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Modelling the creep rates of eutectic Bi–Sn solder
using the data from its constitutive phases
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Constitutive equations obtained from the creep behaviour of 99.9 wt % pure Bi and from
Sn–10 wt % Bi single-phase solid solution are applied in the continuum mechanics creep
model of Tanaka et al. [1] to predict the creep behaviour of a eutectic Bi–42 wt % Sn alloy. At
low stresses, Bi is the load bearing phase, while at high stresses, Sn–10 wt % Bi is the load
bearing phase. The continuum mechanics creep model is able to predict the shape of the
steady-state versus strain curves. However, the model predicts creep rates that are generally
lower than the data. This inconsistency may be caused by a phase boundary sliding
contribution to the creep rate, which is unaccounted for by the model. Creep tests done on
Sn–42 wt % Bi samples having various microstructural morphologies support this
conclusion, where the more spheroidized microstructure creeps faster.  1998 Kluwer
Academic Publishers
1. Introduction
Low melting temperature (139 °C) eutectic Bi—
42wt%Sn alloy is becoming an increasingly attractive
soldering alloy for the growing number of temperature-
sensitive electronic assemblies where conventional
eutectic Sn—Pb solder (melting temperature of 183 °C)
cannot be used. As with all solders, creep during
service is a major concern for Bi—42wt %Sn because
it operates at such high homologous temperatures
(typically between room temperature and 125 °C).

Previous studies [2, 3] have demonstrated the exist-
ence of three regions of different stress dependence in
the steady-state creep regime. A representative selec-
tion of the Bi—42 wt%Sn steady-state creep data
taken at 60 °C is shown in Fig. 1 [2, 3]. At stresses
below 5 MPa, the stress exponent is near five. At
intermediate stresses, 3'r'20 MPa, the stress ex-
ponent is approximately three. Above 20 MPa the
stress exponent is not constant, but increases with
stress (it is five or higher). For a single-phase alloy,
these three regions can be attributed to the following
rate limiting mechanisms. A stress exponent of five is
associated with annihilation of edge dislocations
through climb [4, 5]. A stress exponent of three corre-
sponds to dislocation glide through solute atmo-
spheres [6]. A stress exponent greater than five can
correspond to creep controlled by dislocation climb
occurring by pipe diffusion [7]; creep under condi-
0022—2461 ( 1998 Kluwer Academic Publishers
tions of an active dislocation density, which is in-
versely proportional to stress [8]; or creep under
powerlaw breakdown [9]. A series of creep mecha-
nisms, similar to what is described above, has been
observed in Al—5.6 at.%Mg [10]. However, unlike
single-phase Al—5.6 at.%Mg, Bi—42wt% Sn is a two-
phase composite. It is composed of nearly equal vol-
ume fractions of a Bi phase with a negligible solubility
of Sn, and a Sn-rich phase with a maximum solubility
of 21wt%Bi at the eutectic temperature. Therefore,
before ascribing any particular creep mechanism to
a certain stress regime, one must first know the creep
behaviour of the separate phases and their interac-
tions in the composite.

Deformation behaviour of two-phase materials is
described by numerous authors [1, 11—17]. Their indi-
vidual approaches vary widely, from the use of the
mechanical law of mixtures [11—14], to finite element
methods [15], to continuum mechanics models
[1, 16, 17]. The model of Tanaka et al. [1] is examined
in this work because it has been demonstrated to be
effective in predicting specifically the creep response of
two-phase composites [1], whereas the other models
tend to be more general. In this paper, their model will
be referred to as the continuum mechanics composite
creep (CMCC) model.

The CMCC model assumes both phases are elasti-
cally and plastically isotropic and that creep strains
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Figure 1 Creep of Bi—42wt% Sn showing sigmoidal stress
dependence (L 333 K).
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where f is the volume fraction of the second phase, x is
the phase strain difference (x"*e

33
), E is Young’s

modulus for the two-phase alloy, and A and B are
functions of Eshelby’s tensor and of the elastic moduli
of the matrix and second phase [21—23]. The actual
stresses acting on the matrix phase are then given by
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The stresses in the second phase are similarly defined.
These triaxial stresses, through the von Mises relation,
are expressed as equivalent stresses, r*

%
, which, follow-

ing simplification, are given by
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where K ("A#B) is termed the shape factor, and is
generally between 0.5 and 1.5 [1].

A numerical simulation (done in Visual Basic) is
used to calculate the strain versus time response of the
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two-phase alloy. First, the two-phase sample is loaded
to the specified stress. The equivalent stresses (initially
equal to rA

33
) are used in the unidirectional creep laws

for the individual phases. The calculated creep rates
are then multiplied by the time increment (in the
numerical simulation) to get the creep strains of the
individual phases. The creep strain of the alloy is given
by
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The phase strain difference is summed with the pre-
vious difference, the stress distribution is modified, the
phase creep rates are again calculated, and so on in an
iterative fashion to construct the complete strain—time
response. Steady-state creep is attained when the creep
rates in each phase are equal.

The goal of this study is to illustrate, using the
CMCC model, how both the pure Bi phase and
Sn—10wt %Bi contribute to the creep of the eutectic
alloy. In the past, this model has been successfully
used to predict creep in ferrite—pearlite steels and in
Cu—W wires [1]. Both microstructures consisted of
geometrically well defined phases; W wires uniformly
embedded in a Cu matrix, while the ferrite—pearlite
steels had the major phase (either one depending on
the relative volume fractions) surrounding nearly
spherical inclusions of the minor phase [1]. The eutec-
tic Bi—Sn is very different from both W—Cu and the
steels, exhibiting a lamellar microstructure. Addition-
ally, the CMCC model was previously applied only at
very small strains for the steels (maximum of 0.6%
total strain), and at very low strain rates for the Cu—W
wires (the maximum strain rate where a composite
was tested was 1]10~7 s~1, above these strain rates
only single phase Cu was tested) [1]. To the authors’
knowledge this is the first time that this model is
extended to large deformations and high creep rates
(creep rates as high as 1]10~2 s~1 over several sec-
onds), as well as to a geometrically complex micro-
structure. While creep data for the Bi—42wt%Sn
eutectic has been previously published [2, 3], this is
also the first time that the data and the constitutive
equations for the Bi—10wt%Sn solid solution and for
the pure Bi phase are available.

2. Experimental procedure
The Sn—10wt% Bi alloy was made from 99.99wt %
pure Sn and 99.9wt % pure Bi. The pure Bi phase was
also made from the 99.9wt % pure Bi ingot. The
Bi—42wt%Sn eutectic, being 99.99wt% pure, was
provided by the Indium Corporation of America. All
test samples were cast into test tubes. All Bi—
42wt%Sn samples were quenched into room temper-
ature water, whereas Bi and Sn—10wt% Bi samples
were allowed to air-cool to room temperature. The
castings were then machined into cylindrical dog-bone
tensile bars, with a gauge diameter of 6.3 mm and
a gauge length of 38 mm. All bars were then annealed
for 12 h at 100 °C to relieve any residual stress that
was possibly incurred by the machining. Some of the
Bi—42wt%Sn tensile bars were then aged in hot oil
baths. Samples were tested in the as-quenched state,



after ageing for ten days at 120 °C, and after ageing for
22 days at 130 °C. Prior to testing, a facet was polished
into the gauge section of several samples. This was
done to observe the effect of the microstructural mor-
phology on the amount of phase and grain boundary
sliding. Creep tests performed under identical test con-
ditions on unpolished samples showed that as long as
the reduced cross-sectional area was taken into ac-
count, the facet did not effect the creep response. The
Bi and Sn—10wt%Bi tensile bars were tested in the
as-cooled plus the 12 h anneal condition (conse-
quently referred to as the as-cooled condition).

An Instron 4204 tensile tester with slotted grips was
used for all testing. Strain in each sample was continu-
ously monitored with an extensometer. The temper-
ature of each test was controlled through the use of
a box furnace surrounding the grip and sample assem-
bly. Tests were performed at temperatures ranging
from 20 to 120 °C with test temperatures varying no
more than $3 °C.

Creep tests were conducted at constant applied load
at low strain rates ((10~4 s~1), and at a constant
displacement rate at higher strain rates. For the low
strain rate tests, a single sample was used at each
temperature to collect data at various stresses. These
tests were run only to steady-state creep, in general
less than 0.l% strain, and in order of increasing load.
For the constant displacement rate tests (where the
samples underwent significant strain), a new sample
was used at each stress. The strain rate reported cor-
responds to the strain rate at which the maximum
stress was achieved.

3. Results
Fig. 2 shows the steady-state creep data of the Bi
phase. The data show a power law behaviour and were
fit with an empirical equation of the form
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Figure 2 Steady-state creep rates of 99.9%Bi (K 20 °C, n 70 °C,
L 120 °C).
where e5
B*

is the steady-state creep rate of Bi; r is the
applied stress; Q is the activation energy for Bi self-
diffusion, 58 kJ mol~1 [24]; n is the stress exponent,
8.2; E is the Young’s modulus, equal to 32.6]103
!46.8¹ MPa (where ¹ is temperature in degrees
celsius; the temperature dependence was determined
in the course of the present study), and C is a creep
constant equal to 1030 Jmol~1MPa~1 s~1 (obtained
from the best fit of the data).

The Sn-rich data were fit using an empirical equa-
tion with a sinh stress dependence, because the data
shows a combination power law (low-stress) and ex-
ponential (high-stress) stress dependence.
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where e5
S/—10B*

is the steady-state creep rate of
Sn—10wt %Bi. The Young’s modulus of the Sn-rich
phase, as a function of temperature (°C), is
55 580!8.31¹!1.14¹2 MPa [25]. The constants C,
a and n are 600 J mol~1 MPa~1 s~1, 3000 and 1.8,
respectively (obtained from best fit of the creep data).
The Sn—10wt %Bi alloy was tested only at 120 °C.

It is assumed that the creep rate of the Sn-rich phase
is limited by the rate of diffusion of the Bi solute in the
Sn matrix. This is a common observation for creep of
binary solid solution alloys [6, 10]. Coarsening stud-
ies of the Bi—Sn eutectic [26] give a tracer diffusion
activation energy of 73 KJmol~1 for Bi in Sn. This
activation energy is used in the present study as the
creep activation energy in the Sn-rich phase.

Fig. 3 compares the steady-state data obtained from
Bi—42wt%Sn to that of the Bi phase and to
Sn—10wt %Bi, all tested at 120 °C. At stresses greater
than 3 MPa, Sn—10wt %Bi has a lower strain rate
than pure Bi. Below 3 MPa, it appears that pure Bi is
likely to have the lower strain rate, although the

Figure 3 Comparison of steady-state creep rates of 99.9%Bi,
Sn—10wt% Bi and Bi—42wt% Sn at 393K (e Sn—10Bi, n Bi,
L Bi—42Sn).
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Figure 4 (a) Comparison of experimental and calculated creep rates
of Bi—42wt%Sn alloy at four temperatures and (b) normalized
equivalent stress versus applied stress for each phase (K 303 K,
L 333 K, n 363 K, e 393 K).

Sn—10wt %Bi data do not extend to sufficiently low
stresses to confirm this with absolute certainty. The
creep rate of the composite is significantly faster than
the creep rate of the individual phases.

Fig. 4a shows the Bi—42wt%Sn eutectic steady-
state creep data obtained from samples aged for ten
days at 120 °C (as points) and the steady-state rates
calculated from the CMCC model (as solid lines). The
volume fraction of the Bi phase is 0.45. An intermedi-
ate value of 0.833 is used for the shape factor, K.
Fig. 4b plots the normalized equivalent stress, r*

%
/rA

33
,

for the individual phases of Bi—42wt %Sn loaded at
90 °C, versus the applied stress, rA

33
. It can now be

seen that the equivalent stress in each of the load
bearing phases (Bi at low stress, Sn—10wt%Bi at high
stress) is actually much higher than the applied stress.

The temperature dependence (spacing between the
curves) and the stress dependence of the individual
curves is in fair correlation to the experimental obser-
vations. However, the predicted creep rates are gener-
ally lower than the observed creep rates. It will be
demonstrated that this may occur because there is
a significant grain boundary sliding contribution to
the overall creep rate in the eutectic.

4. Discussion
The Bi—42wt %Sn steady-state data used to construct
Fig. 4 were obtained from samples that were quenched
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from the molten state and then aged for ten days at
120 °C. To determine the possible effects of micro-
structure on Bi—42wt%Sn creep behaviour, creep
tests were performed on two additional eutectic micro-
structures. Fig. 5a shows a backscattered electron
micrograph of the as-quenched Bi—42wt %Sn micro-
structure (light phase is Bi). Fig. 5b shows a back-
scattered electron micrograph of the quenched
microstructure after aging for 22 days at 130 °C. It can
be seen that significant coarsening and spheroidiz-
ation of the eutectic microstructure is produced by
aging. Whereas both phases are nearly continuous
throughout the sample in the as-quenched state, the Bi
phase becomes discontinuous in the aged condition.
Similar results were also observed in a prior study on
the ageing kinetics of Bi—Sn solder [27]. The micro-
structure of the samples used in Fig. 4 was of inter-
mediate coarseness compared with these two
extremes.

Fig. 6 shows the room temperature steady-state
creep rates from these two sets of samples as well as
the rates predicted by the CMCC model. Also shown
are the creep rates reported for recrystallized
Bi—42wt%Sn [28]. The recrystallized samples had an
equiaxed microstructure with a grain size of 6 lm
[28]. Their creep rates are two to three orders of
magnitude higher than the creep rates of the as-cast
eutectic. Such an increase in the creep rate is typical of
a material that begins to display significant grain

Figure 5 (a) Backscattered scanning electron micrograph of (a) the
as-quenched Bi—42wt% Sn microstructure and (b) the as-quenched
Bi—42wt% Sn microstructure after ageing for 22 days at 130 °C.



Figure 6 Steady-state creep rate of Bi—42wt% Sn in the as-cast
condition, aged 22 days at 130 °C, recrystallized, and CMCC model
prediction at 298K.

boundary or phase boundary sliding [29—31]. As the
Bi—Sn eutectic microstructure becomes more and
more spheroidized, the phases can slide past each
other more freely. The increasing amount of phase
boundary sliding should lead to increasing creep rates,
as is observed.

In the Bi phase and in the Sn—10wt%Bi, bulk creep
mechanisms should dominate since both materials
had an as-cast, single-phase microstructure where no
phase boundary sliding could occur. Unfortunately,
no microstructural data are available for the degree of
grain boundary sliding in Sn—10wt %Bi and in Bi.
However, inferences about Sn—10wt% Bi and about
Bi can be made by observing the deformed Bi—Sn
eutectic microstructure. Fig. 7a shows a backscattered
electron micrograph of the deformed surface of
a Bi—42wt%Sn sample, that was aged for 22 days at
130 °C prior to testing. The sample was then strained
5% under an applied load of 20 MPa (strain rate of
5]10~6 s~1) at 20°C. Fig. 7b shows a topographical
image of the same area. Phase boundaries in the
coarser, spheroidized regions show more displacement
than do boundaries in the finer, lamellar regions.
There is significant displacement at the interface of the
large Bi phase (in the middle of the micrograph) and
the Sn phase that surround it. However, there is much
less displacement between the grains within the Bi or
the Sn rich phase (there is some grain boundary dis-
placement within the Sn rich phase, and almost none
within the Bi phase). This indicates that phase bound-
ary sliding has a much larger contribution to the net
deformation than does grain boundary sliding within
the phase and implies that grain boundary sliding in
the as-cast Sn—10wt%Bi and Bi may be negligible
compared to the bulk creep mechanisms. The con-
clusion that bulk creep mechanisms dominate defor-
mation in the single-phase Sn—10wt%Bi agrees with
the results of Clark and Alden [31] who needed to
cold work and anneal the single phase Sn—1wt%Bi
tensile specimens (resulting in equiaxed, recrystallized
Figure 7 (a) Backscattered scanning electron micrograph of a de-
formed surface of Bi—42wt% Sn that was aged for 22 days at 130 °C
prior to testing (tested at 20MPa, 20 °C). (b) Topographical image
of the same area, showing phase and grain boundary displacements.

grains with a mean diameter of 2 lm) to obtain an
appreciable amount of grain boundary sliding.

The major assumption in the CMCC model is that
the phase and grain boundaries do not slide past each
other. If the bulk creep mechanisms are accompanied
by significant phase boundary sliding, the CMCC
model will underestimate the data, as is observed in
Fig. 6.

5. Conclusions
This study has demonstrated that the shape of the
steady-state creep rate versus stress curve of the
Bi—42wt%Sn eutectic alloy is a result of the pure Bi
phase being the load bearing phase at low stresses, and
the Sn-rich phase being the load bearing phase at high
stresses ('3MPa).

The continuum mechanics composite creep model
is only partially effective in describing the deformation
of the two-phase Bi—42wt%Sn eutectic alloy because
it assumes that continuity across the grains and phases
is maintained. This assumption becomes invalid once
significant phase boundary sliding occurs. Micro-
structural observations show that significant phase
boundary sliding is present in the aged eutectic alloy,
possibly explaining the order of magnitude discrep-
ancy between predicted rates and the observed creep
rates.
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