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Creep behavior of cast lead-free Sn-5%Sb solder in unhomogenized and
homogenized conditions was investigated by long time Vickers indentation
testing under a constant load of 15 N and at temperatures in the range 321-
405 K. Based on the steady-state power law creep relationship, the stress
exponents were found for both conditions of the material. The creep behavior
in the unhomogenized condition can be divided into two stress regimes, with a
change from the low-stress regime to the high-stress regime occurring around
11.7 x 10 < (Hy/E) < 18 x 107, The low stress regime activation energy of
54.2 kJ mol™, which is close to 61.2 kJ mol ™" for dislocation pipe diffusion in
the Sn, and stress exponents in the range 5.0-3.5 suggest that the operative
creep mechanism is dislocation viscous glide. This behavior is in contrast to
the high stress regime in which the average values of n =11.5 and
@ = 112.1 kJ mol™ imply that dislocation creep is the dominant deformation
mechanism. Homogenization of the cast material resulted in a rather coarse
recrystallized microstructure with stress exponents in the range 12.5-5.7 and
activation energy of 64.0 kJ mol™* over the whole ranges of temperature and
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stress studied, which are indicative of a dislocation creep mechanism.
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INTRODUCTION

Although binary Sn-Pb alloys have long been used
in the microelectronics packaging industry, concerns
about lead toxicity have resulted in serious restric-
tions on the use of these lead-containing solders.! A
great deal of attention has been given to research
work to explore the possibility of developing suitable
substitutes for the Sn-Pb alloys which offer a unique
combination of soldering and mechanical properties.
Accordingly, many lead-free Sn-based alloy systems
with different alloying elements such as Ag, Zn, Cu
and Bi have been developed, and their microstruc-
tures and mechanical and soldering properties have
been investigated.?® Antimony has also been used
as the alloying element in the tin-based systems to
provide suitable alternatives for Sn-Pb solder alloys.

(Received January 19, 2007; accepted May 22, 2007;
published online September 21, 2007)

The near-peritectic Sn-5%Sb alloy, with a melting
point of 245°C, has been considered as a potential
material for this purpose.®” Owing to its relatively
low melting point, the usual operating temperature
range of 40-100°C corresponds to high homologous
temperatures (0.60-0.72) at which creep is the most
important deformation mechanism. It has been
reported that, in such cases, the material’s resis-
tance to cyclic creep deformation, which results from
thermal mismatch between electronics packages
and substrates and/or power on/off cycles, is of great
concern.® Therefore, the creep study of tin-antimony
alloys has received a great deal of attention.®%1°

In the indentation creep technique, a constant
load is applied on the surface of a sample with a
suitable indenter for a period of time. Yielding and
creep take place, and, therefore, the indenter pen-
etrates the material. The variation of the indenta-
tion size, expressed as diagonal length in the
Vickers test, is monitored with dwell time. The
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study of time-dependent flow or creep of the mate-
rial is, therefore, made possible by means of simple
hardness tests. These indentation tests are simpler
than creep tests because they do not require sample
machining and can be carried out on small, simple,
flat, specimens."1% There have been many attempts
to study the creep behavior of solder alloys and
other soft materials by the use of indentation or
long time hardness tests. These materials include
pure lead,’’ pure tin,'® the eutectic Sn-37.8%Pb
alloly,IB*15 Sn-3.5%Ag,'® Sn-40%Pb-2.5%Sb peritec-
tic,!” Pb-9%Sn ® and Pb-(1.25-4.5)%Sb alloys.!?:2°
The creep behavior of the lead-free Sn-5%Sb alloy,
however, is mostly studied by conventional creep
tests,4’6’fO room-temperature indentation creep
tests,?"?2 impression creep, 2* and by the automated
ball indentation (ABI) method.®

The objective of our work was to study the effect of
homogenization on the creep behavior of the cast
Sn-5%Sb solder alloy in the temperature range 321—
405 K, using different methods of analysis for
indentation creep. We also intended to evaluate the
creep deformation mechanisms, based on the stress
exponents and activation energies obtained for both
conditions of the material.

ANALYSIS OF INDENTATION CREEP

It is generally accepted that the mechanical
behavior of metallic materials at homologous tem-
peratures higher than 0.5 can be fairly expressed by
the power-law creep in a wide range of strain rates.
Thus, for steady-state creep, the high temperature
creep rate. ¢ is described by the power law of the type:

é :B(%)nexp (—%) (1)

where ¢ is the applied stress, E is the elastic mod-
ulus, B is a material parameter, n denotes the stress
exponent, @ is the activation energy, T is the tem-
perature, and R is the universal gas constant.

Juhasz et al.'® studied the creep behavior of a
superplastic lead-tin alloy, using Vickers tests, and
obtained the stress exponent (n) in steady-state
creep of the following form:

dlnd
" [m} (2)

where Hy is the Vickers hardness number, d is the
indentation diagonal length, and d is the rate of
variation in indentation length. This implies that if
d is plotted against Hy/E on a double logarithmic
scale, a straight line would be obtained, the slope of
which would be the stress exponent, n.

Sargent and Ashby?* carried out hot hardness
tests on a wide range of materials and proposed a
dimensional analysis for indentation creep.
According to their model, the displacement rate of
an indenter has been derived as:
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where A is the projected area of indentation, C, is a
constant, &y is the rate at a reference stress o, n is
the stress exponent, and P is the applied load. For
a pyramid indenter the penetration is proportional
to VA , i.e.:

u=CsVA (4)

Differentiating Eq. 4 with respect to time, and
substituting into Eq. 3 gives:

dA ) 1 P\"
E = CyéA (GO—EZ> (5)

where C3 and C,4 are constants. When P is held
constant, Eq. 5 can be rewritten as:

(@) (@) -—enlg) @

Sargent and Ashby have also derived the follow-
ing relationship between indentation hardness and
dwell time:

E
Hy(t) =— (1)
(I’LC4éot)"

where Hy(t) is the time-dependent hardness.
Therefore, from Eq. 7 the slope of a plot of In(H+/E)
against In(¢) at a constant temperature is —1/n. The
activation energy is calculated from the plot of In(¢#)
against 1/T at constant Hy/E levels, the slope of
which provides Q/R.

EXPERIMENTAL PROCEDURE
Materials and Processing

The material used was a Sn-Sb alloy containing
5 wt.% Sb. It was prepared from high-purity tin
(99.99%) and a Sn-20%Sb master alloy melted in an
electric furnace under inert argon atmosphere and
cast into 120 x 30 x 13 mm? slabs. To study the effect
of homogenization on the creep behavior of the
material, we homogenized some of the slabs for 24 h
at 450 K. Both unhomogenized and homogenized
cast slabs were cut into 2.5 x 30 x 12 mm*® slices
with a wire cut electrodischarge machine. We stud-
ied selected samples by optical microscopy to exam-
ine the microstructure evolution of the materials.
These specimens were polished with 0.25 ym dia-
mond paste, followed by polishing on a microcloth
without any abrasive. Etching was carried out with a
2% nitric acid and 98% alcohol solution at room
temperature. The structure of the materials was
thus revealed, and the average grain size was mea-
sured by the grain count method in which an average
grain size may be obtained from measurements of
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the number of grains per unit area on a polished
surface.

Indentation Creep Tests

Square samples with edges of 20 mm and a
thickness of 2.5 mm were cut from both the
homogenized and unhomogenized slabs. These
samples were polished on a microcloth without
abrasive and then tested in a home-made, high-
temperature, Vickers hardness tester, where the
test temperature and time were the only variables.
The testing arrangement for the indentation creep
test is shown in Fig. 1. The Vickers indenter was
mounted in a holder that was positioned in the
center of the vertical loading bar. The specimen was
placed in an anvil below the loading bar. The
stainless steel container was almost filled with
ethylene glycol solution covering the whole speci-
men and indenter. The bath was then heated by
resistive coil heating and stirred by argon gas bub-
bling through the liquid. The bath temperature was
continuously monitored with a thermocouple and
maintained to within +2°C. We made indentation
hardness measurements on each sample by placing
a dead weight of 15 N on the loading bar for dwell
times up to 120 min. After each loading schedule,
the sample was unloaded and the indentation
diagonal length was measured under a traveling
microscope. Each reading was an average of at least
three separate measurements taken at random
places on the surface of the specimens. All the
indentations were at least 5 mm away from the
edges and from other indentations. The maximum
depth of penetration was about 0.2 mm. By con-
trolling the temperature, we were able to carry out
the tests in the temperature range 321-405 K.

RESULTS AND DISCUSSION

The variation of indentation diagonal length (d)
versus dwell time, at various temperatures, for both
the unhomogenized and homogenized conditions is
shown in Fig. 2. As shown in this figure, the curves
consist of two stages similar to an ordinary creep
curve. The first stage of the curve records an in-
crease in the relevant variable with time, with a

e R
—
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Fig. 1. Schematic illustration of the indentation creep apparatus.
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Fig. 2. Indentation creep curves for the unhomogenized and
homogenized materials at different temperatures.

decreasing rate, followed by a steady-state region
where indentation sizes increase linearly with time.
As the hardness test is actually a compression test,
fracture of the specimen does not occur, and, hence,
it is obviously not possible for one to record a third
stage of the curve as opposed to what happens in an
ordinary creep test. It can be elucidated from Fig. 2
that the indentation creep behavior of the material
under both conditions is affected by temperature. As
can be observed, both the level and slope of the
indentation curves in the steady-state region in-
crease with increasing test temperature. Owing to
the low number of data points for each curve, it is
important to check the occurrence of a steady state
in the creep curves. We did this by interpolating the
data points instead of curve fitting and calculating
the rates, using a differentiating computer program.
The results plotted as the indentation rate versus
time are shown in Fig. 3. It is observed that for most
of the test temperatures there exists an apparent
steady state.

To obtain more accurate n and @ values, we had
to take into account the temperature dependence of
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Fig. 3. Variation of indentation rate (d°) with dwell time for the unho-
mogenized and homogenized materials at different temperatures.

the elastic modulus. For the dilute Sn-5%Sb alloy,
the temperature dependence of elastic modulus of
pure Sn can be used. This has been proposed to be
obtained from the following equation 2°:

E(MPa) = 76,087 — 109T(K) (8)

With the Juhasz et al. method, Eq. 2, the rate of
diagonal variation data obtained from the curves in
Fig. 3 are plotted against Hy/E on a double loga-
rithmic scale for different test temperatures, as
shown in Fig. 4. Different lines with slopes of n
result for each condition and temperature. The
curves indicate that there are two regions with dif-
ferent slopes in the creep curves for the unhomog-
enized condition. The transition from the low-stress
regime to the high-stress regime occurs in the nor-
malized hardness range 11.7 x 10~* < (Hy/E) < 18 x
10~ and not at a constant Hy/E level. The low-stress
regime shows n values in the range 4.6-3.5, as the
temperature increases from 321 K to 405 K. The
stress exponents obtained for the high-stress region
are in the range 12-10.4. The behavior in the un-
homogenized condition is in contrast to that of the
homogenized material for which the creep behavior
is represented by curves with single slopes, having
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Fig. 4. Plots of In(d®) versus In(HV/E) at different temperatures to
determine the stress exponent.

stress exponents of 11.9-5.7. The stress exponents’
ranges calculated in this way are listed in Table I
for the two cases.

The alternative method for determining the n
value, based on the Sargent—Ashby analysis, con-
siders the variation of Hy/E with dwell time in a
log—log scale, as shown in Fig. 5. This figure shows
that normalized hardness values decrease with
increasing dwell time, due to indentation creep.
However, while the hardness of the material in the
homogenized condition, measured at different tem-
peratures, can be represented by single linear
relationships, the curves for the unhomogenized
condition exhibits two sets of parallel lines with
different slopes. Similar to the previous method, as
the test temperature is increased from 321 K to
405 K, the values of the stress exponents decrease
from 12.5 to 6.0 for the homogenized material. For
the unhomogenized specimens, however, these
variations are from 5.0 to 3.8 for the low-stress
regime and from 12.9 to 11.5 for the high-stress
regime. These exponents are also given in Table I
for comparison. It can be seen that the values of the
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Table I. Creep Characteristics of the Material in the Unhomogenized and Homogenized Conditions

Stress Exponent, n

Condition Grain Size (um) Stress Regime In(d®) versus In(Hv/E) In(Hv/E) versus In(?) Q (kJ mol™)

Unhomogenized 35% Low stress 3.5-4.6 3.8-5.0 54.2
High stress 10.4-12.0 11.5-12.9 112.1

Homogenized 280 Whole range 5.7-11.9 6.0-12.5 64.0

*Dendrite arm spacing (DAS).
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Fig. 5. Normalized hardness—dwell time log—log plots at different
temperatures. The slope of these lines will be (—1/n), from which the
stress exponent, n, is determined.

stress exponents determined by both methods are in
good agreement with each other, indicating the
similarity of the derivation methods.

The stress exponents obtained are comparable to
those reported in the literature. Stress exponents of
5.4 and 11.4 have been reported for the impression
creep of the cast Sn-5%Sb in the low- and high-
stress regimes, respectively.?® Stress exponent val-
ues of about 12 and 5 have also been reported for the

room-temperature indentation creep of the same
alloy in the cast and cold rolled conditions.?>?2
Other similar results obtained in the conventional
and automated ball indentation (ABI) creep testing
of rolled Sn-5%Sb sheets have yielded n values of 5
in the temperature range of 298-423 K.°

The differences observed in the indentation creep
behavior of the material in the homogenized and
unhomogenized conditions can be attributed to the
microstructures of the materials, shown in Fig. 6. It
can be observed that the material in the unhomog-
enized condition has a fine dendritic structure, with
a dendrite arm spacing (DAS) of about 35 yum. It
seems that the as-cast dendritic structure becomes
unstable at long dwell times, resulting in stress
exponents which are much less than those obtained
in the short dwell time regimes. This is likely
because the fast-cooled dendritic microstructure is
thermally unstable and has a relatively high
potential for coarsening. Such a rapidly cooled
microstructure leads to non-equilibrium Sb solute
interactions in the -Sn matrix, producing a viscous
drag on gliding dislocations. This is consistent with
the operative creep mechanism of dislocation vis-
cous glide in the low-stress regime in the unho-
mogenized condition. In the high-stress regime,
where more dislocation sources become operative,
creep is controlled by dislocation interactions, and a
transition from dislocation viscous glide to disloca-
tion creep is observed. After homogenization treat-
ment, the dendritic microstructure is completely
replaced by a rather coarse recrystallized grain
structure with an average grain size of about
280 um. This results in the reduction of solute
supersaturation and a more stable microstructure
that does not change significantly, even after long
dwell times at temperatures. The consequence of
homogenization is thus a more consistent behavior
of the material under this condition, with single
stress exponents over the whole indentation times
at different temperatures.

Concerning the reliability of the creep data,
especially for the coarse-grained materials, care
must be taken to consider the impact of the com-
parable sizes of the indentations and the grains.
This is likely to cause significant scatter, depending
on where the indentation is made, and how many
grains contribute to the hardness data obtained.
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If only a few grains contribute, the data will become
dependent on crystallographic orientation. In the
homogenized specimens having a grain size of
0.28 mm, the size of the indentation is of the same
order of magnitude as the grain size. Therefore, it
was decided to use higher applied loads in which the
number of grains participating in the indentation
creep process increases and stress exponent values
are expected to be more representative. The results,
however, indicated that stress exponent values
obtained at the higher load of 30 N did not differ
significantly from those obtained at 15 N. In the
unhomogenized alloy with a relatively fine dendritic
structure a large number of grains take part in the
indentation process, and, hence, the stress exponent
values bear a high level of reliability.

In order to obtain the activation energy values, we
plotted In(¢) against 1/T" at different constant Hy/E
levels, as shown in Fig. 7. Inspection of these curves
shows that, for the unhomogenized condition, the
average activation energy values of 54.2 kJ mol™!
and 112.1 kJ mol ! are obtained for the high tem-
perature (low stress) and low temperature (high
stress) regimes, respectively. The very low standard
deviations of 0.8 kJ mol™ and 2.5 kJ mol™! found,
respectively, for the high and low temperature
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Fig. 7. The variation of dwell time with temperature at different Hv/E
levels. The slope of this semi-log plot yields the activation energy for
creep.

ranges imply that the activation energies are almost
independent of stress and temperature. For the
homogenized material, however, the curves exhibit
a single linear behavior over the whole range of
temperatures and stresses tested, and the activa-
tion energy values vary from 59.0 kJ mol™ to
69.4 kJ mol™, showing a standard deviation of
4.7 kJ mol™!. The activation energy data, together
with other characteristics of the materials, are
summarized in Table I. The activation energy of
54.2 kJ mol ! is in agreement with the 53.8 kJ mol™*
reported for the impression creep of the cast Sn-
5%Sb alloy in the temperature range 298-403 K. 23
For material in the homogenized condition, how-
ever, the single activation energy of 64.0 kJ mol™
lies between the 53.8 kJ mol™* and 75.8 kJ mol™*
found, respectively, for the low stress and high
stress impression creep regimes.

It is generally accepted that deformation of poly-
crystalline materials at temperatures above 0.5 T,
can take place by different deformation
mechanisms, associated with different stress
exponents and activation energies. According to the
theory of dislocation climb-controlled creep, the
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stress exponent has the value of 5 and the activation
energy has the values of the activation energy of
lattice self-diffusion.?® The theory of dislocation
viscous glide, however, leads to a stress exponent of
3 at high temperatures and 5 at low temperatures,
the respective activation energies being equal to
solute interdiffusion and to dislocation pipe
diffusion.?” The activation energy of 54.2 kJ mol ™,
obtained for samples under the unhomogenized
condition in the low-stress regime, is close to the
activation energy of about 61.2 kJ mol™ reported
for the dislocation pipe diffusion (@p) of Sn.?® This
can be estimated by @, = 0.6 Qp, where @p = 102
kJ mol™ is the activation energy of lattice self-
diffusion of $-Sn.?® Stress exponents varied from
5.0 at 321 K to 3.5 at 405 K. These values are in
good agreement with the exponent of 5 obtained in
conventional creep testing of a Sn-5%Sb alloy.*
Although the stress exponents of 4.6 and 5.0 found
at the lower temperature of 321 K may give rise to
the possibility of a climb-controlled mechanism, the
activation energy of 54.2 kJ mol™! is much lower
than that of lattice self-diffusion (Qp = 102 kJ mol™)
needed for the climb mechanism. Considering the
values obtained for the stress exponents and activa-
tion energies, one can infer that dislocation viscous
glide could be the dominant creep mechanism for the
unhomogenized material in the low-stress regime.
This behavior is in contrast to that in the high-stress
regime, in which the average values of n = 11.5 and
@ = 112.1 kJ mol™! imply that dislocation creep is
the dominant deformation mechanism.

Creep behavior of material in the homogenized
condition is characterized by an activation energy of
64.0 kJ mol™ and, depending on the temperature,
stress exponents of 12.5-5.7. Impression creep
testing of the same material has yielded an activa-
tion energy of 75.8 kJ mol™ and n values of 11.4
and 54 in the high- and low-stress regimes,
respectively.?® Our indentation creep study, how-
ever, involved a single creep regime in which stress
exponents varied with test temperature. The ob-
served differences could be due to the fact that
impression creep is essentially a constant-stress
process, while, in the indentation creep tests, the
constant load results in decreasing stress, due to the
increasing indentation area. It is generally accepted
that mechanisms associated with dislocation move-
ment, such as dislocation creep, are attributable to
n > 6.2° The high n values of 12.5-6.0, together with
an activation energy of 64.0 kJ mol™, may imply
that the operative creep mechanism of material in
the homogenized condition is dislocation creep.

CONCLUSIONS

The following conclusions were drawn from
indentation creep testing of the homogenized and
unhomogenized Sn-5%Sb solder alloy in the tem-
perature range 321-405 K and under a constant
load of 15 N.

(1) The indentation creep test was demonstrated to
be effective in the evaluation of creep behavior
of materials, using small specimens. The data
analyses showed that simple theory, based on
steady-state power law creep equations, has the
capacity to describe the indentation creep data
satisfactorily.

(2) The stress exponents calculated from different
methods of analysis were in good agreement
with each other. The exponents obtained, which
decreased with increasing temperature, were
found to be 12.5-5.7 for materials in the
homogenized condition. For specimens in the
unhomogenized condition, however, stress expo-
nents of 5.0-3.5 and 12.9-10.4 were found for
the low- and high-stress regimes, respectively.
The activation energies showed the same pat-
tern, being 64.0 kJ mol™* for materials in the
homogenized condition over the whole range of
stress, and 54.2 kJ mol™* and 112.1 kJ mol™ for
the unhomogenized material in the low- and
high-stress regimes, respectively.

(3) Based on stress exponents and measured acti-
vation energies, it can be suggested that, in the
homogenized material with a rather coarse grain
size, dislocation creep is the dominant creep
mechanism. For the unhomogenized condition,
dislocation viscous glide and dislocation creep
could be the operating creep mechanisms for the
low- and high-stress regimes, respectively.
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