
Chapter 3
Thermal Fatigue Analysis

Rainer Dudek and Ellen Auerswald

3.1 Introduction

One main reliability concern of the solder joints is related to thermal cycling
loading, induced by either environmental temperature changes or active power on/
off cycling. Low-cycle fatigue damage can be caused by this type of loading. The
main source for thermal fatigue failure is the thermal expansion mismatch of the
different materials soldered together, when the assemblies are subjected to a
thermal cyclic environment already discussed previously. The most damaging
mismatch occurs usually between the component and the printed wiring board
(PWB) the component is soldered to, also called ‘‘global mismatch’’. Another kind
of mismatch is that between the component and the solder material itself, the
so-called ‘‘local mismatch’’. Its importance depends on the size of the solder
joints; for current joint sizes, it is gaining importance only for cycle numbers
greater than approximately 1000 of the characteristic temperature range -40 to
125�C. The so-called ‘‘inner mismatch’’, occurring between different solder phases
and grains, causes solder fatigue also within free-standing solder layers in the
absence of any other material. In tin-based lead-free solders, the anisotropic nature
of the tin grains has turned out to be the major source for inner mismatch effects
[1, 2]. Its effects on the long-term stability of the joints are still an open question.
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Two fundamental approaches are available to characterize the solder joint fatigue
resistance. The first, which is applied to the majority of electronic products, is
thermal test cycling. To achieve comparable statements in a reasonable time, various
different test cycles have been defined. They operate usually with higher-tempera-
ture cyclic amplitudes and shorter cyclic times compared to the use conditions and
are therefore called accelerated tests. Figure 3.1 shows a characteristic temperature
versus time function as it occurs at a solder joint during air to air thermal cycling.

Several types of thermal test cycles are available, see Table 3.1. It is important to
note that cycling out of use temperature range or with inappropriate high-temperature
ramp rates, e.g. liquid to liquid, can engage inappropriate damage mechanisms.
Thermal loading also can be dominated by active heating of the devices, i.e. by power
cycling. The most complicated temperature-loading conditions occur in those cases
when a cyclic temperature environment is overlaid by active heating.

The second approach for characterizing solder fatigue resistance is based on a
theoretical fatigue model. Two basic tasks have to be solved by the theoretical
model: the first is to define a physical measure to indicate failure, e.g. inelastic
strain, or dissipated energy for appropriate strength theories, a damage parameter
used in damage theories, or fracture toughness if a fracture mechanical approach is
selected. The second task is to link this failure indicator to a critical cycle number.

3.2 Fatigue Failure Mechanism

Because the use temperatures of lead-free solders are also above 0.5 of their
melting points (in K), as it was the case for Sn–Pbn solders, creep is a deformation
mechanism which is important for materials degradation. Combined with slow
loading during the different kinds of thermal cycles, the creep deformation kinetics
determines the thermal fatigue behaviour of a solder to a high degree.

Failure of solder joints is a complex sequence of possible failure mechanisms.
For conventional Sn–Pb solders, the sequence involves grain/phase coarsening,
grain boundary sliding, matrix creep, micro-void formation and linking, and results
in macro-crack initiation and crack propagation.

In the case of tin-based lead-free solder joints, the damage accumulation
process leads to less well-known mechanisms. It includes thermo-mechanically
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induced recrystallization, voiding and micro-cracking at regions where high
induced strains cause local deformations in zones of local strain incompatibilities,
e.g. colony or grain boundaries of different nature [3–5]. The micro-cracks tend to
nucleate to form a macro-crack, also in dependence on the outer stress field. This
behaviour can be related to the strengthening mechanism of Sn-based alloys,
which can be seen in the tiny dispersed intermetallic particles embedded in the
inherently soft ß-Sn matrix, mainly composed of AgSn3.

During transition, there is also likely to be mixed assembly of both tin–lead and
lead-free systems on the same board. The issue was studied by several authors, see
e.g. [6, 7].

3.3 Thermal Test Cycling Standards

Because of the high importance of thermal loading in various electronic applica-
tions, thermal testing of lead-free solder joints has been studied extensively, see
e.g. [8–12]. The accelerated thermal cycling test is a standard procedure to eval-
uate product reliability.

Currently available standards:

• IPC-9701A, ‘‘Performance Test Methods and Qualification Requirements for
Surface Mount Solder Attachments’’

• IEC/EN 60068 Part 2–14; ‘‘Environmental testing-Temperature Change’’
• JESD 22-A104, ‘‘Temperature Cycling’’
• various industry/company internal standards

Table 3.1 Overview on thermal testing

Thermal testing Influencing parameters Methods

Thermal cycling (including thermal
shock air to air)

Temperature rate One-chamber
cycling

Dwell time Two-chamber
cycling

Temperature extremes
Mean temperature

Thermal shock (liquid/liquid) Dwell time Dip in hot and cold
liquid

Temperature extremes
Mean temperature

Power cycling Inhomogeneous temperature
distribution

Power up/down

Temperature rate Ambient
temperature

Dwell time Elevated
temperature

Temperature extremes
Mean temperature
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Since the service conditions differ strongly, no general standard test can be
defined for electronic products. A classification for various industries is given in
IPC-9701A, see Table 3.2. The variety of thermal test cycles as defined by
IPC-9701A is given in Table 3.3.

An overview on the different thermal fatigue testing strategies is given in
Tables 3.4 and 3.5.

3.3.1 Fatigue Failure Detection

The occurrence of fatigue failure is detected either by electrical resistance mea-
surements or by visual inspection of the solder joints’ cross sections with regard to
solder cracking. A third methodology to detect fatigue failure is the shear test,
which is limited to simple component geometries, e.g. leadless ceramic compo-
nents, and becomes very insensitive at states of progressed damage.

The electrical resistance measurement is the simplest technique and allows non-
destructive failure detection for a statistically relevant number of components.
However, often electrical opens resulting from solder joint failures are intermittent
and may be difficult to detect accurately. This issue has turned out to be even more

Table 3.3 Temperature cycling requirements, mandated and preferred test parameters within
mandated conditions, cited from IPC-9701A

Test condition Mandated condition

Cycle condition
TC1 0�C… +100�C (Preferred Reference)
TC2 -25�C… +100�C
TC3 -40�C… +125�C
TC4 -55�C… +125�C
TC5 -55�C… +100�C
Test duration Preferred test duration: Until 50% (Preferred 63.2%)

cumulative failure or
Number of thermal cycles (NTC) requirement

NTC A 200 cycles
NTC B 500 cycles
NTC C 1,000 cycles (preferred for TC2, TC3. TC4)
NTC D 3,000 cycles
NTC E 6,000 cycles (preferred for TC1)

Low-temperature dwell 10 min
Temperature tolerance 0�C/-10�C [0�C/+5�C]
High-temperature dwell 10 min
Temperature tolerance +10�C/0�C [+5�C/0�C]
Temperature rate B20�C/min
Full production sample size [33
Printed wiring (circuit) board

thickness
2.35 mm

Test monitoring Continuous monitoring (event detector preferred)
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Table 3.4 Overview on thermal cycling testing

Slow thermal
cycling (air/air)

Thermal shock
(air/air)

Thermal shock
(liquid/liquid)

Field cycling

Standards IPC-970A IPC-9710A IEC/EN 60068
Part 2–14

None, company
specific

JESD 22-A104 JESD 22-A104
Methods/

Equipment
Place in

temperature
chamber at
varying
temperature.
One-chamber
oven. Hot/cold
with air
circulation

Move
(automatically
or manually)
between hot
and cold
chamber/two
temperature
chambers or a
two-chamber
oven with air
circulation

Dip in hot/cold
liquid bathes
with heating/
cooling
equipment

Power up/down,
optionally
environmental
temp. change/
electrical
loading
equipment,
optionally
temperature
chamber

Usage Frequently Most frequently Not recommended
for solder
fatigue, tends
to induce
failure
mechanisms
different from
the field

Rare

Advantages Relatively slow,
induces best
field-related
creep-
dominated
failure. Can be
combined with
other tests
(Vibration,
moisture)

Relatively fast,
induces field-
related creep-
dominant
failure

Fast. Cheap
equipment

Shows field
behaviour

Drawbacks Long testing
times,
expensive
equipment

Expensive
equipment

Failure
mechanisms
different from
filed failures

Slow, results
device
dependent

Influencing
parameters

Dwell time,
temperature
extremes,
mean
temperature,
ramp rates

Dwell time,
temperature
extremes,
mean
temperature

Temperature
cycling
parameters

Temperature
cycling
parameters,
ramp rates,
dwell times,
gradients in
power up/
down

(continued)
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important for lead-free solders than for the tin–lead materials. Whenever possible,
online measurements should be preferred to avoid misleading results from the
electrical measurements. Moreover, the latter method usually has to be combined
with cross sectioning of the joints of interest. An example is shown in Fig. 3.2 for
SnAg3.5 solder, where in contrast to the totally broken joint, only a slight resistance
increase was detected. A second example is shown in Fig. 3.3 for SnAg3.5Cu0.5

solder. It can be observed from the figure that cracking of large parts of the joints
is not detectable by offline resistance measurement at room temperature. The
resistance increases to infinity only if the cracked surfaces really move apart from
each other, as shown in Fig. 3.4. Thus, a strict failure criterion is recommended for
electrical resistance change, since it is not sensitive to cracking. Ideally, event
detectors have to be preferred, as is recommended by IPC-9701A. According to
this standard, offline measurement results are not precise enough to detect fatigue
failure.

3.4 Theoretical Modelling of Thermal Fatigue

During the last decade, the rapid development of cheap and powerful computer
technology has shifted the focus of reliability analysis of solder joints towards the
use of finite element analysis (FEA), see e.g. [13–16]. However, since creep is
the dominant deformation mechanism of solder, high effort is required to determine
the creep properties. Several experimental techniques are in use to determine these
creep properties of solders, which are summarized in Table 3.6. Because of
the effects of microstructure on the creep behaviour, no unique creep properties
seem to exist for both leaded and lead-free solders, i.e., the published properties are
sometimes conflicting [14, 17, 18] and the ones used therefore approximate in
character. Additionally, the properties-metallurgy dependencies of lead-free
solders are still a subject of research [19, 20].

Table 3.4 (continued)

Slow thermal
cycling (air/air)

Thermal shock
(air/air)

Thermal shock
(liquid/liquid)

Field cycling

Coupling to
theoretical
analysis
prediction

Coffin-Manson
type empirical
laws, FEA
(based on
secondary
creep law and
creep strain/
energy
dissipation)

Coffin-Manson
type empirical
laws, FEA
(based on
secondary
creep law and
creep strain/
energy
dissipation)

FEA (should
include
coupling of
temperature
gradients and
primary/
secondary
creep)

Empirical
acceleration
factors
partially
available, FEA
(may include
coupling of
temperature
gradients,
secondary
creep mostly
sufficient)
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It was already mentioned that the thermal cyclic environment can vary, and that
the relation between test cycles and field cycles, the so-called acceleration factors,
are of special interest. Simplified analytical models can be very useful in cases to
avoid the high effort of numerical modelling. An experimentally supported model
for determining the acceleration factor Ntest/Nfield for lead-containing solders was
developed by Norris and Landzberg [21]. This model was adopted by Pan et al.
[22] for SAC387 solders as shown below.

SnPb

Nfield xð Þ ¼ Ntest xð Þ
DTtest

DTfield

� �c1 ffield

ftest

� �1
3

exp 1414
1

Tfield

� 1
Ttest

� �� �
ð3:1Þ

Fig. 3.2 Chip resistors 0805
with SnAg solder on FR-4
PCB after 2,000 cycles -

40…125�C, 60 min:
resistance increased only by
164 mX at room temperature
(H. Berek, FnE GmbH,
Freiberg)

Fig. 3.3 Chip resistors 1206
with SAC solder on FR-4
PCB after 1,000 cycles -

40…125�C, 60 min:
resistance increased from
26 to 28 mX at room
temperature (Z. Drozd,
Warsaw University of
Technology [10])

Fig. 3.4 Chip resistors 1206
with SAC solder on FR-4
PCB after 2,000 cycles -

40…125�C, 60 min:
resistance increased from
26 mX to ? at room
temperature (Z. Drozd,
Warsaw University of
Technology)
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SAC 387

Nfield xð Þ ¼ Ntest xð Þ
DTtest

DTfield

� �2:65 ttest

tfield

� �0:136

exp 2185
1

Tfield

� 1
Ttest

� �� �
ð3:2Þ

Nfield(x), number of field cycles at which a percentage x of connections has failed,
for example, Nfield(50) = mean cycles to failure at which 50% of connections have
failed; Ntest(x) analogous number of test cycles; c1, empirical constant, applicable
is c1 = 1.9 for SnPb; f cycling frequency expressed in number of cycles/day;
t dwell times (equal dwell times for hot and cold dwell preferred); T maximum
cycling temperature in K.

However, because of the complicated dependencies of SAC solder on various
effects like type of components, metallization and joint size, the derived equation
seems questionable [23]. The SnPb constants for the Norris–Landsberg model
seem to be a better fit to the existing Pb-free data than the revised constants
provided in the paper by Pan et al. Further work is required with respect to the
eutectic SAC solder compositions and those improved by spurious alloys.

3.5 Open Questions

• Long-term fatigue performance of different lead-free solders in field use in
dependence on the component type and adequate formulation of acceleration
factors;

• Reliability of different lead-free solders under the combined action of different
leadings, e.g. low-cycle fatigue overlaid by vibration;

• Effects of spurious alloys on the creep and thermal fatigue performance of
second-generation lead-free solders;

• Development of virtual reliability design methodologies, aiming at relations
between test cycling and mission profiles for use in high-reliability applications
for low-cycle fatigue loadings and for combined loadings;

• Materials characterization and modelling of second-generation lead-free solders
including SnZn, Bi-containing solders, under-eutectic SAC solders with Ni and
other spurious alloys, and nanoparticle-containing solders or adhesives. Con-
sideration of miniaturization-related effects on materials properties and mod-
elling, respectively, e.g. the shift of plastic-creep properties of tiny interconnects
that approach the meso-structure size (e.g. grain size, primary intermetallics
size). Application of nano-indentation techniques towards elastic–plastic, elas-
tic-creep or viscoelastic strongly localized materials characterization, also at
thin-film materials or intermetallics;

• Development of sophisticated modelling techniques including viable ones for
the meso-structure of materials and damage progress.
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