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INTRODUCTION

Solder joints in hybrid microelectronic circuit
(HMC) electronics are formed between the solder
alloy and the thick film conductor that has been
printed and fired onto the ceramic. Although the
noble metal conductors provide excellent solderabil-
ity at the time of manufacture, they are susceptible to
solid-state reactions with Sn or other constituents of
the solder. The reaction products consist of one or

more intermetallic compounds (IMC). The integrity of
these solder joints can be jeopardized by formation of
IMC layers, which can have thermal and mechanical
properties that are substantially different from the
solder and substrate and which can consume the
conductor layer by solid-state reaction. Analytical
models predicting IMC growth for a variety of condi-
tions are needed to improve predictions of long-term
joint reliability and manufacturing processes.

Unfortunately, because thick film conductors are
inherently porous, IMC growth cannot be well pre-
dicted by applying growth kinetics to a quasi-one-
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dimensional geometry. The porosity of the films is
significant, about 36 percent in the samples discussed
below, and during processing, molten solder pen-
etrates a substantial portion of the pore space. The
resulting boundary between solder and base metal
generally will have a complicated 3-D geometry. As
subsequent intermetallic growth occurs, the solder in
the pores and the surrounding base metal are con-
sumed, and IMC growth involves a complicated geom-
etry in which the boundaries between solid-state
phases grow, intersect, and coalesce. Analysis of IMC
growth in porous conductors is, therefore, much more
challenging, both experimentally and computa-
tionally, than analysis of one-dimensional growth in
nonporous materials. Experimentally, IMC growth
mechanisms and kinetics must be determined re-
gardless of geometry. However, in the case of porous
conductors, characterization of the pore space and
solder penetration also must be considered.
Computationally, explicit boundary tracking, which
is normally done in one-dimensional models, is im-
practical due to the complicated geometry in which
the boundaries between solid-state phases grow, in-
tersect, and coalesce. In heat transfer analyses, an
implicit approach, referred to as the enthalpy method,1

has been used to address multidimensional problems
in which boundary displacement is controlled by an
energy flux. Some cases involving solute transport
also have been addressed with enthalpy-type meth-
ods. Crowley and Ockendon2 used such an approach to
model solidification of a dilute alloy. Unfortunately,
an analogous general approach has not been avail-
able for mass transfer and reaction analyses. How-
ever, other implicit techniques have been applied to
solute transport. For example, Warren and Boettinger3

used the “phase-field” approach to model solidifica-
tion of a binary alloy. Also, an interesting analysis of
the departure from local equilibrium at the interface
of a binary diffusion couple was given by Langer and
Sekerka.4

This paper discusses initial 2-D results from a
coupled experimental and computational effort to
develop a mathematical model and computer code
that will ultimately predict 3-D intermetallic growth
in porous substrate-solder systems. The numerical
model is based on an implicit boundary tracking
approach developed for diffusion-reaction analyses in
complicated geometries. To illustrate the implicit
approach with a “real” system, the 2-D calculations
were based on the reaction couple formed between
63Sn-37Pb solder (wt. percent) and 76Au-21Pt-3Pd
(wt. percent) substrates. The major assumptions in
the calculations were that: (1) IMC layer growth could
be considered diffusion controlled; (2) for the purpose
of illustrating the implicit approach, layer growth
could be modeled in terms of a pseudo-binary system
consisting of Au0.74Pt0.21Pd0.05 and Sn, and (3) volume
changes due to chemical reaction could be neglected.
Physical constants in the model were evaluated from
experimental data. In particular, during previous
work,5 IMC growth as a function of time was studied

in isothermal aging experiments involving 63Sn-37Pb
solder and 76Au-21Pt-3Pd alloy sheet and porous
thick films. The data from the alloy sheet experiments
provided growth rate data for a simple one-dimen-
sional geometry that facilitated analysis of kinetics
and parameter evaluation. The porous thick film
experiments provided independent data for com-
parison with numerically predicted film consump-
tion. Preliminary characterization of the pore struc-
ture was done by image analysis of micrographs
obtained by scanning electron microscopy (SEM) in
the backscattered electron (BSE) mode.

In the text below, the sequence of discussion is the
following. First, the experimental techniques and
results for the experiments with 63Sn-37Pb solder
and 76Au-21Pt-3Pd alloy sheet and thick films are
briefly summarized, including pore structure charac-
terization of the thick films. Next, the equations
governing IMC growth in terms of explicit boundary
tracking are reviewed. The implicit approach used in
this work is then described; after which, numerical
implementation of the model is briefly discussed, and
initial 2-D numerical results based on the experimen-
tally determined parameter values and pore space
characterization are given. Consumption of the thick
film, predicted as a function of time, is compared with
data from thick film isothermal aging experiments.
Finally, some conclusions and recommendations for
further work are offered.

EXPERIMENT

IMC Growth

To examine IMC growth mechanisms and kinet-
ics, isothermal aging experiments were done using
63Sn-37Pb solder and 76Au-21Pt-3Pd alloy sheet,
which provided a one-dimensional geometry that fa-
cilitated examining growth mechanisms without com-
plicated geometrical effects that occur in the porous
thick film conductor. Alloy sheet having a composi-
tion of 76Au-21Pt-3Pd (wt. percent) was obtained
from a commercial fabricator. Chemical certification
of the stock composition was provided by the manu-
facturer; no additional assays were performed. The
sheet was cut into tabs 6.4 × 6.4 ×  0.38 mm. The tabs
were used in the as-rolled and cut condition, since the
characteristic dimensions of the surface roughness on
the tabs were much smaller than the anticipated IMC
layer thicknesses. Each tab was immersed in a bath of
63Sn-37Pb solder (212 ±2°C) for 15 s and then with-
drawn, leaving one broad face parallel to the bath
surface. Using this technique, a large quantity of
solder remained attached to the surface, thereby
making certain that a near-infinite supply of solder
was available for IMC layer growth.

The aging temperatures were 55, 70, 85, 100, 135,
and 170°C. The aging times ranged from 5 to 5000 h.
The isothermal heat treatments were performed in
air furnaces with temperature control of ±1°C; the
aging time was held to within ±5 min for total periods
of less than 250 h and within ±30 min for longer
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durations. The intermetallic compound layer thick-
ness measurements were made on 1000x SEM/BSE
photomicrographs showing cross-sectional views of
the interface between the solder and the bulk metal.
A total of six such locations were photographed per
sample. Ten thickness measurements were made
along the interface, at 13 µm intervals. A total of 60
thickness measurements were made per aging treat-
ment condition. The data were described by the mean
thickness value and a scatter term representing ±1
standard deviation. In those instances in which two
sublayers were visible at the interface, the total
thickness was measured along with that of the sublayer
closest to the Au-Pt-Pd metal; the second sublayer
thickness was determined by subtracting the first
sublayer thickness from the total thickness value at
each location. Representative results are shown in
Table I and indicate that generally only one interme-
tallic layer formed.

Growth of that layer appears to involve multiple
mechanisms, as indicated in Fig. 1, which shows layer
growth vs   t for temperatures of 100, 135, and 170°C.
Layer growth is relatively slow during an initial
induction period, after which growth is much more
rapid. The induction period decreases with tempera-
ture. At 135°C, the major portion of the layer growth
appears linear with   t , which was assumed to be
indicative of a diffusion controlled regime, and at
170°C, layer growth appears essentially linear with
  t , although data are limited. Furthermore, the
elemental composition of the IMC layer was found to
be approximately Au0.74Pt0.21Pd0.05Sn4 so that growth
of the layer could be modeled in terms of a pseudo-
binary system consisting of Au0.74Pt0.21Pd0.05 and Sn.

Isothermal aging experiments with 63Sn-37Pb
solder and 76Au-21Pt-3Pd thick film samples were
done to provide data for intermetallic compound
growth that could be compared with numerically
predicted film consumption. The thick film composi-
tion was screen printed on 96 percent alumina sub-
strate with a pattern of a series of 1.0 × 1.0 mm square
pads. A double printing process was used in which the
first ink deposit was screen printed onto the alumina
substrate; the deposits were allowed to dry under
conditions of 150°C and 10 to 15 min exposure in dry
nitrogen. The substrate was then fired at 825°C for 10
min. Then, the second printing of ink was applied to
the substrate; the ink was dried, and the substrate
fired again at 825°C for 10 min. Solder alloy 63Sn-

Table I. IMC Growth with 63Sn-37Pb Solder and 76Au-21Pt-3Pd Alloy Sheet

Temp. Time Pseudo-AuSn4 Layer (µm) Pseudo AuSn2 Layer (µm)
(°°°°°C) (h) Mean Std. Dev. Mean Std. Dev.

85 20 0.45 0.1 0.0 0.0
50 0.36 0.1 0.0 0.0

250 0.21 0.03 0.0 0.0
1000 0.55 0.11 0.0 0.0
2000 0.81 0.19 0.0 0.0
5000 1.82 0.73 0.0 0.0

0.0 0.0
100 20 0.13 0.16 0.0 0.0

50 0.57 0.15 0.0 0.0
250 0.72 0.18 0.0 0.0

1000 1.05 0.28 0.0 0.0
2000 5.68 0.88 0.0 0.0
5000 4.21 1.47 7.31 1.57

0.0 0.0
135 5 0.86 0.14 0.0 0.0

20 3.13 0.84 0.0 0.0
50 13.34 2.67 0.0 0.0

250 22.8 2.1 25.41  —
1000 103.4 8.7 0.0 0.0

0.0 0.0
170 5 9.61 2.81 0.0 0.0

20 40.85 2.71 0.0 0.0
1000 344.8 17.8 0.0 0.0

Fig. 1. Experimental data for IMC growth vs t  for temperatures of
100, 135, and 170°C.
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37Pb was applied to each of the pads by screen
printing a paste that also contained a rosin-based,
mildly activated flux. The solder was reflowed by the
vapor phase technique; the processing conditions were
212°C for 30 s. Each test sample (coupon) had three
such solder bumps.

One test coupon was heat treated at each of the set

aging conditions. The aging temperatures were 55,
70, 85, 100, 135, and 170°C. The aging times ranged
from 1 to 18,104 h (2.06 years). The isothermal test
coupons were metallographically cross sectioned
through each of the three solder bumps, mounted in
cold-setting epoxy, and polished. Viewing of the inter-
face was performed using SEM in the BSE mode. A
total of ten intermetallic compound layer thickness
values were taken on each of the three solder bumps.
Details of the procedure used to perform the measure-
ments were described previously.5 At the location
from which each intermetallic compound layer mea-
surement was obtained, the residual thick film thick-
ness was also measured.

The displacements of the solder-IMC interface
and the IMC-thick film interface, relative to the
solder-thick film interface prior to aging, were deter-
mined as follows. Referring to Fig. 2 and neglecting
volume changes due to chemical reaction, the dis-
placement of the IMC-thick film interface was calcu-
lated by subtracting the thick film thickness (z) re-
maining after aging from the original thickness (z0).
The displacement of the solder-IMC interface was
calculated by first adding the remaining thick film
thickness (z) to the intermetallic compound layer
thickness (w-z) which gave the current position (w) of
the interface. Then the original thick film thickness
(z0) was subtracted from w to give the relative dis-
placement of that interface after the start of solid
state aging. Representative results are given in Table
II.

Table II. IMC Growth with 63Sn-37Pb Solder and 76Au-21Pt-3Pd Thick Film

IMC (AuSn4) Layer Thickness Mean Boundary Displacement
Temp. Time (µm) Relative to the Initial Interface (µm)
(°C) (h) Mean Std. Dev. Solder-IMC IMC-Thick Film

100 0 1.05 0.21
20.3 1.12 0.32
51.7 1.18 0.47
100 1.64 0.37

216.5 1.90 0.36
400 2.99 0.56
751 2.31 0.32 1.58 0.73

1009 3.18 0.41 1.76 1.42
1487 3.78 0.55
2004 5.79 0.68 3.97 1.82
5002 13.3 1.8 9.33 4.0

18104 44.6 8.0 31.4 13.2

135 0 1.05 0.21 — —
61 6.08 0.90 4.88 1.20

120 8.96 1.23 — —
182.3 19.6 2.89 16.0 3.6
273.8 21.5 3.18 17.0 4.5

170 0 1.05 0.21 — —
5 9.92 2.07 8.72 1.2

25 40.5 6.25 34.9 5.8
53 66.6 10.1 48.9 17.7

102 71.7 7.98 51.7 20.0

Fig 2. Schematic diagram illustrating solder-IMC and IMC-thick film
interface displacement relative to the original solder-thick film inter-
face.
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Pore Space Characterization

Four SEM/BSE micrographs (1000x) were taken
of the 76Au-21Pt-3Pd thick film conductor that had
formed a couple with 63Sn-37Pb solder. One such
micrograph is shown in Fig. 3. The alumina substrate
is at the bottom of the micrograph and appears as
solid black. The porous thick film on the ceramic
appears as the light gray layer containing dispersed
black regions, which are voids. The solder above the
thick film appears as the dark gray layer (Sn-rich
phase) containing dispersed light gray regions (Pb-
rich phase). A very thin layer of the IMC is visible at
the interface of the solder and thick film. The thick
film coating area that was viewed was approximately
19 µm by 111 µ m. The images of the thick film layer
were then digitized. The extent of porosity, which
included the total number of pores, mean and stan-
dard deviation of the pore area, and discrete pore area
distribution were determined using quantitative im-
age analysis software. The unfilled pore size distribu-
tion and the total pore size distribution (unfilled pores
plus pores filled with solder) were assessed. The total
porosity (pores both filled and not filled with solder)
was 36 percent, and the unfilled porosity was 26
percent. Furthermore, similar analyses of sections
made parallel to the plane of the thick film at different
depths gave similar results and indicated that the
pore structure was approximately uniform through-
out the thick film.The more detailed pore mea-
surements for this sample are summarized in Table
III. However, current information on the extent of
initial solder penetration into the pores of the thick
films is limited. Initial analyses indicated that about
68 percent of the available pores at the surface con-
tained solder to an average depth of about 8.8 µm
below the initial solder-thick film interface.

THEORY

The usual approach for modeling intermetallic
layer growth is to assume that the individual layers
are separated by ideal planar interfaces, the interme-
tallic compounds on either side of which are distinctly
different. The conversion of the intermetallic com-
pound on one side of the interface to that on the other
side occurs at the interface, and the movement of the
interface between layers is modeled explicitly as de-
scribed in more detail below. In reality, each
intermetallic layer is separated from an adjacent
layer by a thin reaction zone, of at least atomic
dimensions, in which the intermetallic compound of
one layer is continuously converted to that of the
adjacent layer. The assumption of a planar interface
is an idealization that has been used very successfully
in one-dimensional analyses and has been particu-
larly useful for obtaining analytical solutions. Unfor-
tunately, the approach is not easily implemented in
multidimensional problems involving complicated
geometries with multiple intersecting and coalescing
interfaces. In heat transfer analyses involving phase
transitions, this problem is circumvented by using

the enthalpy method, which determines the move-
ment of phase boundaries, or interfaces, implicitly,
but which does not have a general analogy in mass
transfer.

To model intermetallic layer growth in such com-
plicated geometries, an implicit approach has been
developed in which the ideal interface is replaced by
a thin reaction zone in which the intermetallic com-
pound of one layer reacts rapidly to form the com-
pound of the adjacent layer. The reaction rate expres-
sions are included in the diffusion equations for the
diffusing constituents so that the explicit equations
for displacement of the interfaces are eliminated, and
interface displacement is determined implicitly by
the reaction of one compound to another. A more
detailed description of this implicit approach is given
below after first summarizing the usual explicit ap-
proach. To facilitate illustrating the basic ideas in the
implicit approach, the governing equations for the
explicit and implicit approaches are illustrated for
one-dimensional layer growth, after which the exten-
sion of the implicit equations to three dimensions
immediately follows.

Explicit Interface Displacement

During previous work, the literature pertaining to
the governing equations based on explicit interface
displacement for modeling intermetallic growth was
reviewed, and a general model describing one-dimen-
sional growth of multiple intermetallic layers was
developed and implemented in a one-dimensional

Table III. Two-Dimensional Thick Film Pore
Structure Characterization

Region of interest area 2.625 × 10–3 mm2

Number of pores 220
Total pore area 6.864 × 10–4 mm2

Minimum pore area 1.267 × 10–7 mm2

Maximum pore area 5.054 × 10–5 mm2

Mean pore area 3.112 × 10–6 mm2

Total Porosity 36%

Fig. 3. SEM/BSE micrograph (1000x) showing porous 76Au-21Pt-3Pd
film conductor (lower) and solder (upper) regions.
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computer code based on the method of lines. A sum-
mary of that literature review, the resulting model in
which displacements of the interfaces between layers
were calculated explicitly, and the corresponding code
development, as well as application of the code (ILaG)
to the analysis of experimental data from the 100Sn/
Cu and 63Sn-37Pb/Cu systems were reported in ear-
lier publications.6,7 That work provided a basic model
and computer code with which an implicit approach
could be developed for a variety of IMC growth mecha-
nisms and verified for a one-dimensional geometry.

The explicit model consists of a set of material
balance equations for each layer and displacement
equations for the interfaces on each side of the layer.
The material balance equations describe bulk diffu-
sion of the rate-controlling constituent in each layer.
The model was developed to accommodate cases in-
volving:
• Finite initial layer thicknesses,
• Rate-limiting interfacial reactions,
• Multiple and variable diffusion coefficients, and
• Finite material boundaries.

Additionally, the effects of nucleation could be mod-
eled empirically. Results from the one-dimensional
code were verified by comparing the numerical re-
sults with analytical solutions for simple systems
involving two, three, and five layers, and constant
valued physical properties. In more recent work, the
model and code were extended for the analysis of
nonisothermal intermetallic layer growth. Tempera-
ture-dependent diffusion coefficients and interfacial
reaction rate constants were represented by Arrhenius
expressions.8 A brief description of the resulting model
is presented below and provides a frame of reference
for discussing the implicit approach.

Consider a substrate-solder system in which I-l
intermetallic layers form and grow between the sub-
strate and bulk solder as shown schematically in Fig.
4. Let the substrate form the left boundary of the
system, and the solder the right boundary. Let i =
1,2,3,...,I-1 denote the sequence of intermetallic lay-

ers growing from left to right. That is, i = 1 denotes the
layer adjacent to the right edge of the substrate (layer
0), and i = I-1 denotes the layer adjacent to the left
edge of the solder (layer I). Growth of the intermetal-
lic layers results from interfacial reaction and diffu-
sion of a binary set of interacting constituents. In each
layer, the diffusion of either constituent can be rate
controlling.

For this work, diffusion was assumed to occur
primarily through the bulk IMC layers since insuffi-
cient data was available to differentiate between bulk
and grain boundary diffusion. Terms for bulk motion
of the IMC lattice were not included in the material
balances since insufficient information was available
to examine Kirkendall effects. Within an IMC layer,
equilibrium between the bulk IMC and the diffusing
constituents was assumed so that net formation of the
IMC occurred only at the interfaces between layers.
Finally, volume changes due to chemical reaction and
compositional variation were neglected since those
effects are often small. For example, the volume
change occurring in the reaction Au + 4Sn → AuSn4 is
about 3 percent of the volume of the AuSn4 formed.
While this is a substantial change with respect to
inducing stress and strain, it is a small change with
respect to interface displacement.

Let T denote temperature; t denote time; x denote
position with respect to a fixed origin; δi(t) the position
of the interface between layer i-1 and layer i, and ∆i(t)
the thickness of layer i

∆i(t) = δi + 1 (t) – δi(t) (1)

Then, for δi(t) < x < δi+1 (t), the material balance for the
rate controlling constituent in each layer is given by

  

∂
∂

ρ ∂
∂

ρ
∂

∂t
W

x
D

W

xi A i A
A

i i

i( ) =






 (2)

where   Wai
 denotes the mass fraction of the rate-

controlling constituent in layer i; ρi denotes the mass
density of layer i, and   DAi

 denotes the diffusion
coefficient, which can be a function of x, t,   Wai

, and T,
and can be specified accordingly. For frequent cases of
interest,   DAi

 is given by an Arrhenius expression

  
D D Q RTA A Ai i i

= −( )
0

exp / (3)

where 
  
DAi0

 is a constant;   QAi
 is the activation energy

for diffusion of the constituent in layer i, and R is the
gas constant. In general, the temperature T can be a
function of x and t, which also can be specified.

When constituent diffusion and interface dis-
placement are not hindered by finite material bound-
aries, and the rate of interfacial chemical reaction is
sufficiently fast, local chemical equilibrium exists at
the interface, and the concentrations of the diffusing
constituents in layer i are essentially constant at δi(t)
and δi + 1 (t) . Therefore, at δi(t), the boundary condition
for Eq. (2) is

  
W cons tAi

i
rδ
= tan (4)

and at δi+1(t), the boundary condition is

Fig. 4. Schematic diagram showing intermetallic layer growth between
substrate and solder.
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where
  
W WA Ai i

i
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lδ δ

≠
+1

,

and superscripts l and r denote values at the left and
right sides of the interface, respectively. Equations
(4) and (5) reflect the maximum and minimum con-
centrations, respectively, of constituent A that occur
in the intermetallic compound. The maximum and
minimum concentrations of A are determined by the
defect equilibria for the IMC. For substitutional de-
fects, the maximum and minimum concentrations for
many IMCs can be obtained from the respective phase
diagrams. The initial condition for Eq. (2) is

  W x f xA ii
,0( ) = ( ) (6)

where fi(x) is known or assumed.
When the rate of interfacial reaction is slow enough

to preclude local equilibrium at the interface, the
constant concentration boundary conditions given by
Eq. (4) and Eq. (5) must be replaced by more compli-
cated boundary conditions involving expressions for
the diffusion fluxes and rates of interfacial reaction of
constituent A at the interface δi(t). Furthermore,
when constituent diffusion encounters a finite mate-
rial boundary, the boundary condition for Eq. (2) is
that the constituent flux vanishes at that boundary.

The displacement of each interface is given explic-
itly by

  
ρ ρ

δ
δ δi A i A

iW W
d
dti

i
l i
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and the initial condition for Eq. (7) is

δi(t = 0) =   δ i
0 = a constant (8)

Implicit Interface Displacement

While the system of equations described above can
be solved efficiently, the explicit nature of the inter-
face tracking makes the extension to multiple dimen-
sions extremely difficult, particularly with regard to
numerical methods, for complex geometries. How-
ever, an implicit approach appears feasible in which
the ideal interface is replaced by a thin reaction zone
in which the material of one layer undergoes a rapid,
quasi-homogeneous reaction to form the compound of
the adjacent layer. From a physical perspective, such
an approach has considerable appeal since it mimics
actual phenomena, but from a practical perspective,
some annoying difficulties exist. In particular, the
mechanisms and kinetics for the solid-state interfa-
cial reactions of many materials of interest are un-
known. Furthermore, in the reaction zone approach,
a homogeneous analogy must be used to approximate
a heterogeneous interfacial reaction. Fortunately,
the rates of those reactions are often rapid relative to
the rate of solid-state diffusion of the reacting con-

stituents, so that local equilibrium exists with respect
to an ideal interface, which is the boundary condition
expressed previously by Eq. (4) and Eq. (5). For initial
model development, the local equilibrium condition is
more convenient to work with than the more general
case involving rate-limiting interfacial reactions.
Therefore, the discussion below is limited to cases in
which local equilibrium exists at the interfaces be-
tween phases, and for purposes of initial calculations,
only one reaction product layer is considered.

In the case of local equilibrium, any reasonable set
of reactions can be used to represent the reaction zone
provided that the reactions are sufficiently rapid so
that the width of the reaction zone remains within
prescribed limits, and the stoichiometries of the prod-
ucts in the reaction zone remain consistent with those
given by the phase diagram for the reacting materi-
als. This can be more fully explained by considering
the following example.

Consider a substrate material A and solder B
which react to form the intermetallic compound ABm,
as shown schematically in Fig. 5. The reaction zone
between materials A and ABm consists of material in
both the A lattice and product ABm lattice, through
which A diffuses away from, and B diffuses to the A
lattice. The homogeneous analogy to the interfacial
reaction must account for B displacing material A
from the A lattice and then combining with material
A remaining in the A lattice to form ABm, which is
then incorporated into the ABm lattice. Most of mate-
rial A is immobile and occupies sites in the A or ABm
lattices. However, at any time, a small fraction of
material A is essentially mobile as a result of interac-
tion with the defects in equilibrium with the lattice
sites. In the previous explicit approach, no advantage
would have been gained by distinguishing between
mobile and immobile material A. However, formulat-
ing the equations for the implicit approach is facili-
tated by assuming that material A consists of an
immobile species   A  and a mobile species A. The
immobile species   A is part of the A lattice until
  A reacts with B to form ABm

  A mB ABm+ → (9)

Fig. 5. Schematic diagram showing thin reaction zone approximation
for implicit interface tracking method.
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The product ABm is immobile and becomes part of the
ABm lattice. The rate of reaction is given by an expres-
sion of the form

  r f w wAB A Bm
= ( ), (10)

where   rABm
 is the molar rate of production of ABm per

unit volume, and the terms   wA
 and wB are the mass

fractions of   A  and B, respectively. The mobile species
A is the material that is displaced from the A lattice,
as a result of defect interactions during the formation
of ABm, and then diffuses through the ABm lattice. The
displacement of material from the A lattice is repre-
sented by the reaction

  A A→ (11)

and the rate of formation of A, denoted by rA, is
proportional to   rABm

 above.
To provide for the necessary concentration gradi-

ent in mobile A across the ABm layer, the simplest,
though least physically appealing, approach is to let
material A initially have a small, uniformly distrib-
uted mass fraction of A, such that

  w t w wA A A=( ) = −0
max min

(12)

where   wAmax
 and   wAmin

 are the maximum and mini-
mum values, respectively, for the mass fraction of
constituent A in the product ABm and are the same
values that were discussed in conjunction with Eq. (4)
and Eq. (5).

In the reaction zone between the ABm and B
lattices, a similar quasi-homogeneous analogy to the
interfacial reaction is based on an immobile species   B
and mobile species B, so that as A diffuses into the
reaction zone

  A mB ABm+ → (13)

and   B B→ (14)

where   rABm
= f (wA,   wB

), and rB ~   rABm
. Similarly, to

provide for the necessary concentration gradient of B
across the ABm layer,

wB(t = 0) =   w wB Bmax min
− (15)

where   w w and w wB A B Amax min min max
.= − = −1 1

The thin reaction zone approximation described
above is the basis for implicit interface tracking. This
approach involves two mobile species A and B as well
as three immobile species, the reaction product ABm
and the two pseudo species   A  and   B . The governing
equations for this approach consist of the following
material balances for each species. The material bal-
ance for mobile A is given by

  

∂
∂

ρ ∂
∂

∂
∂

ρ
t

w
x

D
x

w M RA A A A( ) = ( )





+ (16)

or more generally

  

∂
∂

ρ ρ
t

w D w M RA A A A( ) = ∇ • ∇( )[ ] + (17)

where subscripts denoting layer i have been omitted;
wA is the mass fraction of the diffusion-controlling
species A; ρ is the material mass density; MA is the
molecular weight of species A, and DA is the effective
diffusion coefficient. The term   R  represents the sum
of the terms for the rates of production and depletion
of species A and is given by

  
R m rj j

j

=
=
∑

1

2

(18)

where the reaction rates rj and coefficients mj are
discussed in more detail below.

The reaction rate given by r1 is the rate of depletion
of A due to the reaction given by Eq. (13), and the
reaction rate r2 is the rate of production of A due to the
reaction given by Eq. (11). Reaction rates were as-
sumed to be first order in the layer forming constitu-
ents

  
r

M M
k w w

A B
A B1

2

1= ρ
(19)

  
r

M M
k w w

A B
A B2

2

1
= ρ

(20)

where   k1  and   k 1
 denote reaction rate constants

chosen sufficiently large relative to the value of DA, so
that the reaction zone is thin relative to the IMC layer
thicknesses of interest. The coefficient mj and Eq. (18)
are given by

m1 = –1 (21)

  
m

M M

M
AB A

A

m

2 =
−

(22)

The time rate of change of species ABm is given by

  

d
dt

w

M
r rAB

AB

m

m

ρ







 = +1 2 (23)

where r1 is the rate of production of ABm due to the
reaction given by Eq. (13), and r2 is the rate of
production due to Eq. (9). The time rate of change of
species   A is given by

  

d
dt

w

M

M M

M
rA

A

AB A

A

m
ρ





= − +

−







1 2 (24)

where the term involving r2 is the rate of depletion
of   A  due to the reactions given by Eq. (9) and (11).
The time rate of change of species   B  is given by

  

d
dt

w

M
m

M M

M
rB

B

AB B

B

m
ρ





= − +

−







 1 (25)

where the term involving r1 is the rate of depletion
of   B  due to the reactions given by Eq. (13) and Eq.
(14).

The mass fraction of species B is obtained from the
requirement that the mass fractions of all species sum
to one
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  w w w w wB A AB A Bm
= − − − −1 (26)

The total mass fraction of species A is given by

  
W w

M
M mM

w wA A
A

A B
AB Am

= +
+







+ (27)

and the mass density by

  
ρ

ρ ρ
ρ ρ ρ

=
+ −( )

A B

A B A AW
(28)

To initially verify the implicit approach described
above, a one-dimensional test problem was solved
using both explicit, Eqs. (2), (4)–(6), and (7) and (8),
and implicit, Eqs. (16) and (18)–(28), formulations.
Interface displacement was computed explicitly us-
ing the previously mentioned method of lines code
ILaG. Interface displacement was computed implic-
itly by implementing Eqs. (16) and (18)–(28) in the
finite element, multidimensional heat conduction code
COYOTE II, as discussed in Appendix A. The test
problem consisted of the binary system of species A
and B reacting to form one intermetallic layer, AB, as
A and B inter-diffuse. Initially, a small (1 micron)
layer of AB exists at x = 0, with A to the left (x < 0) and
B to the right (x > 1 micron). Typical values for the
diffusion coefficient and other parameters were se-
lected from previous work.6,7 Profiles for the total
mass fraction of A, denoted by WA, at three different
times are compared in Fig. 6 for both explicit (ILaG)
and implicit (COYOTE) approaches. Although this
test problem was relatively simple, analogous one-
dimensional test problems can, in principle, be used
to verify the implicit approach for much more compli-
cated systems since ILaG provides a capability to
explicitly compute interface displacement for a vari-
ety of systems involving rate-limiting interfacial re-
actions, multiple and variable diffusion coefficients,
finite material boundaries, finite initial layer thick-
nesses, and multiple intermetallic layer growth in
isothermal or nonisothermal systems.

MODELING

The data from previous work with 63Sn-37Pb
solder and 76Au-21Pt-3Pd alloy sheet and thick films
(Tables I and II) provided an opportunity to apply the
implicit approach discussed above to a “real” system.
The experimental data discussed previously indi-
cated that at higher temperatures, only one interme-
tallic layer approximately Au0.74Pt0.21Pd0.05Sn4 usually
forms. Since those data were insufficient to determine
which constituent was rate-controlling, the pseudo-
constituent Au0.74Pt0.21Pd0.05 was chosen as the rate-
controlling constituent A for purposes of illustration.
The other diffusing species Sn was represented by
material B since information on the effects of Pb in the
solder was unavailable. With respect to displacement
of the solder-IMC interface, this approximation ap-
peared reasonable since previous work done with the
100Sn/Cu and 63Sn-37Pb/Cu systems showed that
the Pb-rich phase retreated behind the advancing
solder-IMC interface.6,7 In the porous thick film, it

seems probable that a dispersed Pb-rich phase will
form. However, information regarding the mecha-
nisms controlling formation of that phase are un-
available, and it was considered more appropriate to
use a single approximation for all of the solder, than
to “make something up” for the solder in the porous
region. In which case, in the reaction zone between
materials A and ABm,

  A B AB+ →4 4 (29)

 and between ABm and B

  A B AB+ →4 4 (30)

and intermetallic growth can be described by Eqs.
(16) and (18)–(28). Furthermore, the alloy sheet ex-
periments provided data (Table I) for calculating
effective diffusion coefficients; some two-dimensional
pore space characterization (Table III) was obtained,
and data for intermetallic growth in the thick films
(Table II) was available for comparison with numeri-
cal predictions.

Using the data in Table I, effective diffusion coef-
ficients for the pseudo-constituent Au0.74Pt0.21Pd0.05 at
temperatures 100, 135, and 170°C were calculated as
discussed in Appendix B. Because of the large induc-
tion period for layer growth at 100°C, evaluation of an
Arrhenius expression seemed inappropriate. Values
for the other parameters in Eqs. (16) and (18)–(28) are
also given in Appendix B.

Numerical Results

Since limited pore space characterization was avail-
able, the initial modeling reported below was done
using a two-dimensional geometry based on the pore
structure shown in Fig. 3 and the characterization
data given in Table III. The geometry chosen for the
porous thick film and solder consisted of a rectangular
region having a width of 50 µm and height of 100 µm.
The 2-D representation of the solder and porous thick
film is shown in Fig. 7a. The 76Au-21Pt-3Pd thick

Fig. 6. Comparison of interface displacement calculated explicitly
(ILaG) and implicitly (COYOTE II).
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a

film is 24 µm high and is the dark gray region at the
bottom of the figure. The solder is 76 µm high and
occupies the light gray region above the thick film.
The solder-filled pores are shown by the light gray
regions within the dark gray thick film, and the

unfilled pores are shown in white. The thick film
region was divided into 12 rows and 25 columns
consisting of square regions having 2 µm sides, which
would correspond to a mean area of about 4 × 10–6 mm2

for each void region. Across each row, the individual
squares were randomly selected as 76Au-21Pt-3Pd
thick film or void such that the two-dimensional
porosity, or pore area fraction, was approximately
uniform throughout the thick film region, and the
total porosity was about 34 percent.

As mentioned previously, the available experi-
mental data indicated that molten solder initially
penetrated the thick film to an average depth of about
8.8 µm below the initial solder-thick film interface.
Furthermore, the solder filled about 28 percent of the
pore space in the thick film. However in Fig. 7a, the
randomly selected void squares in Row 1 (adjacent to
the solder) were not directly connected (edge-to-edge)
to other void squares below those in Row 2 (the
adjacent second row). The squares in Row 2 corre-
spond to a maximum depth of only 4 µm into the thick
film. If symmetry were assumed with respect to a
third spatial dimension, then the molten solder would
penetrate no more than 4 µm into the thick film, and
the fraction of the pore space filled with solder would
be small. If it were assumed that the distribution of
filled and void squares varies in the third dimension,
then void squares in rows 3,4,5, etc. could be filled
with solder. Therefore, to specify an initial solder
distribution in the thick film, it was assumed that
connections between pores could occur in a third
spatial dimension. Solder was assumed to penetrate
the pores to depths ranging from 2 to 14 µm (from Row
1 to Row 7) below the initial interface. The resulting
pore area filled by the solder was 16 percent (about 45
percent of the total pore area). Based on that solder
distribution, a 2-D finite element mesh was generated
with the defined pore geometry, and each square
region was identified as either thick film, solder,
solder-filled pore, or void. The boundaries of each void
were treated as impermeable to a mass flux. The
resulting finite element mesh contained about 500,000
nodes. Admittedly, a 2-D simulation done neglecting
the third dimension is somewhat artificial. However,
in view of the sparse pore space characterization data,
a 2-D simulation based on an assumed connection
between pores for the purpose specifying the initial
solder distribution in the thick film appeared reason-
able.

The model described by Eqs. (16) and (18)–(28)
was implemented and tested in the multidimensional,
massively parallel computer code MPSalsa.9 Param-
eter values are given in Appendix B. The value of DA
was 3.1 × 10–11 cm2/s and represented an average
value, as discussed in Appendix B, for earlier times at
a temperature of 135°C. Both the geometry and initial
conditions used for simulating IMC growth are shown
in Fig. 7a. Calculations were carried out on 512
processors of the Intel Teraflop computer due to the
problem size and complexity. Even at this level of
mesh discretization, about 500,000 nodes, the thin

Fig. 7. Initial 2-D spatial distribution of solder, porous thick film
conductor, solder-filled pores, and voids: (a) Region 50 µm wide by
100 µm high, (b) subregion extending 12 µm to the right of the left
boundary in (a), 8 µm below the original interface, and 24 µm above.

b
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reaction zone is discernible. The automatic time-
stepping algorithm used in the calculations resulted
in time steps ranging from about 0.1 to 0.3 days. At
each time step, 2 million equations were solved, and
the required time was about 40 s. For planning pur-
poses, the time required to calculate IMC growth for
t = 30 days would be about 3 h, including overhead for
problem distribution and input/output.

Results of the simulation are shown in Figs. 8a, 8b,
8c, and 8d. Gray-scale levels of the IMC
Au0.74Pt0.21Pd0.05Sn4 mass fraction,   wAB4

, are shown at
times of 5, 10, 60, and 90 days. Both the unreacted
solder and the 76Au-21Pt-3Pd thick film appear as
light gray, and the IMC Au0.74Pt0.21Pd0.05Sn4 appears
as dark gray. Figure 8a shows that at 5 days, the IMC
has consumed the solder-filled pores, and relative to
the initial thick film-solder interface, the IMC-thick
film interface has advanced a short distance into the
thick film, while the IMC-solder interface has ad-
vanced much further into the solder. Only negligible
IMC growth has occurred beyond the fill depth of any
pore. Figure 8b shows that at ten days, the IMC has
grown into the regions between the filled pores, and
relative to the initial interface, the IMC has advanced

well into the thick film and solder. Figure 8c shows
that at 60 days, a very irregular IMC growth pattern
has developed in the thick-film region. Finally, Fig. 8d
shows that at 90 days, a substantial portion of the
thick film has been consumed by IMC formation, and
the IMC has advanced to the bottom of the thick film.

To examine IMC growth in more detail, a small
region around the initial thick film-solder interface
on the left side of Fig. 7a was selected. That region is
shown in Fig. 7b and extended 12 µm to the right of the
left boundary in Fig. 7a, 8 µm below the original
interface, and 24 µm above. Calculations were done
similarly to those in Fig. 8 but for times of 0.9, 3.3, 9.3,
and 18.5 days. The results are shown in Figs. 9 a, 9b,
9c, and 9d, which further illustrate the complicated
geometry of the IMC growth with intersecting and
coalescing interfaces. Furthermore, the reaction zone
used to implicitly track interface displacement was
less than 1 µm thick.

It should be noted that in Fig. 8 and Fig. 9, the IMC
layer grows asymmetrically with respect to the origi-
nal interface. The layer grows more rapidly into the
original solder than into the thick film. This asym-
metric growth is a direct result of the stoichiometry of

Fig. 8. IMC growth in the geometry shown in Fig. 7a for: (a) 5, (b) 10, (c) 60, and (d) 90 days.
a b c d

a b c d

Fig. 9. IMC growth in the geometry shown in Fig. 7b for: (a) 0.9, (b) 3.3, (c) 9.3, and (d) 18.5 days.
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the reaction forming Au0.74Pt0.21Pd0.05Sn4. In the case
of one-dimensional layer growth involving a nonpo-
rous substrate, an analytical expression, which re-
lates IMC growth into the solder and growth into the
substrate can be derived from conservation of volume.
In particular, for a reaction of the type

A+mB →ABm

in which the volume change due to reaction can be
considered negligible, and the composition of the ABm
product layer is assumed uniform, the following rela-
tionship between δo(t), the boundary of the interme-
tallic ABm advancing into the substrate A, and δ1(t),
the boundary advancing into the solder B, is obtained

  
δ

ρ
ρ

δ1 0t m
M

M
tA A

B B

( ) = −
( )
( ) ( )/

/
 (31)

For the parameter values given in Appendix B, the
above equation shows that the IMC layer should grow
into the solder about six times faster than into the
substrate. In Fig. 8, the IMC layer also grows asym-
metrically, but less so than predicted for the 1-D case.
This difference is due to the porosity in the thick film
and the initial percolation of the solder into the pores.

Experimental data for IMC growth relative to the
initial interface between thick film and solder were
given in Table II. At 135°C, the mean IMC growth
between the initial interface and the IMC-solder
interface at 273.8 h was 17.0 µm, and growth between
the initial and the IMC-thick film interface was 4.5
µm. These growth data can be approximately com-
pared with the predicted IMC growth at 135°C and
ten days shown in Fig. 8b, where IMC growth between
the initial interface and the IMC-solder interface is
about 16 to 18 µm, and growth between the initial and
the IMC-thick film interface is 6 to 8 µm. The agree-
ment between experimental and predicted results for
IMC growth between the initial interface and the
IMC-solder interface is good. The agreement for growth
between the initial and IMC-thick film interface is not
unreasonable when the approximations and uncer-
tainties associated with representing the pore struc-
ture and initial solder distribution in the pores are
considered. In fact, these results demonstrate the
need for improved characterization of the pore struc-
ture and initial solder distribution in the pores so that
IMC growth can be effectively modeled in porous
thick films.

As a final note, IMC growth can be calculated for
a quasi-one-dimensional, nonporous geometry, using
Eqs. (37)-(42) in Appendix B. For the same diffusion
coefficient and parameter values used in the 2-D
simulation discussed above, the IMC growth between
the initial interface and the IMC-solder interface at
273.8 h would be 22.2 µm, and IMC growth between
the initial and IMC-thick film interface would be 3.6
µm. In this case, growth between the initial and the
IMC-solder interfaces is significantly overpredicted,
and growth between the initial and the IMC-thick
film interfaces is somewhat underpredicted, further
illustrating the difficulty in using quasi-one-

dimensional analyses to predict IMC growth in thick
films. With respect to average interface displace-
ment, some improvement in one-dimensional analy-
ses might be gained by adjusting the diffusion coeffi-
cient to reflect a hindered path caused by the pores.
However, little would be gained with respect to deter-
mining the shape of the interface or the consumption
of the material between the pores. Also, adjusting the
diffusion coefficient a priori could be difficult.

SUMMARY

The integrity of solder joints in (HMC) electronics
can be jeopardized by formation of IMC layers, which
can have thermal and mechanical properties that are
substantially different from the solder and substrate,
and which can consume the conductor layer by solid-
state reaction. Analytical models predicting IMC
growth for a variety of conditions are needed to
improve predictions of long-term joint reliability and
manufacturing processes. Due to the porosity in thick
film conductors, the development of such models is
challenging and requires a coupled experimental and
computational effort. Experimentally, IMC growth
mechanisms and kinetics must be determined, and
the pore structure of the thick film must be character-
ized. Computationally, IMC growth involves a com-
plicated geometry in which the interfaces between
solid-state phases grow, intersect, and coalesce. These
processes are difficult to model explicitly and are not
well predicted by simply applying growth kinetics to
a quasi-one-dimensional layer geometry.

This paper summarized initial results from a
coupled experimental and computational effort to
develop a mathematical model and computer code
that will ultimately predict 3-D intermetallic growth
in porous substrate-solder systems. The experimen-
tal work, reported previously, provided data for pa-
rameter evaluation and comparison of experimen-
tally observed and predicted layer growth. The com-
putational work was based on an implicit interface-
tracking approach developed for diffusion-reaction
analyses in complicated geometries. To illustrate the
implicit approach, a model based on implicit interface
tracking was implemented in the computer code
MPSalsa9 and used for initial 2-D simulations of the
formation and growth of the IMC Au0.74Pt0.21Pd0.05Sn4
between 63Sn-37Pb solder and 76Au-21Pt-3Pd po-
rous thick film substrates. Calculations on a finite
element grid of about 500,000 nodes required a mas-
sively parallel computer and were performed as a
series of calculations on 512 processors of the Intel
Teraflop computer. A limited comparison between
predicted and experimentally observed IMC growth
at 135°C showed good agreement for growth between
the initial thick film-solder interface and the IMC-
solder interface. However, growth between the initial
and IMC-thick film interfaces was overpredicted. For
comparison, a quasi-one-dimensional analysis
overpredicted IMC growth between the initial and
IMC-solder interfaces and underpredicted growth
between the initial and IMC-thick film interfaces.
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Clearly, IMC growth in the thick film region is depen-
dent on the pore structure of the film and the initial
solder distribution in those pores, which also signifi-
cantly affect the overall film thickness relative to a
planar 1-D system.

The model implemented in MPSalsa has clearly
demonstrated a capability to address intermetallic
growth at sub-micron dimensions in a complicated
geometry based on the geometrical characteristics
and physical constants from a “real” system. The
model can accommodate multiple intersecting and
coalescing interfaces and represents a major step
toward developing a predictive capability for deter-
mining the reliability of HMC solder connects and for
developing manufacturing and repair procedures.

Further model development is necessary and re-
quires a continued coupled experimental and compu-
tational effort to address several issues. Further ex-
perimental work is needed to:

• Determine the behavior of the Pb-rich phase in
the solder during IMC growth in the thick-film,

• Determine the mechanisms and kinetics govern-
ing IMC growth during the “induction period,”

• Characterize and more accurately describe the
pore structure of the thick film in three dimen-
sions, particularly with regard to surface-area-
to-volume ratios, and

• Obtain more detailed information on the initial
solder distribution in the pores.

Model development should focus on:
• Including the effects of the Pb-rich phase in the

solder,
• Expanding the governing equations to include

mechanisms controlling IMC growth during the
“induction period,”

• Incorporating a more detailed pore structure
characterization, and

• Extending calculations to more realistic 3-D ge-
ometries.

Additionally, the reaction kinetics portion of the model
should be extended to describe the dissolution effects
of liquid solder on thick film retention. This issue is
particularly pertinent to identifying proper soldering
processing parameters for the HMC unit since it is in
the soldering phase of the HMC circuit board that the
liquid solder can rapidly dissolve the thick film coat-
ing. Engineering parameters, such as the actual sol-
dering times used in the assembly process as well as
the number of instances that the solder joint can be
repaired without complete loss of the thick film con-
ductor, must be accurately predicted in order that
reliable products reach the field, whether after initial
fabrication or following necessary repair procedures.

Finally, an objective of further experimental and
computational work should be to investigate the im-
pact of pore size distribution on the aging of the
solder-thick film joints. Thick film materials (e.g.,
metal powder, binder, or glass frit), as well as the
manufacturing processes used to fire the printed ink
to the ceramic substrate, can significantly impact the
pore size distribution of the post-fired thick film

coating and, hence, its survivability under solid-state
aging processes.
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APPENDIX A

The implicit formulation described by Eqs. (16)
and (18)–(28) was implemented in the well-estab-
lished finite element code COYOTE II, which solves
problems of multidimensional, nonlinear heat con-
duction, including solid phase chemical reactions.10

The heat conduction equation solved by COYOTE II is
given by

  
ρ ∂

∂
∂

∂
∂
∂

C
T
t x

k
T
xj

Q
i

ij=






+ (32)

where ρ is the material density; C is the specific heat;
kij is the thermal conductivity tensor; T the tempera-
ture, and Q the volumetric heat source. The volumet-
ric heat source includes the energy release due to
chemical reactions
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(33)

where qj is the endothermic or exothermic energy
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release, and rj is the reaction rate for reaction step j.
Typically, the reaction rates are functions of the
concentration variable for the species. Thus, the spe-
cies equations solved in conjunction with the thermal
problem are given by

  

dN
dt

ri
ij j

j

J

=
=
∑ ν

1

(34)

where νij are stoiciometric coefficients.
Due to a disparity in time scales between the

chemical reactions and thermal diffusion, COYOTE
II makes use of an operator splitting method and the
use of stiff, ordinary differential equation solvers for
the species equations.

To solve equations Eqs. (16) and (18)–(28) using
COYOTE II, it was necessary to assume a constant
bulk density over a solution time step. This was
considered reasonable since the density changes are
typically small over time periods and conditions consid-
ered. Modifications to COYOTE II were made to allow
more general specifications of the coefficients in Eq.
(33) and Eq.(34).

APPENDIX B

Equations (2), (4)–(6), and (7)–(8) can be solved
analytically,11 for cases in which: the initial interme-
tallic layer thickness is negligible; diffusion can be
described using Fick’s law with constant difffision
coefficient; the mass density is essentially constant in
each phase, and volume changes due to chemical
reaction are negligible. The resulting solution then
can be used to obtain values for the effective diffusion
coeffficient DA from experimental data.

Referring to Fig. 4, consider growth of a single
intermetallic layer Au0.74Pt0.21Pd0.05Sn4 between the
alloy sheet and solder. Let δ0(t) denote the interface
between the alloy sheet and intermetallic layer, and
let δ1(t) denote the boundary between the intermetal-
lic and solder. In the region δ0 < x < δ1, the material
balance for constituent A is given by Eq. (2)
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w
xA A

A( ) = 





(2)

where the subscript 1 has been omitted from terms
involving wA. Initial conditions for Eq. (2) are

wA(x ≤ 0, t = 0) = 1.0

and wA(x > 0, t = 0) = 0

The boundary conditions are

  w w a cons tA
r
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( ) = = tan

and   w w a cons tA
l

Aδ1 2
( ) = = tan

Also,note that   w xA
l≤( ) =δ0 1 0. and   w xA

r≥( ) =δ1 0 ,
The displacements of the interfaces at δo(t) and

δ1(t) are described by
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with the initial conditions δo(0) = 0 = δ1 (0).
In which case, Eqs. (2), (35), and (36) can be solved

analytically to give the following material balance for
constituent A in the region δ0 < x < δ1
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and displacements of the interfaces at δ0(t) and δ1(t)
are given by

  δ γ0 02t D tA( ) = (38)

  δ γ1 12t D tA( ) = (39)

where the constants Γ, γ0, and γ1 are given by
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In general, Eqs. (38)–(42) must be solved simulta-
neously. This can be done using iterative approaches,
which are greatly expedited by an additional equation
that gives an approximate relationship between δ0(t)
and δ1(t). As previously mentioned, for a reaction of
the type

A + mB →ABm (43)

in which the volume change due to reaction is negli-
gible, and the composition of the ABm product is
assumed uniform, the following additional relation-
ship between δ0(t) and δ1(t) is obtained from a consid-
eration of conservation of volume

  
δ

ρ
ρ

δ1 0t m
M

M
tA A

B B

( ) = −
( )
( ) ( )/

/
(31)

Since the stoichiometry of the ABm product layer does
vary slightly with time and position during layer
growth, Eq. (31) is only a close approximation when
gradients are small and the average stoiciometry of
the layer is about ABm.

Usually, the layer thickness ∆(t) given by

∆(t) = δ1(t) – δ0(t) = 2(γ1 –γ0)   D tA (44)

is determined experimentally, rather than interface
displacement or concentration profiles, and Eq. (44) is
used to evaluate diffusion coefficients. When the
initial layer thickness is finite or unknown, the diffu-
sion coefficient can be estimated from the layer thick-
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ness at two times, ti and t0, where ti > t0, by assuming
that the concentration profile in the layer at t0 is
approximately given by Eq. (37), so that ∆(ti) and ∆(t0)
are, in principle, given by Eq. (44). Then
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2
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2
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where γ = γ1 – γ0 (46)

and the interface positions δ1(t) and δ0(t) are evalu-
ated iteratively using Eqs. (31), (41), and (42).

Because of the long induction periods involved in
IMC growth at lower temperatures, the most reason-
able temperature on which numerical calculations
could be based appeared to be either 135 or 170°C.
Since Tables I and II contain more data for IMC
growth at 135°C, the calculations were based on this
temperature. Although the data for 170°C given in

Fig. 10. Early-time IMC growth at 135°C.

Table IV. Data and Values for Effective Diffusion Coefficients for Au0.74Pt0.21Pd0.05

Temp.  (°°°°°C) Time (h) ∆∆∆∆∆(t) (µm) DA (cm2/s) Average DA (cm2/s)

100 1000 (t0) 1.05 — 4.2 × 10–13

2000 1.69 4.2 × 10_13 —
135 50 (t0) 13.34 — 1.5 × 10–10

1000 103.4 1.5 × 10–10 —
170 5 (t0) 9.81 — 1.5 × 10–9

20 40.85 1.4 × 10–9 —
1000 344.8 1.6 × 10–9 —

Table V. Parameter Values

Parameter  Symbol  Value Comments

Mass density of Au ρAu 19.3 (g/cm3) Reference 12.

Mass density of Au0.76Pt0.21Pd0.03 ρA 19.3 (g/cm3) Calculated from densities for Au,
Pt, and Pd, assuming negligible
volume change due to reaction.

Mass density of AuSn4   ρAuSn4
8.9 (g/cm3)  Calculated from densities for Au

and Sn, assuming negligible
volume change due to reaction.
Actual density is 9.2 g/cm3.

Mass density of Sn ρSn 7.3 (g/cm3) Reference 12.

Mass fractions on   wA
lδ0( ) 1.0 Pure constituent.

left side of δ0(t)

Mass fractions on   wA
rδ0( ) 0.3 Chosen as reasonable value based

right side of δ0(t) on Au-Sn phase diagram.

Mass fractions on   wA
lδ1( ) 0.28 Chosen as reasonable value based on Au-Sn

left side of δ1(t) phase diagram.

Mass fractions on   wA
rδ1( ) 0.0 Pure constituent.

right side of δ1(t)

Atomic weight of Au MA or MAu 118.7 (g/gmole) Reference 12.

Atomic weight of Sn MSn 197.0 (g/gmole) Reference 12.
γo –0.032

γ1 0.20
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Table I show a more linear relationship with the   t
in Fig. 1, less data is available for IMC growth with
both the alloy sheet and porous thick film. Further-
more, 170°C was at the upper extreme in the tempera-
ture range studied and may be less representative of
actual aging conditions, and for purposes of illustrat-
ing the implicit approach for modeling IMC growth in
porous thick films, any reasonable value for the diffu-
sion coefficient DA is sufficient. However, to compare
predicted IMC growth with the experimental data
given in Table II, the diffusion coefficient should be
characteristic of layer growth at earlier times. At
135°C, IMC growth at earlier times varies nonlinearly
with the square root of time, as shown in Fig. 10. Since
the mechanisms controlling the induction period are
not known, the approach taken here was to use a
linear relationship with respect to   t , shown by the

dashed line in Fig. 10, that reasonably represented
IMC growth over the time period of interest for com-
paring predicted IMC growth with the experimental
data for the porous thick film.

The diffusion coefficient corresponding to the
dashed line in Fig. 10 was calculated from Eq. (44)
using the procedure described above. The resulting
value was 3.1 × 10–11 cm2/s and was used for all of the
numerical calculations. Diffusion coefficients corre-
sponding to longer times in which IMC growth varies
linearly with   t  were also calculated using Eq. (45)
and are summarized in Table IV. In general, the
values appear reasonable with respect to published
diffusion coefficients for several solid-state systems.11

Other parameter values used in the numerical calcu-
lations and for evaluating diffusion coefficients are
given in Table V.




