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T here has been much discussion about
the merits of lead-free alloys, with
their physical and electrical proper-

ties being examined – and sometimes dis-
puted – in great detail. Whatever the end-
user’s preference, one truth remains: the
reliability of a lead-free soldered joint
should be at least as good as that achieved
with tin-lead solders.

How does a soldered joint fail? To estab-
lish how reliable a lead-free solder is likely to
be in service, first examine the factors that
affect reliability. Consider the mechanism by
which a soldered joint fails. The typical fail-
ure mode for a sound solder joint is low
cycle fatigue (LCF), whereby differential
thermal expansion through temperature
cycling or power cycling continually stresses
the joint until the point of failure. Although
LCF failures may have a root cause that
stems from a flaw in the material – brittle
intermetallics or excessive voiding, for
example – keep in mind that even a sound
joint has a finite life, and can be expected to
fail after a certain number of cycles. Reliabil-
ity is measured as cycles to failure.

One might reasonably assume the bulk
properties of a solder alloy are a good indi-
cator of its behavior and reliability as a sol-
dered joint. If this were the case, lead-free

assemblies should exhibit higher reliability
for two reasons. First, their (typically) high-
er melting points suggest that any stress gen-
erated during service is less likely to
approach the alloy’s yield strength, which
appears to be confirmed by the better LCF
properties of a lead-free alloy in bulk form
(Sn-3.5AgCu alloy has been found to be
superior by a factor of ten when tested
against Sn63Pb at 25°C)1. Second, lead-free
alloys possess higher strength, particularly
creep strength.

But the reality is somewhat different
when soldered assemblies are actually tested.
Despite the lead-free alloy’s superior creep
strength, it shows similar reliability to
Sn63Pb and Sn62Pb2Ag under fatigue test-
ing. Conversely, whereas the addition of bis-
muth degrades lead-free performance under
isothermal testing of the bulk alloy, the
opposite is seen when a board assembled
using Sn3.5AgBi alloy is used. Clearly the
isothermal bulk alloy tests are a poor guide
to assembly reliability.

Design and Process Factors
To see the full picture, a wider selection of

factors that affect joint reliability must come
under scrutiny. These can be grouped into
two main categories: design factors and
process factors. The design of the assembly
includes considerations such as the size and
composition of the components and PCB,
and how the board is populated. These details
have a bearing on the compliance of the

Research finds bulk alloy properties are 
not a meaningful predictor of reliability.
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assembly (lower compliance for LCCCs
and chip components than for QFPs, for
instance) and determine the pattern of
stress applied to individual joints.

Process factors – variables such as alloy
composition, reflow and cooling profiles,
degree of oxidation of component termi-
nation and board finish, solder paste
characteristics and stencil design – influ-
ence joint geometry and integrity, and
determine the likelihood of excessive void
formation or defects occurring at the sol-
der/substrate interface. The microstruc-
ture of the joint may also be modified by
the dissolution effect of the solder alloy
on board and component finishes.

When assessing and comparing
results of reliability tests, the test proce-
dure and conditions must be taken into
account to avoid misleading or contra-
dictory reliability claims through inap-
propriate comparison of data. In particu-
lar, the criteria that define failure must be
carefully chosen. Typical tests include:
electrical monitoring, failure being
deemed to occur when a specified resis-
tance is exceeded; measurement of joint
strength – chip component joints at, say,
50% of their original strength and QFP
leads at 0% could be assessed as failures;
and microsectioning joints to monitor
crack development.

Having established the factors that
affect reliability, reviewing some of the
acknowledged test regimes and their
results provides a real-life picture of lead-
free reliability. First, examine the reliabili-
ty testing conditions used in the IDEALS
(Improved Design Life and Environmen-
tally Aware Manufacturing of Electronic
Assemblies by Lead-Free Solder) pro-
gram, summarized as:

• Thermal shock: -25°/+125°C, 3 min.
dwell; -20°/+100°C and -40°/+125°C,
30 min. dwell.

• Power cycling: 20-110°C.
• Vibration: random 50-2000Hz oscil-

lation, 6-43g acceleration, duration
15 min., along x, y and z axes.

• Failure parameters: measure joint
strength of 1206 resistors and micro-
section failed joints.

• The 1206 component outline was
chosen because it was inexpensive
and available with lead-free termina-

tions. The substrate finish was OSP
copper.

The results show that the shear
strength of Sn96 alloy under temperature
cycling is close to that of Sn62 and Sn63
alloys, being reduced about 50% over
3,000 cycles.2 Power cycling shows a simi-
lar trend, the shear strength of 96SC
remaining slightly and consistently below
that of Sn62 and reducing by about 45%
over 3,000 cycles. When sectioned, the
failure mode for the lead-free solder alloy
is virtually identical to that for tin-lead,
the fracture initiating in the thin layer of
solder beneath the component and prop-
agating through the main bulk of the sol-
der fillet (Figures 1 and 2).

Next, the NCMS (National Center for
Manufacturing Sciences) test regime and
results:

Program 1
• Temperature cycling: -55°/+125°C, 20

min. dwells, 11°C/min. (LCCC-44,
1206, QFP-132, PLCC-84, immersion
Sn FR-4 PCB).

• Temperature cycling: 0°/+100°C, 5
min. dwell, 10 min. ramp (same com-
ponents).

• Failure criterion: continuous electri-
cal monitoring – intermittent open
circuit (200Ω).

Program 2
• Temperature cycling: -55°/+160°C,

10 min. dwells, 10°C/min. ramp (test
components 20-lead LCCC, 1206,
0805, 80-lead UTQFP, on OSP FR-4).

• Temperature cycling : -40°/+125°C,
15 min. dwells, 15 min. ramps (test
components fleXBGA, PBGA, on
OSP FR-4).

• Temperature cycling : 0°/+100°C, 5
min. dwells, 10 min. ramps (test
components fleXBGA, PBGA, on
OSP FR-4).

• Failure criterion: continuous electri-
cal monitoring – intermittent open
circuit (200Ω).

Looking at the LCCC results for num-
ber of cycles to first failure at -55°/+125°C,
the Sn43Bi57 alloy offers the best perfor-
mance (at close to its melting point of
138°C), while other lead-free and SnPb
alloys exhibit behavior similar to each
other. For the 20-lead LCCCs at 
-55°/+160°C, the target is to match lead-
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free performance to Sn-Pb performance at -40°/+125°C. The bis-
muth alloys – SnAg3.4Cu1Bi3.3, SnAg3.3Bi4.8 and SnAg4.6
Cu1.6Sb1.0Bi1.0 – come closest but still fall well short of the target,
while the best of the SAC alloys manage less than 50% of the SnPb
performance. For fleXBGA at -40°/+125°C, the story is different,
with the SAC and SnAgIn alloys narrowly taking the top spots, but
without significant advantage over other lead-free alloys and SnPb.
Under more moderate conditions of 0°/+100°C,bismuth-contain-
ing alloys again come to the fore, with SnAg3.4Cu1.0Bi3.3 and
SnAg4.6Cu1.6Sb1.0Bi1.0 outperforming Sn63Pb by almost 300%
and the best of the SAC alloys by 25%.

These findings raise the question of the effects of regime
severity upon the results. Take two of the alloys; upon normal-
ization the trend is more apparent (Figure 3): at 0°C/+100°C,
Sn63Pb exhibits a fatigue life only half that of SnAg3.5; at 
-40°/+125°C this rises to around 85%; and at -55°/+160°C, it
leaps to about 220%.

Confusing and contradictory as these results may appear,
the following observations may prove helpful in their interpre-
tation:

• Bulk alloy properties, including fatigue and joint strengths,
are not a meaningful guide to lead-free reliability perfor-
mance.

• High-tin, lead-free solders containing silver, copper, anti-
mony and bismuth show broadly similar reliability to
Sn63Pb37 and Sn62Pb36Ag2.0 solders.

• Different SnAgCu alloys possess similar reliability character-
istics.

• SnPb solders exhibit a higher fatigue life than lead-free sol-
ders under more extreme conditions (high temperature and
strain ranges).

• Under less extreme conditions (lower temperature and
strain ranges), lead-free solders display up to double the
fatigue life of SnPb alloys.

• Accelerated testing at high strain ranges extrapolates differ-
ently to less extreme conditions for lead-free and tin-lead
alloys.

• Adding up to 5% bismuth may improve reliability, provided
there is no lead contamination that could cause the forma-
tion of a low-melting SnPbBi phase.

• As yet, there is no sign of a fatigue-resistant solder, regard-
less of alloying additions.

• Solders with melting points (mpt) close to peak tempera-
ture during cycling seem to perform particularly well; e.g.,
Sn43Bi (mpt 138°C) at -55°/+125°C and Sn63Pb (mpt
183°C) at 150-160°C peak.

Research continues, but for now the most reliable choice
(while lead can potentially occur anywhere in the assembly)
remains one of the SAC alloys. Once lead is eliminated from
board finishes, components and fittings, the lower melting
point and improved wettability of SnAgBi alloys may prove
preferable. ■
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FIGURE 1: Microsectioned SnAgCu solder joint (after 1,000 cycles
between -25°/+125°C) showing fracture initiating in solder beneath
the component and extending through the solder fillet.

FIGURE 2: SnAgCu solder joint after 2,000 cycles, showing same fail-
ure mode as Pb-free joint in Figure 1.

FIGURE 3: Normalized fatigue life for Sn63Pb37 relative to SnAg, dif-
ferent cycling regimes.


