after Ref. 68)

comparing the output of analytical and numerical
calculations. Figure 12 shows the variation of the
B parameter during base metal dissolution and sub-
sequent isothermal solidification for a hypothetical
TLP bonding situation.®® The value of f decreases
progressively and approaches zero when base metal
dissolution is almost completed. In fact, § decreases
to a value of —0-185 pm s~Y? and this is identical
to the analytical solution {equation (20)). Thus, the
isothermal solidification stage during TLP bonding
can be readily estimated using an analytical solution;
for example, Fig. 13 shows the results when nickel
base material is TLP bonded using Ni-B filler metal.3
In direct contrast, base metal dissolution depends on
a non-parabolic relation, and no single value of f can
characterise solid/liquid interface movement.

The remarkable difference between the output of
numerical and analytical solutions during base metal
dissolution and isothermal solidification occurs be-
cause the analytical calculations assume that solute
diffusion occurs wholly in solid state and that liquid
phase is not formed during the joining operation.
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11 Effect of solidus composition at bonding
temperature C, on completion times required
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homogenisation (after Ref. 68)
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Figure 14 compares the results of analytical and
numerical calculations of the homogenisation stage
during TLP bonding. Numerical and analytical
results are in close agreement during part of the
homogenisation stage, although differences are appar-
ent early and late in the processing cycle. The devi-
ation between the numerical and analytical results
late in the homogenisation stage (in Fig. 14) results
from the semi-infinite test specimen assumption in
the analytical calculations.

It can be concluded, therefore, that simple analyti-
cal solutions can be used to estimate the completion
times for isothermal solidification and for estimating
the solute concentration at the joint centreline. It
should be noted that the error function required in
the analytical solution must be found by solving
equation (20) numerically. Also, direct parameter
input into a numerical program can permit ready
prediction of the completion times for dissolution,
isothermal solidification, or homogenisation (for any
chosen bonding temperature and filler metal-base
metal combination).

Modelling of real systems

Much research to date on modelling of TLP bond-
ing has involved two aspects. The first aspect is

BT BT B R BT T MR TTT T S werT i |
10-7109 107 102 103 104 105 106 107
Bonding time, s

Calculated changes in solute concentration at
specimen centreline during TLP bonding
(after Ref. 68)

one-dimensional modelling only. However, when
Tuah-Poku et al® compared their analytically
calculated and experimental completion times for
isothermal solidification during TLP bonding of silver
using copper filler metal, they observed a marked
difference in these results. They suggested that this
difference might be due to liquid penetration at grain
boundaries in the base metal (this increased the solid/
liquid interfacial area for solute diffusion). This effect
has been confirmed in research by Kokawa et al.®
and Saida et al® (Fig. 15). With this in mind, one
dimensional modelling results are really only useful
when single crystal or very coarse grained polycrystal
substrates are joined using TLP bonding.

The second aspect is the solution of a two phase
moving interface problem in a simple binary alloy
system, e.g. pure nickel base material bonded using a
Ni-P interlayer. The implicit assumptions are that
local equilibrium exists at the migrating interface
during TLP bonding, and that formation of an inter-
mediate phase does not occur during isothermal
solidification. However, this is an approximation since
local equilibrium is generally not attained at the solid/
liquid interface.”® Furthermore, direct experimental
evidence has been presented by Gale and Wallach5*
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13 Relation between holding time at different
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for the formation, at the bonding temperature, of an
intermediate phase (NizB) during TLP bonding of
nickel base material using Ni-Si-B filler metal. In
addition, it has been reported that partial or complete
homogenisation can occur in some regions of NiAl/
Ni-Si-B/NiAl joints while isothermal solidification is
still taking place in adjacent regions.!”-18

Effect of base metal grain boundaries on process
kinetics

Since TLP bonding is a diffusion controlled process,
any factor that affects diffusion will alter the process
kinetics during the joining operation. When single
crystal base material is TLP bonded, solute transport
depends on volume diffusion in the solid and in the
liquid. However, when a polycrystalline base metal is
TLP bonded, solute diffusion will depend on a
number of factors (see Fig. 16).

1. Grain boundary diffusion: diffusivity is much
higher at grain boundary regions than in the bulk
material when the temperature T is in the range
T < 0-5-0-75T,, (where T, is the equilibrium melting
temperature, K).®” At such temperatures the Dy,/D;
ratio is 10° or higher where Dy, and D, are the
diffusion coefficients in the grain boundary region
and the lattice, respectively.

2. Interface curvature: liquid/solid interface curva-
ture promotes interfacial diffusion which is faster than
in the bulk base material.®®

3. Changes in the solid/liquid interfacial area: since
TLP bonding is essentially a homogenisation process
in which solute continuously diffuses from the liquid
zone into the base metal solid, increasing the solid/
liquid interfacial area (as a result of liquid penetration
and grain boundary grooving) will increase the
transport area for solute diffusion.3%-8¢

4. Grain boundary migration: grain boundary
migration (as a result of grain growth during the TLP
bonding operation) will mean that the solute has
more chance of intersecting with grain boundaries.
This will affect the solute diffusion rate and therefore
the process kinetics.®’
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analysing TLP bonding

5. Segregation to grain boundaries: factors such as
grain boundary segregation will influence the grain
boundary free energy and solute diffusivity.®°

Grain boundary diffusion model  Diffusion along
stationary and moving grain boundaries has been
extensively modelled, e.g. by Fisher,” Whipple,*?
Suzuoka,”® Glaeser and Evans,>® Mishin and
Razumovskii,®® Cermak,’® and Zhou and North.?”-%8
In this connection, only Zhou and North®”*® have
directly examined the effects of base material grain
boundaries on solute diffusion and isothermal
solidification during TLP bonding.

The rate of isothermal solidification during TLP
bonding depends on the amount of solute that diffuses
across the interface between the liquid and the base
metal® and therefore

[Wmax - W(t)]CLa = 2M(t) . (27)

where W is the liquid width during TLP bonding,
Wipax the maximum liquid width, C;, the solute
concentration in liquid at the interface during iso-
thermal solidification, and M(¢) the amount of solute
that diffuses into the base metal in an exchange
experiment (see Fig. 17). It follows that the process
kinetics during isothermal solidification can be effec-
tively described using M(t), the amunt of solute
diffused rather than W(t), the liquid width present
during TLP bonding. In other words, calculating the
change in the amount of solute diffused with pro-
cessing time provides a useful indication of the process
kinetics during TLP bonding. With this in mind, a
numerical model was developed that accounted for
the influence of high solute diffusivity at grain bound-
ary regions and of grain boundary migration
on the total amount diffused during the isothermal
solidification stage of TLP bonding.®”+*8
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18 Effect of grain size and of Dg,/D; on M,/
ratio (D, is lattice diffusion coefficient, M, is
total amount diffused into polycrystalline
material, and M, is total amount diffused in
single crystal base metal) (after Ref. 96)

The influence of grain boundary diffusivity and of
grain size on the ratio of M,/M; is shown in Fig. 18,
where M, is the total amount diffused into a polycrys-
talline material and M, the total amount diffused in
a single crystal base metal. It is apparent that the
influence of grain boundary regions on solute
diffusion depends on the grain size and on the Dy, /D,
ratio (where Dy, is the grain boundary diffusion
coefficient and D, the lattice diffusion coefficient). The
contribution resulting from grain boundary diffusion
increases when the grain size becomes smaller. As
pointed out earlier, the Dg, /D ratio is 103 or higher
at temperatures in the range T < 0-5-0-75T, (where
T.. is the equilibrium melting temperature of the
material in kelvin). The influence of grain boundaries
on diffusional transport will be much greater under
these conditions. However, at high temperatures
(T>075T,), the Dg/D, ratio is 10*> or less, and
consequently Fig. 18 indicates that the contribution
resulting from grain boundary diffusion will be much
less. In this context, the bonding temperature during
TLP bonding of nickel base superalloy base material
is typically around 1373 K and the T,/T,, ratio is
consequently about 0-8. As a result, there will be a
relatively small contribution resulting from grain
boundary diffusion when nickel base superalloy
material is TLP bonded.

The influence of grain boundary migration on the
M, /M, ratio is shown in Fig. 19, where M, is the
total amount diffused into a polycrystalline material
that contains migrating grain boundaries, and M, the
total amount diffused into a polycrystalline material
when the grain boundaries are stationary. Grain
boundary migration speeds up mass transfer during
part of the holding period, and during this period
more diffusion occurs when the grain size, the rate of
the grain boundary migration and the D,,/D; ratio
are increased.

Liquid penetration model A detailed explanation of
the grain boundary grooving phenomenon was first
proposed by Mullins.®%° The kinetics of grain bound-
ary grooving were analysed when a bicrystal con-

\JDlt, pm

19 Effect of grain boundary migration on M, /M,
ratio (M, is total amount diffused into
polycrystalline material containing migrating
grain boundaries, /M, is total amount diffused
into polycrystalline material when grain
boundaries are stationary) (after Ref. 69)

tacted a saturated fluid phase (liquid or gas) at
sufficiently high temperature. Grooving occurred as
a result of surface diffusion, volume diffusion in the
fluid and evaporation/condensation. Gjostein'® and
Robertson'®! confirmed Mullins’ theoretical predic-
tions when examining grain boundary grooving in
the copper—liquid lead system. Further support was
provided by Allen,'°> when examining chromium,
molybdenum, and tungsten alloyed with rhenium. Ho
and Weatherly® applied Mullins’ model to a solid—
solid system and Robertson!®® extended Mullins’
analysis of grain boundary grooving to the case where
the groove angle varied. Also, Hardy et al.'®® general-
ised Mullins’ theory to the entire range of dihedral
angle values through the use of a boundary integral
formulation of the free boundary problem. Hackney
and Qjard'®® examined grain boundary grooving
caused by evaporation or by surface diffusion in a
finite system, and Srinivasan and Trived'?” evaluated
grooving produced by the concomitant action of
surface and volume diffusion. Finally, Vogel and
Radke!®® combined volume diffusion in the melt and
grain boundary diffusion into one mathematical for-
mulation to explain the formation of deep channel-
like grooves at grain boundary intersections with a
solid/liquid interface (during isothermal solidification
of Al-bicrystal couples in contact with an In-Al
melt). Their model is essentially an extension of
Mullins’s derivation for grain boundary grooving
resulting from the combined action of volume and
grain boundary diffusion.

As pointed out in the section, ‘Effect of base metal
grain boundaries on process kinetics’, above, the
driving force for interface migration emanates from
interfacial curvature. Consequently, a flat interface
that has no intersection with a grain boundary will
not migrate. This is a quite different situation from
that during TLP bonding. The driving force for
interface migration during TLP bonding results from
the concentration gradient in each phase, and
interface migration will occur even when the interface

International Materials Reviews 1995 Vol.40 No.5
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is flat and there is no grain boundary intersection
(e.g. in a single crystal bonding situation). The mater-
ial transport mechanisms comprise volume diffusion
in each phase, interfacial diffusion, and grain bound-
ary diffusion. The classical grain boundary grooving
theories proposed by Mullins®®%® involve extremely
complex analytical solutions. As a result, it is difficult
to apply Mullins’ derivations during TLP bonding,
since several diffusion mechanisms operate and finite
geometries exist. With this in mind, a numerical model
was developed that predicts the extent of interface
migration under the combined driving forces of
concentration and interfacial curvature gradients.
Ikeuchi et al%® simulated liquid/solid interface
migration at grain boundary regions during TLP
bonding of nickel base metal using Ni-19 at.-%P
filler metal. Figures 20 and 21 show the evolution of
the liquid/solid interface profile at the bonding tem-
perature. Based on Fig. 20, the liquid/solid interface
is almost planar during the base metal dissolution
stage, and liquid penetration at the grain boundary
region is only apparent near the end of the dissolution
process. From Fig 21 it can be seen that liquid
penetration is more pronounced when the holding
time increases during the isothermal solidification
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21 Evolution of profile of liquid/solid interface
during isothermal solidification stage (after
Ref. 69)
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22 Effect of grain boundary energy on profile of
liquid/solid interface during isothermal
solidification (after Ref. 69)

stage. The penetration depth increases to more than
10 um: large enough to be clearly observed using
conventional optical microscopy and scanning elec-
tron microscopy. These indications correspond well
with the experimental results observed by Saida
et al.®® In this connection, Kokawa et al.®> indicated
that liquid penetration could not be observed during
the dissolution process, but became more pronounced
when the holding time increased during the isothermal
solidification stage of TLP bonding.

The horizontal broken lines in Fig. 21 indicate the
calculated displacement of the liquid/solid interface
when the effects of grain boundary related factors are
neglected. It is clear that the width of the liquid phase
in the bulk region far from the grain boundary
(represented by the width at the symmetry axis) is
smaller when the influence of grain boundary energy
and liquid/solid interfacial energy are taken into
account. Thus, the isothermal solidification process
in the bulk material is accelerated when the effects
of the grain boundary energy and the liquid/solid
interfacial energy are taken into account.

The influence of the grain boundary energy on
liquid penetration at the grain boundary region is
illustrated in Fig.22. In this figure, the liquid/solid
interfacial energy is maintained at 0424 Jm~2, and
the grain boundary energy is varied from 0424 to
0-848 Jm~2 It has already been indicated that the
energy of a large angle grain boundary is 0-848 J m ™2
(Ref. 109). The penetration depth increases, and the
angle at which the liquid/solid interface intersects the
grain boundary becomes sharper when the grain
boundary energy increases. Kokawa et al.®® corrobor-
ated these findings during TLP bonding of nickel
using Ni—19 at.-%P filler metal.

Microstructural development in

multicomponent systems

Direct experimental evidence for the formation of an
intermediate phase at the bonding temperature has
been presented by Gale and Wallach.®* During TLP
bonding of nickel base metal using N-Si-B filler
metal, Niy B formed in substrate material immediately
adjacent to the original solid/liquid interface (see
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23 Schematic showing formation of NizB during isothermal holding of Ni/Ni-Si-B/Ni bonds at
temperature below the Ni-B binary eutectic temperature

Fig. 23). Boride formation only commenced once
melting of the interlayer had been completed and was
observed in Ni/Ni-Si-B/Ni joints held at temper-
atures (e.g. 1065°C) below the Ni—B binary eutectic
temperature (1093-1095°C (Ref. 110)). In contrast,
when bonding temperatures (e.g. 1150°C) in excess of
the Ni-B binary eutectic temperature were employed,
extensive liquation of the substrates was observed.
Once formed, borides precipitated at the bonding
temperature remained stable with further change in
holding time (Fig. 24). Following completion of iso-
thermal solidification, the borides could be observed
as a near continuous band demarcating the original
position of the solid/liquid interface.

Gale and Wallach® proposed the following mech-
anism for the formation of borides at the bonding
temperature in Ni/Ni—Si—B/Ni joints. They envisaged
a situation where local equilibrium was not developed
across the solid/liquid interface and, in such circum-
stances, boron was free to diffuse from the interlayer
into the base material immediately after melting of
the substrates. Given that interstitial diffusion of
boron in nickel is considerably more rapid than
substitutional diffusion of silicon, the initially boron
free substrates would be converted into a binary Ni-B
alloy. Continued boron diffusion would rapidly result
in a substrate boron concentration in excess of the
boron solubility in nickel (0-3 at.-% at the Ni-B
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24 Microstructure of Ni/Ni-Si-B/Ni bond held at
temperature of 1065°C for 2 h: Ni; B precipitates
present after completion of isothermal
solidification (a Ni substrate; b Ni3B
precipitates; ¢ isothermally resolidified joint)
(after Ref. 64)

eutectic temperature of 1093-1095°C (Ref. 110)).
Subsequent events would depend on the bonding
temperature selected. When a bonding temperature
greater than the Ni-B binary eutectic temperature is
employed, liquation of the substrate would be
expected. In contrast, the use of a bonding temper-
ature below the binary Ni-B eutectic temperature
would result in the isothermal formation of borides.
These predictions correlated with experimental obser-
vations of Ni/Ni—Si—B/Ni joints produced both above
and below the Ni-B binary eutectic temperature.

In NiAl/Ni-Si-B/Ni joints, Orel et al.'” observed
that boride formation and liquation within the nickel
substrate proceeded in a manner similar to that in
the Ni/Ni-Si-B/Ni system (see Figs. 25 and 26).
However, in the NiAl substrate, there was no evidence
of either the anomalous formation of borides at the
bonding temperature or excessive liquation. Instead,
boride formation in the NiAl substrate was entirely
consistent with precipitation on cooling from the
bonding temperature. Orel et all” associated these
observations with a lower boron diffusivity in NiAl
than Ni. Based on the boride precipitation distance
from the bondline, the apparent boron diffusivity in
NiAl (~10"*?m?s™!) was estimated to be about
two orders of magnitude lower than in Ni
(~107*m?2s™1). In such circumstances, anomalous
boride formation and liquation dependent upon rapid
boron diffusion in advance of the establishment of
local solid-liquid equilibrium would only be expected
in the Ni substrate and not the NiAl substrate. Hence,
microstructural development in the NiAl/Ni-Si-B/Ni
system occurs in a manner that is consistent with the
processes proposed by Gale and Wallach® for
Ni/Ni-Si-B/Ni joints.

Le Blanc and Mevrel®® took boron consumption
resulting from boride formation into account when
they modelled isothermal solidification during TLP
bonding of nickel base superalloy material using a
Ni-Si-B filler metal. They found that boron consump-
tion as a result of boride formation accelerated the
isothermal solidification process. This particular study
employed analytical solutions only, and further work
on numerical modelling of this aspect is required.

Summary

All analytical approaches to the modelling of TLP
bonding have treated the joining process as a number
of discrete stages; however, this is not what actually

International Materials Reviews 1995 Vol.40 No.5
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25 Microstructure of
showing Ni3B precipitation in Ni substrate:
sample held at 1065°C for 5min (a NiAl

substrate; b residual eutectic; ¢ proeutectic
Ni; d Ni;B precipitates; e Ni substrate)
(after Ref. 17)

occurs during the TLP bonding process. Base metal
dissolution can not be represented using a parabolic
law. However, the isothermal solidification stage can
be readily characterised by assuming a linear relation
between liquid/solid interface displacement and the
square root of the holding time at the bonding
temperature. Also, an analytical solution can be used
to estimate the solute concentration at the specimen
centreline following a given holding period during
the homogenisation stage of TLP bonding.

Numerical modelling has the advantage that it
can treat base metal dissolution, liquid phase isother-
mal solidification, and solute homogenisation as
sequential steps. It can therefore be readily applied
to two- or three-dimensional joining situations when
components with complex shapes are fabricated.
Liquid/solid interface migration during base metal
dissolution, isothermal solidification, and solute redis-
tribution during homogenisation have been simulated
using numerical modelling. The optimum joining
parameters during TLP bonding have been quantitat-
ively predicted and occur when the solute diffusivity
in the liquid and solid phases is increased and
when the highest bonding temperature is employed.
In addition, the total amount of solute diffused dur-
ing TLP bonding and grain boundary evolution
have been successfully characterised using numerical
modelling.

Future requirements

Future work on the modelling of TLP bonding should
involve the development of a general numerical model
that encompasses all the transport mechanisms which
occur during the TLP bonding process, namely
volume diffusion in each phase, grain boundary
diffusion, and interfacial diffusion. The driving forces
for diffusion consist of the concentration gradients in
both the liquid and solid phases, the chemical poten-
tial gradients that result from the liquid/solid interfa-
cial curvature gradient, and the grain boundary free
energy balance at the grain boundary triple junction.

International Materials Reviews 1995 Vol. 40 No.5

26 Microstructure of NiAl/Ni-Si-B/Ni  bond
showing liquation of Ni substrate: sample
held at 1150°C for 20 min (a NiAl sub-
strate; b Niz(AlSi); ¢ eutectic deposit in Ni
substrate; d substrate Ni phase) (after Ref. 17)

In addition, other factors such as grain boundary
segregation will strongly affect the process kinetics
during TLP bonding. In this respect, it is worth
noting that a general model has already been devel-
oped and has been successfully applied during solid
state diffusion bonding.*!*

When complex alloys are TLP bonded, much mod-
elling research seems to have proceeded independently
of detailed microstructural studies. This has resulted
in some of the basic assumptions in modelling not
being supported by direct microstructural obser-
vations in real joints. In particular, the key assump-
tion that intermediate phase formation does not occur
during isothermal solidification is questionable. For
example, it has been shown that an intermediate
phase (Ni;B) forms at the bonding temperature when
Ni and NiAl/Ni base materials are TLP bonded using
Ni-Si-B interlayers. With this in mind, there is a
critical need for research programmes where model-
ling output is closely related to detailed micro-
structural observations. In this connection, phase
diagram and diffusivity data are essential require-
ments for rigorous modelling when multi-element
commercial substrates are bonded using filler metals
which are available commercially. This type of inform-
ation is generally unavailable at present and must
be developed if modelling and direct experimental
observations are to be successfully linked.
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