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Abstract Even though several EMS (Electronic manu-
facturing services) companies are currently producing
“‘lead free’’” products, a general notion of apprehension still
exists in the industry, primarily due to the lack of sufficient
mechanical reliability data supporting the use of lead free
alloys. The current study was an effort to generate an
understanding of the mechanisms of creep deformation in
monolithic and composite (Ag and Cu reinforced) Sn—
3.5Ag and Sn-3.0Ag-0.5Cu lead free alloys in the high
stress high temperature regime. Small volume solder
samples were reflowed using a custom built computer
controlled resistance furnace. Impression creep testing was
employed to determine the activation energy and stress
exponent. A careful analysis of the collected data revealed
the underlying creep mechanisms and the following con-
clusions could be made. Both Sn-3.5Ag and Sn-3.0Ag-
0.5Cu exhibited higher creep resistance as compared to the
eutectic tin—lead solder under all tested conditions, with the
ternary lead free alloy marginally outperforming the binary
lead free alloy. Composite solders performed better as
compared to monolithic solders. Furthermore, Cu rein-
forced solders demonstrated higher creep resistance as
compared to Ag reinforced solders.
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Introduction
Lead free solders

Lead-tin alloys have been serving the electronics industry
as the board level interconnect material since its inception
and more recently in flip chip interconnect. However, the
ill effects of lead as a toxic contaminant and its potential
health and environmental hazards have been known for a
long time. Several environmental regulations curbing the
use of lead in electronics have been proposed by authorities
worldwide. A large number of lead free alloys have been
developed of which Sn—-3.5Ag and Sn—3.0Ag—0.5Cu alloys
have been widely accepted as replacement to the lead
bearing solders.

The thermo-mechanical reliability of solders has gained
significant attention in recent times due to the large gamut
of applications especially in harsh environmental condi-
tions that they are employed. Creep deformation in solders
is considered as one of the prime failure mechanisms
leading to premature failure in solder interconnects under
such conditions [1-9]. Various avenues have been pursued
in order to increase the creep resistance of solder inter-
connects, among them the composite solders approach has
shown much promise [10-14]. This approach involves
incorporating micro/nano sized metallic, intermetallic or
ceramic particulates in the solder matrix. These particulate
reinforcements hinder the movement of dislocations
thereby increasing the resistance to deformation.

Impression creep
As the melting temperature of solders is quite low, room

temperature is generally more than half the homologous
temperature and the normal operating temperatures may
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reach as much as 0.8 times the homologous temperature.
Under such circumstances, creep deformation is a pre-
dominant mode of failure in solder interconnects. With
increasing functionality and performance, the current
densities and consequently the thermal generation due to
joule heating continue to increase. Failures due to creep
deformation will continue to be an important mechanism
that cannot be ignored in next generation devices having a
large number of smaller sized I/O’s operating under high
current densities and employed in harsh environments.
Indentation testing of materials has been conducted for a
long time in order to determine the static plastic properties
of materials such as hardness, yield stress, etc. In the 70’s,
Yu and Li developed an indentation testing methodology to
investigate creep properties in materials [15, 16]. In this
technique, an indenter or a punch is forced into the sample
surface by the application of a load and the depth of
indentation is measured as a function of time. Various
investigators have considered several indenter geometries
in the past such as conical, pyramidal, spherical, cylindri-
cal, etc. However, it has been noted that indentation creep
tests using conical, pyramidal and spherical indenters do
not show a steady state creep at constant load. A cylindrical
punch or indenter with a flat end gives a steady state
penetration velocity at constant load. This special type of
indentation creep is referred to as impression creep [16].
As compared to a conventional uniaxial tensile creep
test, the impression creep test has several advantages. First,
impression creep tests require smaller samples and as a
result homogeneous temperatures can be obtained
throughout the material being tested unlike the conven-
tional tensile creep where temperature homogeneity across
the entire specimen volume is a highly debated topic. The
second advantage of the impression creep technique is that
a near constant stress can be obtained from constant loads
as there is no effect of the cross sectional area as compared
to the uniaxial tensile creep test which involves necking of
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the sample. As a result, the tertiary stage of the creep curve
is absent in the impression creep response of a material.
However, frictional or slack effects arising due to the
contact of the indenter surface with the sample as the
indentation depth increases restricts achieving a perfect
load-stress conversion. Third, as compared to a conven-
tional creep test, the impression creep test requires a sig-
nificantly shorter time as the equivalent strain rate of
impression creep is considerably higher than that of tensile
creep under the same conditions. Lastly, and perhaps the
most important advantage of impression creep are the small
sample sizes and therefore the representative microstruc-
tures (similar to those found in actual reflowed solder
interconnects) that can be tested.

Experimental details
Solder reflow apparatus

The reflow equipment (Fig. 1) was built with an intention
to mimic the actual reflow process followed in electronic
industries. It is a completely closed loop system consisting
of a resistance coil furnace and a computer control. The
computer control enables to obtain a reflow profile with
temperature and time tolerances of +5 °C and =1 s,
respectively.

Sample preparation

As the intention of this investigation was to follow the
standard reflow process used in electronic assemblies, a
sample preparation technique was devised which would
deviate the least from such standard processes. Thus solder
samples were reflowed on a copper substrate. About 3/
8 inch (9.5 mm) diameter rods of oxygen free 101 copper
were obtained from McMaster Carr. These rods were cut
into discs of 2 mm thickness and polished and cleaned.
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The solder pastes of Sn-37Pb, Sn-3.5Ag and Sn—
3.0Ag-0.5Cu were obtained from Alpha Metals. For
making samples of monolithic solders, the paste was used
as shipped whereas for composite solders, a completely
different processing route was followed. Spherical partic-
ulate reinforcement of 99.99% pure copper having a mean
diameter of 5 p was obtained from Atlantic Equipment
Engineers and 99.99% pure silver spherical particulate
reinforcements having a mean diameter of 3 y was ob-
tained from Alfa Asear. These reinforcements (5 wt.% in
both cases) were mechanically mixed with the lead free
solder pastes for about 45 min to ensure a uniform distri-
bution of the particles in the solder matrix. The prepared
composite solders were filled in medical grade syringes and
were refrigerated as recommended by the paste manufac-
turer. It was observed from experience that a solder paste
weight of 0.3 g would result in a sample thickness of
around 2.5 mm upon reflow on a 3/8 inch (9.5 mm)
diameter copper substrate. This thickness met the minimum
necessary condition of sample thickness for indentation
creep testing, which has been reported as five times the
indenter diameter [17].

For each sample, 0.3 g of paste was directly dispensed
from the syringe onto the fluxed copper substrate. A K type
thermocouple was attached to the bottom of the copper
substrate with adhesive backed Kaptone (Polyimide) disc
of 3/8 inch diameter procured from McMaster Carr. The
sample was then placed in the reflow chamber. Using the
software interface, the ramp rates were set for each of the
three reflow zones that included a reflow or dwell time of
30 s at 250 °C. After setting up the reflow parameters, the
reflow was initiated. At the end of the reflow, the reflow
chamber was retracted from the position so as to enable air
cooling of the sample. Figure 2 shows the thermal profiles
for a dwell time of 30 and 120 s obtained using the reflow
setup. The reflowed sample so obtained was cleaned using
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Fig. 2 Reflow profiles obtained using the home built system
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Fig. 3 AutoCAD drawing of Indentation Creep Test Setup

acetone in an ultrasonic cleaner so as to remove the flux
residue on the sample.

Impression creep test apparatus

The impression creep setup (Fig. 3) consists of a cylin-
drical indenter, a Linear variable differential transducer
(LVDT), loading frame, data acquisition system and a
thermal chamber. Various indenter sizes can be used on the
system ranging from 50 to 500 p. In the current investi-
gation, a spring steel indenter having a diameter of 500 u
was used. The thermal chamber used was a Blue-M low
temperature furnace having the capability to operate at
temperatures of 25-200 °C with a tolerance of +1 °C.

Creep test procedure

The entire impression creep setup was placed in a BlueM
thermal chamber. At the beginning of each test, the posi-
tion of the indenter was held in the unloaded state using a
mechanical stop and the dead weights were placed. In the
current study, each alloy system was tested under three
different loads at 125 °C to determine the stress exponent.
The construction of the equipment was such that the self-
weights of mechanical linkages and components between
the dead weight and the indenter also contributed to the
total load. As a result, this load component was also taken
into consideration in calculating the final applied stress.
The three resultant stresses used in the current investigation
were 30, 45 and 65 MPa. In the current investigation, each
alloy system was tested at 75, 100 and 125 °C in order to
determine the activation energy for creep. A thermocouple
was placed in the vicinity of the test sample inside the
thermal chamber in order to note the temperature stability
during the test period. Upon achievement of a stable tem-
perature, the mechanical stop was slowly retracted using a
manually operated actuator so as to release the load on to
the sample via the indenter. At the same time, the data
collection was started using the desktop computer.
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Generally each of the tests was run for a period of 3 h
(some tests in which indentation depth was greater than
2,000 4 were run for a shorter time and the data was
extrapolated for 3 h) and the temperature of the test
chamber was noted during the entire test period to evaluate
the temperature stability. At the end of the test, the thermal
chamber was switched off and allowed to cool and sub-
sequently the indenter was retracted back to the unloaded
position and was restrained by the mechanical stop. The
sample was removed from the sample stage and was stored
for further microstructural analysis.

Results and discussion

In the current investigation, Sn—-3.5Ag, Sn-3.0Ag—0.5Cu
monolithic solders and their copper and silver reinforced
composite counterparts were evaluated for creep. Impres-
sion creep tests were conducted at three different stress
levels of 30, 45 and 67.5 MPa at 125 °C (Fig. 4a). From
the creep data obtained, the steady state secondary creep
strain rate was evaluated and this was used to obtain a plot
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Fig. 4 Plots illustrating indentation creep data for Sn—Ag—Cu + 5%
Cu, (a) activation energy creep data (varying test temperatures) and
(b) Stress exponent creep data (varying punch stress)

of natural logarithm of stress versus natural logarithm of
steady state creep rate (Fig. 5). The stress exponent was
evaluated by determining the slope of this plot. In order to
determine the activation energy, impression creep tests
were conducted at temperatures of 75, 100 and 125 °C and
a stress of 30 MPa. Form the above data (Fig. 4b), a plot of
reciprocal of temperature in Kelvin versus the natural
logarithm of the steady state creep rate was plotted (Fig. 6)
to obtain the activation energy.

Creep mechanisms in Sn—Pb eutectic solder and Sn—-Ag
and Sn—Ag—Cu lead (Pb) free solders, a comparison

It is quite evident that all the lead free systems perform
much better than the lead—tin eutectic that has the lowest
activation energy (Refer Tables 1 and 2) among all. The
reason for this being that the microstructure of lead-tin
coarsened after subjecting it to high temperature creep test
due to its completely soluble nature. Another reason being
that tin and lead do not form any intermetallics in the bulk
of the solder as generally found in the lead free systems
tested. Intermetallics in the bulk of the solder resist the
motion of dislocation movement resulting in higher creep
resistances.

It can be seen that the microstructure of eutectic Sn—Pb
consists of a tin rich phase and a lead rich phase, since Sn-
atoms and Pb-atoms have quasi equal shares in the Sn—Pb
eutectic. Therefore, Sn-atoms and Pb-atoms need to change
positions with each other before they can nucleate on their
respective crystal. Thus, whichever phase grows faster
depletes the region in front of its growth by the atoms of its
own phase and will consequently be slowed down. Mean-
while the surrounding of the slower growing phase will be
enriched by atoms of this phase, which accelerates its
growth. In contrast, most of the Sn—Ag or Sn—Ag—Cu is
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Fig. 5 Plot illustrating the difference in stress exponent between Pb
bearing and Pb free solders
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Fig. 6 Plot illustrating the difference in activation energy between
lead (Pb) bearing and lead (Pb) free solders

comprised of Sn-atoms, so that the growing of tin crystals
will not be significantly slowed down by depletion of the
surrounding. The coupled growth in the Sn—Pb eutectic
leads to a fine microstructure of equal sized grains of dif-
ferent phases. Therefore the Sn—Pb eutectic is able to de-
form superplastically (generally stress exponent n is close
to 2).

Figures 7a—c and 8a—c represent the typical micro-
structures of eutectic Sn—Ag and the near eutectic Sn—Ag—
Cu alloys processed under similar conditions of a 30-s
reflow and air cooling. In contrast to eutectic Sn—Pb, the
Sn—Ag and Sn—Ag—Cu microstructure is characterized by
precipitates that are dispersed in the f-Sn-matrix, which
leads to higher creep resistance due to the precipitation
strengthening.

Values of 37 kJ/mol and 4.2 for the activation energy
and the stress exponent, respectively, were obtained for the
eutectic Sn—Pb alloy tested. The obtained activation energy

Table 1 Activation energy and stress exponent for creep deformation

Table 2 Activation energies for various mechanisms in Sn-based
solder systems

Mechanism Activation energy
(kJ/mol)

Sn diffusion in Pb grain boundary [20] 39.6

Ag diffusion in Sn [21] 50

Dislocation pipe diffusion in pure Sn [22, 23] 40-65

Dislocation core diffusion in Sn [24, 25] 66-80

Pb diffusion in Pb grain boundary [19] 65.6

Self-diffusion of pure Pb [26] 104

is consistent with the value of 39.6 kJ/mol that corresponds
to Sn diffusion in the Pb grain boundary [20]. Interface
sliding may hence be considered as a possible creep
mechanism in eutectic lead—tin at the tested temperature
and stresses. The higher value of the stress exponent rules
out the possibility of a superplastic behavior that is gen-
erally associated with lead—tin alloys. The reason for such
behaviour can be explained by comparing the microstruc-
tures before (as reflowed) and after the test. Even though
some amount of coarsening occurred during the high
temperature creep, significant coarsening of the micro-
structure generally associated with long-term high tem-
perature ageing was absent.

In contrast, the activation energy and stress exponent
values of 55.12 kJ/mol and 4.6 for the eutectic Sn—Ag
suggest that the dominant operating mechanism is dislo-
cation climb. The creep response of Sn-3.5Ag alloy is
primarily controlled by the divorced eutectic microcon-
stituents that constitute the continuous matrix in which the
p-Sn dendrites are embedded, since it is the slower
creeping of the two constituents. The observed value of
activation energy is very close to that of the activation
energy for Ag diffusion in Sn i.e. 50 kJ/mol [21] (Table 2).

Solder system

Activation energy (kJ/mol) Stress exponent

Sn—-3.5Ag (monolithic) [this work]

Sn-3.5Ag + 5% Cu (composite) [this work]
Sn-3.5Ag + 5% Ag (composite) [this work]
Sn-3.5Ag-0.5Cu (monolithic) [this work]
Sn-3.5Ag—0.5Cu + 5% Cu (composite) [this work]
Sn-3.5Ag—0.5Cu + 5% Ag (composite) [this work]
Sn—37Pb (monolithic) [this work]

Sn—-3.5Ag (high stress regime) [18]

Sn-3.5Ag (low stress regime) [18]

Sn—Pb (low temperature/high temperature) [19]
Sn-3.5Ag and Sn—4.0Ag-0.5Cu [13]

Sn-3.5Ag reinforced with Cu/Ag/Ni particles [13]

55.12 4.6
63.33 4.6
59.5 34
56.64 4.6
70.59 3.8
63.04 44
37 4.2
66 9
43-46 3
55/55 1-3.5/2-6
50 -
53-61.2 -
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Fig. 7 (a) Polarized light image of Sn—-Ag, (b) dark field optical
image of Sn—Ag and (c) back scattered electron image of Sn—-Ag. All
samples reflowed at 250 °C for 30 s on a copper substrate and air
cooled

The activation energy and stress exponent for Sn—-3.0Ag—
0.5Cu has been found to be 56.64 kJ/mol and 4.6. Com-
paring the microstructures of Sn-3.5Ag and Sn-3.0Ag—
0.5Cu there is no significant difference between the two,
except for small amount of CugSns dispersed uniformly in
the matrix of the ternary alloy. The values obtained for this
alloy is very similar to those obtained for Sn—Ag as well
and is in good agreement with the similar microstructures.
It can hence be stated that the mechanism of creep in the
binary and the ternary alloy under the conditions tested is
dislocation climb controlled by diffusion of Ag in Sn.

kW 15.4mm x4

Fig. 8 (a) Polarized light image of Sn—Ag—Cu, (b) dark field optical
image of Sn—Ag—Cu and (c) back scattered electron image of Sn—Ag—
Cu. All samples reflowed at 250 °C for 30 s on a copper substrate and
air cooled

Creep mechanisms in monolithic and composite lead
(Pb) free solders, a comparison

It can also be seen that the composite lead free systems
perform better in the temperature and stress range tested as
compared to their monolithic counterparts (refer Figs. 9
and 10). One obvious reason being that the reinforcement
particles provide a barrier for thermally activated disloca-
tion motion that results in a higher creep resistance. The
uniform distribution of CugSns and AgzSn intermetallics in
the Cu and Ag reinforced Sn—3.5Ag solder can be seen in
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Fig. 9 Plot illustrating the difference in stress exponent between
monolithic and composite lead (Pb) free solders

Fig. 11a, ¢, e and b, d, f, respectively. Another reason
widely cited in literature is that the uniformly distributed
reinforcement particles result in homogeneous deformation
in the entire volume of the joint as compared to intense
deformation at a local site [12].

As seen from the obtained data, Sn—-3.5Ag + 5% Cu
(composite) has creep activation energy of 63.33 kJ/mol
and a stress exponent of 4.6. This is about 15% higher
than the activation energy of its monolithic counterpart.
These values of the creep parameters suggest that a
dislocation climb controlled by dislocation pipe diffusion
in pure tin (activation energy = 40-65 kJ/mol) is the
dominant creep mechanism. Another interesting aspect is
the difference between the Cu reinforced binary eutectic
and the Ag reinforced binary eutectic. The Ag reinforced
binary eutectic has activation energy of 59.5 and a stress
exponent of 3.4. This difference in the activation energy
has been thought to be due to the difference in the
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Fig. 10 Plot illustrating the difference in activation energy between
monolithic and composite lead (Pb) free solders
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diffusion of copper and silver in tin across their
respective intermetallics. In the case of copper, there are
two intermetallic layers, the metastable CueSns and the
thermodynamically stable Cu;Sn that has known to be
the diffusion rate limiting barrier for diffusion of Cu into
Sn. However, the Ag diffusion into tin is not extremely
curbed due to the presence of Agz;Sn. It has also been
reported that this difference in the activation energy
between the Ag and Cu particle reinforced alloys may be
attributed to the bonding strength of the two reinforce-
ments to the primary matrix [27]. The CugSns formed
around the copper reinforcement during reflow has a
weak interfacial bonding with the (-Sn matrix while the
AgsSn exhibits a stronger bonding with the f-Sn matrix.
The weak interfacial bonding in copper reinforced alloys
provides multiple nucleation sites for deformation
throughout the entire solder joint this would promote
homogenized deformation throughout the solder joint.
Another reason that has been published in literature is
their morphological difference, (refer to Fig. 11le and f),
CugSns is rod shaped requiring a higher climb height
(energy) for dislocation motion while the Ag;Sn is
present as platelets which has a lesser climb height
(energy) [28]. The dominant creep mechanism in Ag
reinforced Sn—-3.5Ag can be attributed to viscous glide
limited by solute drag [18].

Similar to the behavior of the reinforced binary alloy,
the particle reinforced ternary alloy also possesses better
creep resistance than its monolithic counterpart due to
reasons explained before. It was seen that the activation
energy and stress exponent for the copper reinforced ter-
nary were 70.39 kJ/mol and 3.8, respectively. This value is
nominally consistent with the activation energy for dislo-
cation core diffusion in tin, which has been reported as in
the range of 66 klJ/mol [24] to 80 kJ/mol [25]. This com-
bination of the alloy and reinforcement exhibits the best
creep behavior among the materials tested. Thus a particle
limited climb controlled by dislocation core diffusion can
be stated as the predominant creep mechanism The creep
activation energy and the stress exponent for the silver
reinforced ternary alloy was found to be 63.04 kJ/mol and
4.4. These values relate to a particle limited climb con-
trolled by dislocation pipe diffusion being dominant in both
the systems. However, the higher activation energy of the
copper reinforced Sn—-3.0Ag—0.5Cu over that of its silver
reinforced counterpart can be attributed to the difference in
the diffusion kinetics of Cu and Ag into tin across their
respective intermetallics. The ternary alloy and its com-
posite counterparts show a higher creep resistance as
compared to their binary counterparts, this may be attrib-
uted to the presence of additional CugSns in the matrix of
the ternary. The presence of copper also provides nucle-
ation sites for the growth of AgszSn in the ternary alloy.
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Fig. 11 Composite solder
microstructures (a) polarized
light image of Sn—Ag with 5%
Cu reinforcement, (b) polarized
light image of Sn—-Ag with 5%
Ag reinforcement, (c) dark field
optical image of Sn—Ag with
5% Cu reinforcement, (d) dark
field optical image of Sn—-Ag
with 5% Ag reinforcement, (e)
backscattered electron image of
Sn—-Ag with 5% Cu
reinforcement, (f) backscattered
electron image Sn—Ag with 5%
Ag reinforcement
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Conclusion

Reflowed monolithic Sn—-3.5Ag and Sn-3.0Ag—0.5Cu and
their copper (Cu) and silver (Ag) reinforced composite
counterparts were subjected to impression creep testing.
The stress exponent and activation energy were deter-
mined in a high stress high temperature regime. It was
found that all the lead free alloys exhibited better creep
resistance as compared to lead-tin eutectic. Interfacial
sliding was conceived to be the primary mechanism for
creep deformation in the lead-tin eutectic alloy while in
both the binary and ternary lead free alloys, dislocation
climb was found to be the primary rate limiting mech-
anism. Composite solders performed better as compared
to their monolithic alloys due to the formation of
extensive intermetallics in the bulk. Particle limited
dislocation climb was seen to be the primary operating
mechanism in all the tested composite solders with the
exception of Ag reinforced Sn-3.5Ag, in which particle
limited glide was seen to be dominant. Copper acted as a
superior reinforcement in limiting creep as compared to
silver reinforcements. The monolithic ternary alloy also

performed slightly better than the binary monolithic
alloy.
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