
J O U R N A L O F M A T E R I A L S S C I E N C E : M A T E R I A L S I N E L E C T R O N I C S 1 6 (2 0 0 5 ) 355 – 365

Creep rupture of lead-free Sn-3.5Ag

and Sn-3.5Ag-0.5Cu solders
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The aim of this study is to investigate the creep rupture behavior of lead-free Sn-3.5Ag and
Sn-3.5Ag-0.5Cu solders at three temperatures ranging from room temperature (RT) to
90 ◦C, under a tensile stress range of σ/E = 10−4 to 10−3. The ultimate tensile strength (UTS)
and creep resistance were found to be decreased with increasing temperature for each
given lead-free solder. Both the binary and ternary Ag-containing alloys exhibited superior
UTS and creep strength to the conventional Sn-37Pb solder at a similar temperature. Due to
a more uniform distribution of eutectic phases and a larger volume fraction of intermetallic
compounds (IMCs), the Sn-3.5Ag-0.5Cu alloy had greater UTS and creep strength than did
the eutectic Sn-3.5Ag solder at each testing temperature. The stress exponents (n) of
minimum strain rate (ε̇min) were decreased from 7 and 9 at RT to 5 and 6 at 60 and 90 ◦C, for
the binary and ternary lead-free alloys, respectively. Fractography analyses revealed typical
rupture by the nucleation and growth of voids/microcracks at IMCs on the grain
boundaries. Both Monkman-Grant and Larson-Miller relationships showed good results in
estimating the rupture times under various combinations of applied stress and
temperature. A model, using a term of applied stress normalized by Young’s modulus, was
proposed to correlate the rupture times at various temperatures and could explain the
rupture time data reasonably well for the given two lead-free solders.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Due to environmental and healthy concern, the allow-
able usage of lead will be decreased. The research
and development of lead-free solders is being continu-
ously and simultaneously carried out with the legisla-
tion against Pb-contained solders [1, 2]. The search of
new lead-free solders with equivalent mechanical prop-
erties and microstructural stability to eutectic tin-lead
solder is an urgent task. In the same time, the design
of reliable joints with these newly developed lead-free
solders needs to fully understand their mechanical prop-
erties and deformation mechanisms. The solder joints
in electronic products play not only a role to intercon-
nect the electronic components but also to ensure the
structural reliability of the electronic packages. There-
fore, it is very important to characterize the behavior of
time-dependent, mechanical degradation of these lead-
free solders so as to predict the lifetime of solder joints
in electronic assemblies.

Failure of electronic package in service commonly
occurs due to thermal mechanical fatigue (TMF) and
creep at solder joints. Temperature fluctuations that re-
sult from power switching or environmental change
could cause variation of strains imparted to the sol-
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der joints due to the different coefficients of thermal
expansion (CTE) of the composed materials in the elec-
tronic package. As the solder is usually much softer than
the joined components, the thermally induced strain is
taken up primarily by the solder. Continued thermal cy-
cling can then be expected to promote fatigue damage
developed in the solder [3, 4]. However, service tem-
perature changes seldom ramp up and then ramp down
as rapidly as is found in typical thermal cycling test.
Rather, the temperature is held constant for a period
of time before changing. The service temperatures for
electronic assemblies are usually located in the high
homologous temperature ranges (>0.5 Tm) of solders
such that creep damage would take place during the
hold period. In the case of solder which is constrained
by harder surrounding materials, the thermal fatigue be-
havior may be best described as strain-controlled low-
cycle fatigue accompanied with creep, or fatigue-creep
interaction. Therefore, a thorough understanding of the
creep behavior of solder alloys is of extreme importance
to the designers of electronic assemblies.

Most studies of lead-free solders have been focused
on Sn-based alloys. In particular, Sn-Ag alloys are ex-
pected to be a substitute for the eutectic Sn-37Pb solder,
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TABLE I Nominal chemical composition of solder alloys tested (wt%)

Material Sn Ag Cu Pb Sb Bi Fe As

Sn-37Pb Bal. − 0.008 36.96 0.014 0.008 0.003 0.003
Sn-3.5Ag Bal. 3.49 0.008 0.021 0.014 0.007 0.003 0.004
Sn-3.5Ag-0.5Cu Bal. 3.50 0.501 0.015 0.014 0.008 0.003 0.003

because they have better mechanical properties (ductil-
ity, creep resistance and thermal resistance) than the
Sn-Pb solder [5]. In addition, Sn-Ag-Cu alloys are also
considered as another replacement, because they have
lower melting temperatures and good wettability com-
pared with the eutectic Sn-3.5Ag alloy. Creep is one of
the most important deformation mechanisms for solder
joints in electronic products for long-term use at high
homologous temperatures. Although there have been
several creep studies on Sn-Ag and Sn-Ag-Cu alloys in
the literature [6–18], studies related to the temperature
effects on the creep behavior and lifetime prediction
methodology in such lead-free solders were quite lim-
ited. Hence, the purpose of this study was to investigate
and quantify the creep properties of two promising lead-
free solders, Sn-3.5Ag and Sn-3.5Ag-0.5 Cu, at various
environmental temperatures so as to provide important
and helpful information for the electronic packaging
designers. The effect of addition of 0.5% Cu on the
microstructure and creep resistance of Sn-3.5Ag solder
was studied at three given temperatures. In addition,
the creep behavior of Sn-37Pb eutectic solder at room
temperature was also investigated in order to make a
comparison with the selected lead-free solders.

2. Experimental procedures
The eutectic Sn-37Pb, Sn-3.5Ag, and near-eutectic Sn-
3.5Ag-0.5Cu solder alloys used in the current study
were supplied by a local vendor1 in the form of extruded
round bars. The chemical compositions of the three ma-
terials are given in Table I. Axial smooth-surface spec-
imens with a uniform cylindrical gage section of 8 mm
in diameter and 48 mm in length were used in both ten-
sile and creep tests. Tensile tests were carried out on a
commercial closed-loop servo-hydraulic test machine
and conducted as per ASTM E8M-98 under stroke con-
trol with a strain rate of 10−3 s−1 at room temperature
(RT), 60 and 90 ◦C. Specimens were heated to the ex-
pected temperatures by a heating strip. A commercial
direct-contact extensometer with a 25-mm gage length
was used to measure the tensile strain.

The creep tests were performed in accordance with
ASTM E139-96 under constant load at RT, 60 and
90 ◦C. These testing temperatures correspond to a range
of about 0.6–0.74 Tm (homologous temperature) for the
two given lead-free solders. A direct-load creep testing
machine was used to perform the constant-load creep
tests with application of various load weights as the
loading source. With a proper selection of load weights,
the lifetime of creep test at each temperature condition
fell in the range of several to about one thousand hours.

1 Redsun Metal Industrial Co., Ltd., Chung-Li, Taiwan.

The same extensometer used in tensile tests was em-
ployed to measure the creep strain. To avoid the direct
contact between the knives of the extensometer and the
surface of soft solders, epoxy resin bumps were glued
on the contacting areas of the specimen to reduce the
damage generated by the knives of extensometer. Note
that both tensile and creep tests for the eutectic Sn-37Pb
alloy were only conducted at RT (∼0.65 Tm) for com-
parison purpose. Scanning electron microscopy (SEM)
was used for characterization of microstructure, frac-
ture surface morphology and surface creep damages.

3. Results and discussion
3.1. Microstructure and tensile properties
SEM micrographs of the microstructure in the given
two lead-free and Sn-37Pb solders are shown in Fig. 1.
The microstructure of the eutectic Sn-3.5Ag alloy is
shown in Fig. 1(a), in which the dark areas are the eutec-
tic phases and the light areas consist of fine intermetallic
compounds (IMCs) of Ag3Sn dispersed in the β-Sn ma-
trix. The eutectic composition in Sn-Ag-Cu system was
determined as Sn-3.5 wt%Ag-0.9 wt%Cu by Loomans
and Fine [19] or Sn-3.66 wt%Ag-0.91 wt%Cu by Moon
et al. [20]. Hence, the composition of the Sn-3.5Ag-
0.5Cu solder used in the current study is very close to
the eutectic one. As shown in Fig. 1(b), the given near-
eutectic Sn-3.5Ag-0.5Cu alloy has a similar microstruc-
ture to that in the Sn-3.5Ag alloy, while the light areas
are β-Sn matrix decorated with fine Ag3Sn and Cu6Sn5
IMCs. The SEM micrograph of the microstructure for
the eutectic Sn-37Pb solder alloy is shown in Fig. 1(c)
where the dark and light regions are the eutectic and
primary β-Sn phases, respectively.

The tensile properties for the given three alloys are
summarized in Tables II–IV. At RT, the Sn-37Pb solder

TABLE I I Mechanical properties of Sn-37Pb at RT

Ultimate tensile Elongation
Temperature Elastic modulus strength (in 25 mm)
(◦C) (GPa) (MPa) (%)

RT 24 26.3 >200

TABLE I I I Mechanical properties of Sn-3.5Ag at different
temperatures

Ultimate tensile Elongation
Temperature Elastic modulus strength (in 25 mm)
(◦C) (GPa) (MPa) (%)

RT 45 46.0 68.8
60 30 30.0 78.1
90 22 24.8 79.4
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TABL E IV Mechanical properties of Sn-3.5Ag-0.5Cu at different
temperatures

Ultimate tensile Elongation
Temperature Elastic modulus strength (in 25 mm)
(◦C) (GPa) (MPa) (%)

RT 42 47.8 71.2
60 26 31.2 80.3
90 16 25.1 86.2

Figure 1 SEM micrographs of microstructure in (a) Sn-3.5Ag, (b) Sn-
3.5Ag-0.5Cu and (c) Sn-37Pb.

has the lowest elastic modulus of 24 GPa and the Sn-
3.5Ag alloy has the highest one of 45 GPa, while the Sn-
3.5Ag-0.5Cu alloy stands in between and has a value
of 42 GPa. Both lead-free solders have greater ulti-
mate tensile strength (UTS) than does the Pb-containing
one at room temperature. This is due to a dispersion-

strengthening effect of the fine IMCs in the two lead
free solders. The UTS of the Sn-3.5Ag-0.5Cu alloy is
higher than that of the Sn-3.5Ag alloy at each testing
temperature. The higher UTS of the Sn-3.5Ag-0.5Cu
alloy could be attributed to an addition of 0.5Cu in the
Sn-3.5Ag alloy which could form a more uniform dis-
tribution of eutectic phases and a larger volume fraction
of IMCs than the Sn-3.5Ag alloy. In addition, it is also
seen that the Sn-3.5Ag-0.5Cu alloy has a better ductility
than the Sn-3.5Ag solder at each given temperature.

3.2. Creep curves
Creep curves of the Sn-3.5Ag, Sn-3.5Ag-0.5Cu and Sn-
37Pb at RT are presented in Fig. 2. It is seen in these
materials the primary stage was fairly short such that
the secondary creep stage showed up right after loading.
This indicates that the strain hardening in the primary
creep was rapidly recovered at such a high temperature
(>0.5 Tm) leading to a balance between the harden-
ing and recovery rate. Similar characteristics in creep
curves can also be observed at 60 and 90 ◦C for the two
lead-free solders. A typical example of the normalized
creep curves (where the creep strain and lifetime were
normalized with respect to rupture strain and rupture
time, respectively) for these cases is shown in Fig. 3.
The steady-state deformation typically occupied about
30–50% of the entire creep life in the given three solder
alloys at each testing temperature.

Minimum creep (strain) rates were determined from
the above creep curves as functions of stress and tem-
perature for each given alloy. Log-log plots of the min-
imum strain rate as functions of applied stress for the
given solders at various testing temperatures are given
in Fig. 4. A simplified form of Dorn equation [21] was
used to correlate the minimum creep rate and applied
stress:

ε̇min = Aσ n exp

(−Q

RT

)
(1)

where ε̇min is the minimum strain rate, A is a material-
dependent constant, σ is the applied stress, n is the
stress exponent, Q is the activation energy, R is the
universal gas constant, and T is the absolute temper-
ature. In Fig. 4, the slope of each fitted straight line
represents the value of stress exponent, n, for each sol-
der alloy at a given testing temperature. It has been
recognized that the value of stress exponent is an in-
dex of creep deformation mechanism. According to the
deformation mechanism map and previous studies [11,
22–24], the predominant creep mechanism correspond-
ing to the stress exponent values of 5 (Sn-3.5Ag) and
6 (Sn-3.5Ag-0.5Cu) for the two lead-free solders at
60 and 90 ◦C was, presumably, a type of dislocation
creep of lattice-diffusion-controlled dislocation climb
coupled with a dispersion-strengthening mechanism.
However, higher values of stress exponent were ob-
served for these two lead-free solders at RT (n = 7 for
Sn-3.5Ag and n = 9 for Sn-3.5Ag-0.5Cu) implying
a creep deformation mechanism related to and domi-
nated by a dispersion-strengthening mechanism, such
as Orowan mechanism [8, 11, 12, 14]. Larger n values
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(a)

(b)

Figure 2 Typical creep curves at RT for (a) Sn-3.5Ag, (b) Sn-3.5Ag-
0.5Cu and (c) Sn-37Pb solder alloys. (Note that two scales were used in
the abscissa.)

Figure 3 Normalized creep curves at RT for Sn-3.5Ag-0.5Cu solder
alloy.

observed at RT than at 60 and 90 ◦C for the two given
lead-free alloys indicate the dispersion-strengthening
effect was more effective at RT than at high tempera-
tures. The stress exponent of n = 2 for the given con-
ventional Sn-37Pb alloy at RT indicates a superplastic
deformation mechanism controlled by grain boundary
sliding [23–25].

The n value was generally increased with increas-
ing creep strength and decreased at higher tempera-
tures [17, 26]. The measured n values shown in Fig. 4
show the same tendencies. Accordingly, the Sn-3.5Ag-
0.5Cu alloy has the greatest creep resistance, followed
by the Sn-3.5Ag and then the Sn-37Pb. This tendency
is also seen in the creep-rupture time results. Compar-
ison of creep strength for the given solders was also
made by plotting applied stress as functions of rup-
ture time at various testing temperatures, as shown in
Fig. 5. It is clearly seen in Figs. 4 and 5 that the creep
strength of the conventional Sn-37Pb solder at RT is
much less than that of the given two lead-free ones.
For a given stress at RT , the minimum strain rate of
the Pb-containing alloy is greater by more than two
orders of magnitude than those of the two lead-free
ones such that the corresponding rupture time is also
shorter by more than two orders of magnitude. How-
ever, intrinsic creep resistance for alloys with differ-
ent melting temperatures should be made a comparison
at similar homologous temperatures. In this regard, by
comparing the creep data of the two lead-free solders
at 60 ◦C (∼0.67 Tm) with those of the Sn-37 Pb at RT
(∼0.65 Tm), the two lead-free solders still show lower
creep rates and longer rupture times under a similar (or
very close) homologous temperature. This once again
confirms the better creep rupture strength of the two
lead-free solders over the eutectic Sn-Pb one. The in-
herent superiority of the given two lead-free solders to
the Sn-37Pb one in creep strength can be attributed to
a dispersion-strengthening effect of the fine IMCs in
the two lead free solders as described in the previous
section.
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Figure 4 The relationship between minimum creep rate and applied
stress at (a) RT, (b) 60 ◦C and (c) 90 ◦C.

The Sn-3.5Ag-0.5Cu solder has the greatest creep
strength among the given three alloys as it shows the
highest value of stress exponent, lowest minimum creep
rate, and longest rupture time at a given stress and tem-
perature. The greater creep resistance of the ternary
Sn-3.5Ag-0.5Cu solder over the binary Sn-3.5Ag one
at each given temperature could be attributed to an ad-
dition of 0.5% Cu in the eutectic Sn-Ag alloy which
caused a more uniform distribution of eutectic phases
as well as a larger volume fraction of IMCs in the ma-
trix, as shown in Fig. 1. Apparently, the addition 0.5
wt% Cu in the Sn-3.5Ag is an effective approach for
increasing the creep and rupture strength of the lead-
free Sn-3.5Ag solder.

Figure 5 Applied stress vs. rupture time at (a) RT, (b) 60 ◦C and
(c) 90 ◦C.

3.3. Effect of temperature on creep behavior
The effect of temperature on the creep strength for Sn-
3.5Ag and Sn-3.5Ag-0.5Cu solder alloys is presented
in Fig. 6 by plotting applied stresses as a function of
rupture time at various temperatures. As expected, the
creep resistance for the given two lead-free solders was
decreased with an increase in temperature. Fig. 7 shows
the effect of temperature on the minimum strain rate for
the given two lead-free solders by plotting the minimum
strain rate against the reciprocal temperature in natural
logarithmic-linear coordinates with various combina-
tions of applied stress and temperature. The value of
activation energy, Q, in Equation 1 can be determined
from the slope of the fitted straight lines for certain
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Figure 6 Applied stress vs. rupture time at various temperatures for (a)
Sn-3.5Ag and (b) Sn-3.5Ag-0.5Cu alloys.

stresses, as shown in Fig. 7. The activation energy for
the Sn-3.5Ag and Sn-3.5Ag-0.5Cu solders at various
given stresses were determined to be in the range from
41.8 to 86.4 kJ/mol and 55.3 to 123.0 kJ/mol, respec-
tively. The measured activation energies were found to
be stress dependent for each given lead-free alloy. How-
ever, no clear trend between the activation energy and
stress level could be found due to a limited number of
data points, as there were only two data points for some
stress levels.

From the overall comparison of these measured Q
values, the Sn-3.5Ag-0.5Cu, presumably, has a greater
Q value than does the Sn-3.5Ag. For example, at a stress
level around 8.3 or 8.6 MPa, the Q value for Sn-3.5Ag-
0.5Cu is 95.5 kJ/mol and markedly larger than the one
of 41.8 kJ/mol for Sn-3.5Ag. For the two cases with
three data points in each fitted curve, Sn-3.5Ag-0.5Cu
has a Q value of 82.3 kJ/mol at a stress of 16.1 MPa
while Sn-3.5Ag has a Q value of 67.0 MPa at a stress of
11.6 MPa. A greater activation energy of creep for Sn-
3.5Ag-0.5Cu solder is consistent with its greater creep
resistance, as compared to Sn-3.5Ag. This suggests that
energy barrier for creep in the Sn-3.5Ag-0.5Cu solder
is raised and dislocation motion is hindered to a greater
extent by a larger volume fraction of IMCs over the Sn-
3.5Ag. The activation energy of creep for Sn-3.5Ag at
various uniaxial tensile stresses was found to be in the
range from 75 to 82 kJ/mol under stresses 16 to 20 MPa
by Wu et al. [9] and Huang et al. [16], and 79.5 kJ/mol

(a)

(b)

Figure 7 Minimum strain rates for (a) Sn-3.5Ag and (b) Sn-3.5Ag-
0.5Cu solder alloys at various temperatures under certain stresses.

under stresses from 10 to 22 MPa by Mavoori et al.
[18]. Apparently, the measured Q values of Sn-3.5Ag
in the current study are consistent with other studies.
However, no such data in uniaxial tensile creep could
be found for the alloy Sn-3.5Ag-0.5Cu in literature to
make a comparison.

3.4. Parametric models for rupture time
For design purpose, it would be very helpful if any
methods are available for correlating and extrapolating
creep-rupture data such that the rupture time at various
combinations of stress and temperature can be accu-
rately predicted. Two parametric models, Monkman-
Grant [27] and Larson-Miller [28] relationships, were
adopted in the current study to correlate the rupture time
data for the given two lead-free solders under the given
testing conditions. The former used the minimum strain
rate as a key variable to assess the rupture time while
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the latter used applied stress and temperature as pri-
mary parameters. Monkman and Grant [27] observed
that the rupture time, t f , in long term creep test could
be related to the minimum strain rate by a power law
function:

ε̇mintm
f = CMG (2)

where the exponent m and constant CMG are mate-
rial dependent. The constant CMG usually depends on
temperature. The practical advantage of the Monkman-
Grant rule is that the minimum strain rate can be mea-
sured early in a creep test so as to predict a long life
case. Provided the value of CMG can be determined in
short-term tests, the lifetime of a long-term test can be
predicted once the minimum strain rate has been estab-
lished.

The results in applying this empirical formulation to
the obtained creep-rupture data for the given two lead-
free solder alloys and testing conditions are presented in
Tables V and VI. Note that in Tables V and VI the fitted
Monkman-Grant expressions of individual and all test-
ing temperatures are included for each alloy. As seen in
Tables V and VI, for each alloy, the Monkman-Grant
expressions in various testing temperatures are quite
comparable and it is reasonable to fit all the data from
various temperatures by a single Monkman-Grant ex-
pression, as shown in Fig. 8. As shown in Fig. 8, for the
given ranges of stress and temperature, each lead-free
alloy adheres quite well to a single Monkman-Grant re-
lationship. The Monkman-Grant expressions for each
fitted straight line in Fig. 8 are also presented in Tables
V and VI designated as “All” in the temperature col-
umn. These two equations are given again as follows:

ε̇mint1.14
f = 4.1 × 10−3 for Sn-3.5Ag (3)

ε̇mint1.02
f = 2.2 × 10−3 for Sn-3.5Ag-0.5Cu (4)

The high values of the correlation coefficient (r2 =
0.98 and 0.97) for these two fitted expressions indicate
an excellent applicability of the Monkman-Grant rela-

TABL E V Monkman-Grant expressions for Sn-3.5Ag solder

Correlation
Temperature Equation coefficient (r2)

RT ε̇mint1.02
f = 2.6 × 10−3 0.99

60 ◦C ε̇mint1.22
f = 5.9 × 10−3 0.99

90 ◦C ε̇mint1.23
f = 6.1 × 10−3 0.98

All ε̇mint1.14
f = 4.1 × 10−3 0.98

TABL E VI Monkman-Grant expressions for Sn-3.5Ag-0.5Cu solder

Correlation
Temperature Equation coefficient (r2)

RT ε̇mint1.07
f = 3.5 × 10−3 0.99

60 ◦C ε̇mint0.94
f = 1.0 × 10−3 0.99

90 ◦C ε̇mint1.02
f = 2.7 × 10−3 0.99

All ε̇mint1.02
f = 2.2 × 10−3 0.97

Figure 8 Monkman-Grant plots of all measured data for (a) Sn-3.5Ag
and (b) Sn-3.5Ag-0.5Cu alloys.

tionship to correlate the rupture time with minimum
creep rate for the given binary and ternary Ag-bearing
alloys. In this regard, it may be reasonable to say that the
Monkman-Grant relationship for each given lead-free
solder alloy is approximately independent of tempera-
ture over the range of given testing conditions. Thus, we
can estimate rupture time from the minimum creep rate
or vice versa, regardless of temperature, as the obtained
CMG values in these two equations have already covered
all the given testing temperatures and the temperature
effect has been averaged through the fitting process.
Therefore, these two expressions could serve as use-
ful tools to predict the rupture time for the given two
lead-free solders at various combinations of stress and
temperature. Note the fact that rupture time correlates
well with minimum creep rate implies cavity formation
and growth is basic to the intergranular creep fracture
process [29]. This is supported by the fractography ob-
servations, which is to be discussed in next section.

In addition to Monkman-Grant rule, another creep
life relationship, Larson-Miller relationship [28], which
is similar in principle but different in its functional form
is also applied in this study to correlate the rupture time
with applied stress and temperature. In 1952, Larson
and Miller [28] assumed the following relation between
creep lifetime, applied stress and temperature:

PL M = T (CL M + log t f ) (5)
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where PL M is the Larson-Miller parameter and is a
function of applied stress, T is temperature in Kelvin
and t f is creep rupture time in hours. The value of CL M

can be obtained by extrapolating an intercept of log
t f = −CL M on a plot of log t f versus 1/T at 1/T = 0.
In this way, the extrapolating values of CL M at se-
lect stresses applied in all the given temperatures for
the Sn-3.5Ag and Sn-3.5Ag-0.5Cu solders were deter-
mined as about 8 and 11, respectively. Values of con-
stant CL M for steels and other engineering metals are
often around 20. Once CL M is obtained, Equation 5
become the following expressions for the given two
lead-free solders.

PL M = T (8 + log t f ) for Sn-3.5Ag (6)

PL M = T (11 + log t f ) for Sn-3.5Ag-0.5Cu (7)

After the value of constant CL M was determined, val-
ues of PL M for each given stress level and lead-free
alloy could be determined from the stress-life data us-
ing Equations 6 and 7. The obtained PL M values were
then plotted against stress, as shown in Fig. 9. It is
seen in Fig. 9 that the obtained Larson-Miller parame-
ters and applied stresses could be well correlated by a
linear relation for the given two lead-free solders at var-
ious temperatures. The best-fitted curves with a linear
regression analysis indicate the following relations:

PL M = −59σ + 4.0 × 103 for Sn-3.5Ag (8)

PL M = −60σ + 5.1 × 103 for Sn-3.5Ag-0.5Cu

(9)

The values of correlation coefficient (r2) for Equations
8 and 9 are of 0.91 and 0.95, respectively. By using
Equations 6 through 9, creep rupture time can be pre-
dicted for these two lead-free solders at various combi-
nations of stress and temperature.

As discussed above, the application of these two
models to analyze the experimental data of rupture time
was quite successful for the given two lead-free sol-
der alloys. This means that we can either use mini-
mum creep rate (through Monkman-Grant expression)
or applied stress level and temperature (through Larson-
Miller relationship) as an variable to estimate the creep
rupture time for Sn-3.5Ag and Sn-3.5Ag-0.5Cu at a
variety of stress-temperature combinations. In order to
estimate the rupture time by a more convenient form and
accessible parameters, it is proposed in the present work
to correlate the rupture time with the applied stress nor-
malized by Young’s modulus to correct the temperature
dependence. The results in Fig. 6 are rearranged by plot-
ting normalized applied stress as a function of rupture
time and shown in Fig. 10. Note that the Young’s mod-
uli given in Tables III and IV for each lead-free alloy
at various temperatures were used to normalize the ap-
plied stress at each corresponding testing temperature.
As shown in Fig. 10, through such a normalization,
the initially, distinctly distanced data points in Fig. 6
now become quite closer indicating an independence
of temperature in normalized stress for each alloy. In
other words, the intrinsic temperature dependence of

(a)

(b)

Figure 9 Master curve of Larson-Miller parameter for (a) Sn-3.5Ag and
(b) Sn-3.5Ag-0.5Cu solder alloys.

rupture time is implied in the Young’s modulus term.
The data points shown in Fig. 10 for each alloy could
be well correlated by a simple power law ( σ

E )tm ′
f = D,

where m ′ and D are constants. The obtained best-fit
curves for each alloy are presented as follows:

(
σ

E

)
t0.196

f = 8.2 × 10−4 for Sn-3.5Ag (10)

(
σ

E

)
t0.155

f = 9.9 × 10−4 for Sn-3.5Ag-0.5Cu

(11)

The high values of correlation coefficient for Equations
10 and 11, r2 = 0.90 and 0.95, respectively, suggest that
the proposed normalized stress, (σ/E), can be used to
estimate the rupture time in a more convenient way
compared with the Monkman-Grant and Larson-Miller
relationships when considering the temperature effect.

362



Figure 10 Normalized stress vs. rupture time for (a) Sn-3.5Ag and (b)
Sn-3.5Ag-0.5Cu alloys.

3.5. Fractography analyses
Fractography analyses of the crept specimens for all the
given lead-free solder alloys indicated the final fracture
was a ductile type and accompanied by considerable
necking. Fig. 11 shows examples of SEM micrograph
of creep fracture surface for the Sn-3.5Ag-0.5Cu solder
at RT and 90 ◦C. Similar features of fracture surface
were also observed in the Sn-3.5Ag alloy. A typical
ductile-material type of void coalescence feature was
observed in these micrographs. However, the number of
deeper void was greater at 90 ◦C, as shown in Fig. 11(b).
This might be attributed to easier formation and faster
growth of voids at dispersed IMCs at a higher tempera-
ture. It was reported that the decohesion and nucleation
of voids at the IMCs was caused by an incompatibility
of creep flow between the matrix and IMC [12]. These
voids situated on grain boundaries would coalesce and
link up to become microcracks during creep process.

In addition to analyzing the features of fracture sur-
face, circumferential surfaces within gage section of
the crept specimens were also examined by SEM for
the given lead-free solders to seek any possible evi-
dence of creep damages. From such observations, voids
and microcracks were readily seen along grain bound-
aries (GBs) in the given lead-free solder alloys, as ex-
emplified in Fig. 12. It was reported that voids could
be formed at the early stage of creep deformation and
then lasting for a long period of time until the final
fracture [6, 7]. The presence of these voids and microc-

Figure 11 SEM micrographs of creep fracture surface in the Sn-3.5Ag-
0.5Cu alloy at (a) RT and (b) 90 ◦C.

racks provided evidence for the viewpoint that the creep
mechanisms for the given lead-free solders and testing
conditions were related to the strengthening IMC par-
ticles, as described above. As indicated by arrows in
Fig. 12, the voids formed at IMCs on GBs would grow
and coalesce to become microcracks. As suggested by
earlier works [6, 7, 29], the formation of GB voids at
hard, dispersed precipitates in dispersion-strengthened
alloys is a process accommodating GB sliding, together
with diffusional creep. Once being created, the inter-
granular voids and microcracks serve as vacancy sinks
in the process of stress relaxation [6, 7]. As a result,
they grow along GB by diffusive mass transport, which
is a kinetic process driven by a continuous creep de-
formation inside the grain [6, 7]. In the current study,
where the given testing conditions can be classified as
high homologous temperatures (0.6–0.74 Tm) together
with high normalized stresses ( 10−4 < σ/E < 10−3),
the continuous creep deformation is likely to be a dis-
location creep mechanism coupled with a dispersion-
strengthening one, as indicated by the measured values
of stress exponent. The voids/microcracks grow and co-
alesce, through the ductile failure of microcracks, and
then the final fracture was a ductile type, as shown in
Fig. 11.

Based on the SEM observations and the measured
values of stress exponent for the given testing condi-
tions, it is considered that creep rupture for the given
two lead-free solder alloys occurred by nucleation of
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Figure 12 SEM micrographs of voids and microcracks (indicated by
arrows) on the grain boundaries in creep specimens tested at RT: (a)
Sn-3.5Ag and (b) Sn-3.5Ag-0.5Cu.

voids at IMCs, particularly on GBs, and their subse-
quent growth through a continuous creep deformation
involving a dislocation creep mechanism, such as lattice
diffusion-controlled dislocation climb, coupled with a
dispersion-strengthening mechanism. This is supported
by the fact that the rupture time data can be well de-
scribed by the Monkman-Grant expression, which im-
plied cavity formation and growth as the basic creep
process [29]. In addition, when the testing temperature
was increased from RT to 60 and 90 ◦C, the thermally
activated dislocation movement would become more
effective such that the stress exponent was decreased
from 7 and 9 to 5 and 6, respectively, for Sn-3.5Ag and
Sn-3.5Ag-0.5Cu. Note that the typical value of stress
exponent for a type of lattice diffusion-controlled dis-
location creep at high homologous temperatures (>0.4
Tm) in most metals is 5.

Igoshev et al. [6, 7] investigated the creep behav-
ior of a Sn-3.5Ag alloy and found that the dispersed
IMCs played two different roles. They may strengthen
the matrix by acting as effective obstacles to disloca-
tion motion and then prevent formation of large dis-
location pileup at GBs. However, a higher number of
precipitates in a given matrix, which generates more
matrix/precipitate interfaces, is likely to cause more
void/microcrack nucleation and accelerate the failure
process. For the results obtained in the current study,
an addition of 0.5 wt% of Cu into the Sn-3.5Ag alloy

apparently gain more benefits from dispersion strength-
ening effect than the drawback of a higher likelihood of
void/microcrack nucleation due to a slightly increased
volume fraction of IMCs in the matrix. This is supported
by the fact that at each given testing temperature, the
Sn-3.5Ag-0.5Cu always has a higher stress exponent
than does the Sn-3.5Ag.

4. Conclusions
(1) At a given temperature, both the Sn-3.5Ag and

Sn-3.5Ag-0.5Cu alloys showed much better tensile and
creep strength than the conventional Sn-37Pb solder
due to a dispersion-strengthening mechanism.

(2) The greater creep rupture resistance of Sn-3.5Ag-
0.5 Cu over Sn-3.5Ag in the temperature range from
RT to 90 ◦C was attributable to a greater dispersion-
strengthening effect by an addition of 0.5 wt% Cu and
induced larger volume fraction of IMCs.

(3) The stress exponents of minimum strain rate were
of 7 and 9 at RT and decreased to 5 and 6 at 60 and
90◦C for the Sn-3.5Ag and Sn-3.5Ag-0.5Cu, respec-
tively, suggesting the controlling creep mechanism for
the given conditions was a lattice-controlled dislocation
climb coupled with a dispersion-strengthening mecha-
nism and the part of dispersion strengthening was more
effective at a lower temperature.

(4) Fractography observations and measured stress
exponents suggest that creep rupture of both lead-free
solders occurred by the nucleation and growth of voids
at IMCs on grain boundaries through a continuous creep
deformation involving a dislocation creep mechanism,
such as lattice diffusion-controlled dislocation climb,
coupled with a dispersion strengthening mechanism.

(5) Both Monkman-Grant and Larson-Miller rela-
tionships were successfully applied to estimate the
creep rupture time under various combinations of stress
and temperature for each given lead-free alloy.

(6) By incorporation of Young’s modulus to normal-
ize the applied stress, the rupture time data at all given
temperatures for each of the given binary and ternary
Ag-containing solders could be well fitted by a simple
power law with such a normalized stress term.
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