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For the SnAgCu alloys, previous hardness test results suggested that high temperature thermal ageing
causes a quick and significant drop in the mechanical properties. However, to date, the acceleration
law of thermal ageing and the relationship between thermal ageing and fatigue mechanical behavior
of SnAgCu alloys are still unknown.

The aim of this paper is to understand the mechanical changes during thermal ageing of Sn3.0Ag0.5Cu
alloy and their impact on solder joint reliability under mechanical stresses. In a first part, influence of
thermal ageing on mechanical behavior is analyzed by means of hardness tests, reversed tensile tests
on dog-bone specimens and compression test on solder balls used for electronic components. In the sec-
ond part, the impact of thermal ageing on the solder joint reliability is analyzed thanks to torsion tests on
assembled boards.

The results show systematically a decrease of 20-60% of the mechanical properties or of the number of
cycles to failure (in the case of torsion test). These results lead to enlarge tests conditions in order to

define the fields where the influence of thermal ageing cannot be neglected.

1. Introduction

Since the RoHS directive implemented on July 2006, mass mar-
ket leant towards lead-free solder joints for electronic assemblies
and most of electronic manufacturers select SnAgCu alloys. How-
ever, the reliability of SnAgCu solder joints is still not proven in
harsh environments (high temperatures and severe mechanical
loadings) and long mission profile applications.

For these applications, two main subjects still need to be clari-
fied and are linked together: reliability during mechanical (or ther-
momechanical) stresses and thermal ageing, which, when coupled
with the precedent stresses, can significantly affect fatigue behav-
ior for long mission profile applications. In this paper, only thermal
ageing and mechanical stresses are addressed one after the other in
order to clearly separate the effects of thermal ageing and of
mechanical loading on the mechanical behavior and reliability.

For SnPb solder joint, thermal ageing is not a problem because
only 250 h at room temperature are enough to reach the thermal
aged condition [1]. In other words, during the evaluation of the
reliability of leaded solder joints under mechanical loading, the
alloy is in the aged condition, which is obtained after only 10 days
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at room temperature. For the SnAgCu alloys, previous hardness test
results [2] suggested that high temperature thermal ageing also
causes a significant drop in mechanical properties. The principal
difference with SnPb alloy is the needed time to reach the stabiliza-
tion level. For these alloys, at least 400 h at 125 °C are necessary to
reach a stabilization level, which represents years of storage at
room temperature. This ageing condition is often encountered in
long lifetime electronic products but not taken into account during
the reliability testing.

For the SnAgCu alloys, two ageing phenomena can be distin-
guished. First, the polycrystalline microstructure of the bulk alloy
grows considerably because of thermal ageing [3,4]. Secondly, it
has largely been shown that intermetallic compound (IMC) growth
can be responsible for decrease in number of cycles to failure when
the failure is localized in the IMC [5]. Drop in number of cycles to
failure can be caused by the combination of these two mecha-
nisms. Because the IMC matter is well known, this paper will focus
on grain growth.

For SnAgCu alloy, previous study demonstrated the link be-
tween the grain growth and the mechanical changes [6]. After
400 h at 125 °C, the hardness value decreased of about 18% while
the grain size increased of about 300%. These previous results
leaded to the analysis of the influence of thermal ageing on the
mechanical and damage behavior. The damage that occurs when
a material is subjected to cyclic loading is dependant on the



mechanical behavior. In this context, the drop of mechanical prop-
erties on SnAgCu alloys caused by thermal ageing can induce
changes in the damage behavior of this material. If a significant
change in the damage behavior exists, the performance under
mechanical stresses of long lifetime electronic products can be af-
fected. The aim of this paper is to understand the mechanical
changes during thermal ageing of SnAgCu alloys and their impact
on solder joint reliability under cyclic mechanical loadings.

For electronic products, Sn3.0Ag0.5Cu is the most used compo-
sition because it presents a compromise between low melting
point (near eutectic composition) and price (lower Ag rate). In this
study, only Sn3.0Ag0.5Cu composition has been addressed.

This work has been divided into two steps. The first step con-
cerns the influence of thermal ageing on mechanical behavior.
Hardness tests, reversed tensile tests and compression tests were
carried out. The second one is the damage analysis. Impact of ther-
mal ageing on the solder joint reliability was analyzed thanks to
torsion tests on assembled boards.

2. Influence of thermal ageing on mechanical properties

The aim of the first step is to improve the knowledge of the im-
pact of thermal ageing on the mechanical behavior on the
Sn3.0Ag0.5Cu alloy and to link this impact to ageing mechanisms
of the microstructure of the alloy. For this purpose, three kinds of
tests were carried out, in order to answer three main points.

First, hardness tests were done on bulk alloy samples for differ-
ent ageing conditions (time/temperature) in order to explore the
possibility of a common stabilization level for all temperatures
and to define the necessary time to reach it. Then, the second point
is the impact of thermal ageing on the mechanical behavior. The
mechanical behavior of the alloy has been determined thanks to
reversed tensile tests on dog-bone bulk samples on as-received
and aged materials (500 h at 125 °C). Finally, the third point con-
cerns the validation of these conclusions at the solder joint scale.
Compression tests on solder balls for various diameters and ageing
conditions were carried out to confirm the conclusions made on
the bulk alloy.

2.1. Hardness tests

Hardness tests were done on bulk alloy samples after ageing at
temperatures ranging from 75 °C to 150 °C and ageing time up to
6500 h in order to verify if a common stabilization level for all tem-
peratures exists and to define the necessary time to reach it.

For hardness tests, the samples were extracted from solder bars
by cutting with band saw. Dimensions of the samples are
10 mm x 10 mm x 30 mm as shown in Fig. 1. All tests were real-
ized at room temperature with a 30 N load applied for 10 s. For
each sample, the hardness value is obtained by averaging at least
nine values to reduce uncertainty. The results presented in the fol-
lowing are the mean values of all measured data in each test
condition.

Fig. 2 shows normalized values of the hardness for four ageing
temperatures: 25 °C, 75°C, 125°C and 150 °C. In this figure, all
hardness values were divided by the hardness value at ageing time
0 h. A value of 0.8 means that the hardness dropped of 20% from
the initial value. This figure exhibits a decrease of the hardness,
followed by a stabilization for 125 °C and 150 °C. The stabilization
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Fig. 1. Fabrication of hardness test samples.
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Fig. 2. Influence of ageing temperature and time on hardness.

level is the same for both temperatures, which is consistent with
the hypothesis of a unique stabilization state. Following the results
presented in Fig. 2, the decrease law corresponds to an exponential
decay and is linked to the ageing temperature. In order to represent
the observed changes, the Eq. (1) has been chosen. Parameters of
this equation have been fitted with data at 75 °C and 150 °C with
a mean error of 1.9%. Data at 125 °C and 25 °C are only computed;
the mean error is about 2.6%. The simulated curves can be seen in
Fig. 2.

H, =A+Be* with t =19 (1)

According to Fig. 2, above 125 °C, 95% of stabilization is reached
in about 500 h and this state corresponds to a drop of the initial
value of about 30%. The ageing time at room temperature is very
inaccurate because of uncertainties, especially in the activation
energy (E,). A variation of 10% of E, leads to a variation on
stabilization time at room temperature by a factor 2. Considering
this remark, the ageing time to stabilize at the room temperature
seems to be at least 25 years.

Complementary observations have been carried out in order to
explain the hardness drop during thermal ageing. Cross-polarized
microscopy was used on various samples in order to determine
grain sizes for each ageing condition as seen in Fig. 3. Electron
backscatter diffraction method can also be used but gives similar
results [7].

Fig. 3. Example of grain boundaries on a sample.



For all samples, the grain size distribution was fitted with a
lognormal law. Fig. 4 shows the distribution of grain sizes for
Sn3.0Ag0.5Cu samples after a thermal ageing at 125 °C. It can be
seen in Fig. 4 that the grain size distribution is centred around its
mean value in as-received sample whereas after ageing, grains
grows bigger and bigger.

An important change of the microstructure between 0 h, 72 h
and 192 h of ageing can be noticed. No significant differences can
be observed between the microstructure after 192 h and 384 h.
Differences between these two ageing conditions are probably so
tiny that they are hidden by uncertainties induced by the measure-
ment method. For these reason, no additional observation has been
carried out after 400 h of thermal ageing at 125 °C. In Fig. 4, distri-
butions were fitted with about 300 grains for condition “T0” and
100 grains for the others.

These complementary observations led to conclude that ther-
mal ageing induces a grain growth linked to a decrease of the hard-
ness, these two phenomena can be linked through the Hall-Petch
law [6].

2.2. Reversed tensile tests

The mechanical behavior of the alloy has been determined
thanks to reversed tensile tests on dog-bone bulk samples
(see Fig. 5). The dimensions of the tested zone are 10 mm x
10 mm x 20 mm. These tests were carried out on the material in
two different states: on as-received material and on aged material
(ageing during 500 h at 125 °C, until stabilization as demonstrated
by hardness tests). All the tests were carried out at room temper-
ature to analyze the changes of the mechanical behavior during
the mechanical cycling for various strain amplitudes and strain
rates. The strain control parameters are presented in Fig. 6. As
SnAgCu alloys present a time-dependant behavior at room temper-
ature, effects of strain rate and dwell time have to been analyzed.

Fig. 7 shows strain-stress curves for the 200th cycle for various
test conditions. This cycle was chosen because the mechanical
behavior is then quasi-stabilized. This figure shows that thermal
ageing induces a drop of almost 30% of the stress amplitude what-
ever the strain amplitude tested.

The influence of strain rate on saturation stress is shown in
Fig. 8. Saturation stress is the stabilized stress on hysteresis loops
shown in Fig. 7. In this figure the influence of the strain rate is char-
acterized by a decrease of 18-22% of the saturation stress for a de-
crease of one decade of the strain rate. This remark is valuable
before and after ageing. Moreover, for each strain rate, the satura-
tion stress is 35-40% lower for the aged condition than for TO
specimens.
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Fig. 4. Changes in grain size distribution during a thermal ageing at 125 °C.
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Fig. 5. Fabrication of tensile test specimens.
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Fig. 8. Influence of strain rate on saturation stress.

2.3. Compression tests on solder balls

Compression tests on solder balls for various diameters and
ageing conditions were carried out to confirm the conclusions
made on the bulk alloy. All the tests were carried out at room tem-
perature with a 50 mm diameter compression die as shown in
Fig. 9. Balls are those used for real electronic components and their
diameters currently measure between 250 and 760 pm, which is
100 times smaller than the compression die as shown in Fig. 9.
Thermal ageing temperature was 125 °C for time ranging from 0
to 2000 h.

Because of the shape of the samples, it was impossible to realize
strain rate controlled tests but only displacement controlled tests.



Fig. 9. Solder balls on compression die.

- 5

Z —T0 e,

P | it ol

o 1 125°C 1000h|: ~-., TTtteely

S

(<]

w 3.

(4

2

[

[} 2

g

£ 1

o) Ball size: 500pm

O 0 Displacement rate: 10pm/s
0% 2% 4% 6% 8% 10%

Ball Deformation (%)
Fig. 10. Influence of thermal ageing on solder balls.
Table 1

Torsion test conditions.

Ageing conditions 0/250/500/1000 h at 125 °C

Torsion conditions Temperature: room temperature or 100 °C
Maximum angle: 7°
Angular velocity: 5 deg/s

Dwell time: 1s

For the same reason, stress curves cannot be presented. Two dis-
placement rates were applied: 1 pm/s and 10 pm/s.

Fig. 10 presents results of compression test on a 500 pm diam-
eter ball with a displacement rate of 10 um/s for three conditions
of thermal ageing. In Fig. 10, it can be seen that aged specimens
need lower compressive force than TO specimens for the same
global ball deformation. At 10% of ball deformation (i.e. 50 pm
compression for a 500 pm diameter ball), the difference in the
compressive force between TO and aged specimens (500h at
125°C) is about 20%. Between balls aged 500 h and 1000 h at
125 °C no difference can be found, which is consistent with results
of hardness tests where stabilization is found for an ageing time of
about 500 h at 125 °C.

3. Torsion test

As the impact of thermal ageing on the mechanical behavior has
been demonstrated, does the drop in mechanical properties lead to
a decrease in fatigue life during to cyclic mechanical stress on
assembled boards?

Torsion test on assembled board is useful for fast comparative
evaluation when test vehicles are using the same technological
brick [8]. In the case of thermal ageing, torsion test is totally
adapted because the only variable is the microstructure of the sol-
der joint alloy. So, torsion tests were achieved for different ageing
and stress conditions in order to analyze the influence of thermal
ageing on the solder joint reliability.
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Fig. 11. Position of components on the board.
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Fig. 12. Comparison of number of cycles to failure between 0 h and 500 h at 125 °C.

Eight PBGA 256 were assembled on each assembled board. Sol-
der balls and solder paste alloy is Sn3.0Ag0.5Cu in order to be con-
sistent with the previous results. Placement of components has
been chosen in the relatively homogeneous strain area defined in
a previous study [8].

Torsion tests are angle controlled. Torsion tests were carried out
with the same control parameters on assembled boards in two age-
ing conditions: as-received and aged during various times at
125 °C. For all boards, the maximum torsion angle has been defined
to 7° for a total board length of 260 mm. Conditions of torsion are
summed up in Table 1. For statistical purpose, at least 16
components have to be tested for each condition, which implies
that each loading condition was realized on two different boards
(see Fig. 11).

Fig. 12 shows the failure distributions for samples before ageing
and after 500 h of thermal ageing at 125 °C for the same conditions
of torsion but for two test temperatures: room temperature and
high temperature. Fig. 12 exhibits a difference in number of cycles
to failure of about 40-65% between these two conditions, which is
consistent with preliminary results on the alloy. Table 2 shows the
decrease in number of cycles to failure after thermal ageing 500 h
at 125 °C for various temperatures. This number of cycles to failure
is symbolized by 1 which correspond to 63.2% of failure. The gap

Table 2
Influence of thermal ageing on number of cycles to failure.

Temperature of test (°C) Drop in # after 500 h at 125 °C (%)

30 38
70 47
100 65




Table 3
Weibull parameters for various ageing conditions.

Ageing time (h) B Drop in 5 after thermal ageing (%)
0 2.7 1
250 3.1 33
500 2.1 40
1000 3.0 44
Table 4

Sum up of the impact of thermal ageing under the four kind of tests presented in this
paper.

Kind of test Criterion Decrease after
thermal ageing (%)
Hardness Hardness value 30
Fatigue Stress amplitude 30
Compression Force at 10% of ball 20
deformation
Torsion Nf(63.2%) 40-65

between the two conditions increases with temperature, and is
comprised between 40% and 65%.

Table 3 presents the Weibull parameters (8 and #) for the four
ageing conditions. f represents the slope of the curve in the Wei-
bull failure distribution. In the four ageing conditions, p are in
the same range and is consistent with previous results on assem-
bled board under torsion tests. This allows comparing the charac-
teristic life by using # (Nf 63.2%). In these conditions of torsion,
thermal ageing induces a drop in number of cycles to failure of
about 40%, which is significant.

Different ageing conditions have led to the same observation:
thermal ageing has a negative impact on the solder joint reliability.
Drop in number of cycles to failure is about 40-65%. Physical fail-
ure analyses by cross-section are under progress in failed solder
joints for various ageing conditions in order to understand failure
mechanism. These analyses would help to understand the reduced
durability.

4. Conclusions

The aim of this paper was to understand the mechanical
changes during thermal ageing of SnAgCu alloys and their impact
on the solder joint damage behavior under mechanical stresses.

Hardness tests were carried out on SAC305 alloy after ageing at
temperature ranging between 25 °C and 150 °C. These tests led to
the determination of an ageing law. For all temperatures, the sta-
bilization level is the same and can be reached after 500 h at
125 °C. This stabilization level represents a decrease of 30% of the
initial value.

The mechanical behavior of the alloy has been determined on
dog-bone bulk samples before and after ageing (500 h at 125 °C).

Reversed tensile tests demonstrated that thermal ageing leads to
a decrease of about 40% in the stress amplitude and about 50% is
the residual stress after the stress relaxation.

Compression tests on solder balls confirmed that the impact is
the same at the solder joint scale. The stabilization level is reached
within the same time and the drop in the compressive force is
more than 20%.

As the impact of thermal ageing on the mechanical behavior
was demonstrated, the aim was to confirm that the drop in
mechanical properties leads to a decrease in cyclic fatigue behavior
thanks to comparative torsion tests on assembled board. During
torsion tests, different ageing conditions have led to the same
observation: thermal ageing has a negative impact on the solder
joint reliability. Drop in number of cycles to the failure is about
40-65%.

Table 4 sums up results for all tests presented in this paper. The
results show systematically a decrease of 20-60% of the mechani-
cal properties or of the number of cycles to failure (in the case of
torsion test). These results lead to enlarge tests conditions in order
to define the fields where the influence of thermal ageing cannot
be neglected.

Vibration and shocks must be now evaluated as two other ways
reflecting operational conditions in order to analyze the impact of
thermal ageing on the damage behavior of SnAgCu alloys and have
to be explored. If these tests confirm the results of torsion tests, it
would be fully demonstrated that thermal ageing is a key factor in
solder joint damage behavior for products using SnAgCu alloy and
that lifetime of long mission profile electronic products could be
affected by this storage times and temperatures.
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