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Abstract The global electronic assembly commu-
nity is striving to accommodate the replacement of
Pb-containing solders, primarily Sn—-Pb alloys, with
Pb-free solders due to environmental regulations and
market pressures. Of the Pb-free choices, a family of
solder alloys based on the Sn—-Ag-Cu (SAC) ternary
eutectic (Tey. = 217°C) composition have emerged
with the most potential for broad use across the
industry, but the preferred (typically near-eutectic)
composition is still in debate. This review will attempt
to clarify the characteristic microstructures and
mechanical properties of the current candidates and
recommend alloy choices, a maximum operating tem-
perature limit, and directions for future work. Also
included in this review will be an exploration of several
SAC + X candidates, i.e., 4th element modifications of
SAC solder alloys, that are intended to control solder
alloy undercooling and solidification product phases
and to improve the resistance of SAC solder joints to
high temperature thermal aging effects. Again, pre-
liminary alloy recommendations will be offered, along
with suggestions for future work.

1 Introduction

The replacement of Sn-Pb solders for assembly of
electronic systems is being driven by impending
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environmental regulations [1-3] and global market
pressures to utilize Pb-free solders. During this major
transition involving substitution for a near-universal
joining material system, eutectic or near-eutectic Sn—Pb
solder, there is also the opportunity to make a major
improvement in joint reliability for challenging operat-
ing environments, i.e., high temperatures and stress
levels, as well as impact loading situations. To help
realize this opportunity, investigations into a promising
alloy ““family” of eutectic and near-eutectic Sn—-Ag—Cu
(SAC) solders [4, 5] have increased at many different
laboratories, worldwide [6-9]. Since the Sn-Ag-Cu
ternary eutectic temperature of 217°C is significantly
higher than 183°C for Sn—37Pb (wt.%), it should be said
that Pb-free SAC solder is not a ““drop-in”’ replacement
for Sn—Pb in the highly refined electronics assembly se-
quence, e.g., for surface mount technology (SMT) [2, 9].
While the enhanced reflow temperatures of 235-255°C
for SAC near-eutectic solder, compared to approxi-
mately 220°C for Sn—Pb eutectic, are within the capa-
bilities of current reflow ovens, some of the component
packages and circuit board materials, primarily poly-
meric, need to be upgraded to withstand these higher
processing temperatures. In addition, the transition
must be made to an alternative Pb-free component lead
coating to replace Sn-Pb. Also, a Pb-free high/low
temperature solder hierarchy pair, to replace Sn-95Pb/
Sn-37Pb, needs to be developed that includes (pre-
sumably) SAC solder and another Pb-free alloy to per-
mit effective multi-chip module assembly [2, 9]. In spite
of these complications, the electronics industry has
seized the challenge and is proceeding forward rapidly to
develop the assembly techniques and to generate the
reliability data for Sn—-Ag-Cu as a preferred Pb-free
solder in many electronic assembly applications [2, 9].
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Compared to Sn—Pb solders that have been limited
typically to low stress joints and reduced temperature
service because of the soft Pb phase that is prone
to coarsening and ductile creep failure [10], the high
Sn content and strong intermetallic phases of a well
designed Sn—Ag-Cu alloy solder can promote enhan-
ced joint strength and creep resistance [11], and can
permit an increased operating temperature envelope
for advanced electronic systems and devices. Results of
SAC alloy development have demonstrated increased
shear strength at ambient and elevated temperatures,
e.g., 150°C, resistance to isothermal fatigue [12], and
resistance to thermal aging during temperature excur-
sions up to about 150°C, the current test standards for
under-the-hood automotive electronics [13]. In terms
of mechanical properties, shear strength [14], rather
than joint tensile strength, will be the focus of the
property characterization results that are included in
this review due to the importance of shear failures in
electronic systems with mismatched coefficients of
thermal expansion [2, 15]. Also, early tensile failure
studies showed that essentially all solder joints with Sn-
based solders would exhibit the same type of localized
parting at fairly low stress of the solder matrix and
the CueSns intermetallic layer, with little possibility
of discriminating between solder alloy effects [10].
Although important for reliability testing of specific
electronic assembly applications [16], thermal—
mechanical fatigue analysis results also will not be in-
cluded in this review since many of the novel SAC
alloying concepts, with some exceptions [16], have not
been tested for TMF, but typically have been tested in
shear. In the expanding world of portable electronics
and miniaturization of electronic devices, the ability
of circuitry to remain undamaged after a drop impact
[9, 17-21] is becoming another key objective for SAC
solder joint microstructure design. Modified Izod
impact test results will be reviewed because such
impact testing is simple to practice and very useful
for quantitative ranking in alloy design and thermal
aging studies [17, 18], compared to board level drop
testing [20].

Superior levels of these solder joint mechanical
properties can be accomplished by microstructural
control approaches, starting with the as-solidified sol-
der joint [8, 22-28], i.e., tailoring of the as-solidified
intermetallic interface with the substrate and control-
ling of solidification nucleation for the solder matrix.
While substrate/solder interface tailoring is practiced
by alloy additions to the SAC solder or metallization
(coating) of the substrate, the issue of nucleation
control for the solder matrix has been addressed by
both SAC alloy variations and by fourth element
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additions. It should be noted that the solidification
microstructures of Sn-Pb eutectic and near-eutectic
solders are not nearly as sensitive to cooling rate and
composition variations as the near-eutectic Sn—-Ag—Cu
solders [9]. This sensitivity is due primarily to the
characteristic of Sn and Sn-enriched alloys for high
undercooling prior to solidification [9]. It should be
noted that a significant portion of the fundamental
research on microstructural control of SAC solder
joints has been done for the general case of bonding to
Cu conductors and this review will be limited to the Cu
substrate case. The common industrial case of solder
bonding to one of several types of multi-layer metal-
lization surfaces and the consequences of multiple
reflow cycles has also been studied in detail, but has
been covered in other reviews [29-34].

Another focus of this review will be on microstruc-
tural control for the thermally aged solder matrix/
intermetallic interface region of SAC solder joints, in
particular. Motivation for these recent studies was
provided [20, 35, 36] by reported problems with pore
development/coalescence and brittle fracture along the
intermetallic (CusSn) interface with a Cu substrate.
Recent studies [9, 35, 36] on accelerated aging of SAC
alloy joints report that the suppression of voids, and
especially suppression of void coalescence, in the
intermetallic interfacial region is promoted by fourth
element additions, eliminating an apparent embrittle-
ment precursor in coarsened SAC solder joints. Inter-
estingly, some of the same fourth element additions
have been useful for both nucleation control and for
resistance to aging effects.

2 Ternary Pb-free solder joint microstructures
and mechanical properties

A closely related set of Sn—Ag—Cu near-eutectic alloys
have risen through the ranks of many experimental
studies to stand as the most likely candidates for
widespread replacement of Sn—Pb solders [9, 26, 37].
As an improvement over the previous Sn—Ag eutectic
solder in Pb-free electronic assembly applications, the
Sn—-Ag-Cu solders offer a reduced melting tempera-
ture (about 4°C lower) and additional tolerance for
variations in cooling rate after reflow [9, 26, 37]. Prior
calorimetric studies [26] revealed the very similar
melting behavior of several closely related Sn—Ag—Cu
alloys, consistent with the phase diagram studies [6] on
this system. Compared to other common choices, the
Cu alloy addition to Sn—Ag is abundant and low cost,
e.g., lower cost than In, is an aid to wetting and does
not increase drossing, unlike Zn [29], is compatible
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with common no-clean paste fluxes [38], and is not a
by-product of Pb mining, e.g., unlike Bi and Sb [29].

As an indication of the Sn-3.5Ag (wt.%) baseline
solder alloy joint characteristics, Fig. 1a shows a low
magnification optical micrograph of an etched cross-
section [39]. Sn dendrites appear to extend directly
across the full 70 pm width of this joint with a sec-
ondary dendrite arm spacing (SDAS) of about 5 pm.
Optical microscopy seems to be better suited than
SEM for revealing a long range dendritic solidification
morphology in these joints, clarifying the distinctions
between cells and dendrites [39]. The typical CugSns
intermetallic phase at the interface of the Cu substrate
and the solder matrix exhibits some faceting and a
thickness of approximately 2 pum, as revealed in
Fig. 1b, consistent with previous results [26].

2.1 Solidification microstructures and shear
strength for near-eutectic SAC solders

In comparison to Sn—Pb solders, a successful Sn—-Ag—
Cu alloy solder should exhibit enhanced shear strength
at ambient temperature. Perhaps more importantly,
the Sn—Ag-Cu solder should display improved creep
strength and resistance to thermal-mechanical fatigue
during temperature excursions up to about, e.g., 150°C,
the current maximum operating temperature limit of
under-the-hood automotive electronics [13]. This can
be accomplished by microstructural strengthening
approaches for the solder matrix. Essentially, the ma-
trix strengthening strategy is to avoid or refine Sn
dendrites, to minimize or refine any pro-eutectic
intermetallic phases, and to increase the fraction of fine
eutectic in the as-solidified joint [40]. To implement the
matrix strengthening approach, four Sn—-Ag—Cu solder
alloys were selected for a previous study [39] which fall
in a composition region that includes and closely sur-
rounds the calculated ternary eutectic composition [6]
of Sn-3.7Ag-0.9Cu (wt.%), as shown in Fig. 2. Two

Fig. 1 Cross-section (a)
microstructure of as-solidified
solder joints made from Sn—
3.5Ag (Wt.%), including, (a)
optical micrograph of joint
with Cu substrate on top and
bottom, (b) SEM micrograph
(backscattered electron
imaging-BEI) with Cu
substrate on bottom [39]

alloy choices, Sn—3.0Ag-0.5Cu (outlined by a triangle
in Fig. 2) and Sn-3.9A¢-0.6Cu (outlined by a circle in
Fig. 2), were chosen to correspond to alloys being
studied actively by JEIDA and NEMI [37], respec-
tively. Another alloy, Sn—-3.6Ag-1.0Cu (outlined by a
hexagon in Fig. 2), was included to provide a corre-
spondence to other previous studies [26]. The melting
behavior of three of the four alloys (excluding Sn—
3.9Ag-0.6Cu) was also studied by differential thermal
analysis [26] and was determined to be closely related,
with a clear eutectic melting onset at 217°C and a
slightly extended liquidus melting signal, consistent
with near-eutectic alloys.

It should be noted that the solidification micro-
structures of other ternary Sn—Ag—Cu alloys certainly
have been studied and some of these will be cited in
this review. However, this set of solder alloy joints
were prepared under identical conditions and were
intended as a representative survey of the different
relevant regions of the ternary phase diagram that are
likely to be used for solder applications. Although a
hand soldering technique [39] was used, the tempera-
ture ramp, peak temperature (255°C), cooling condi-
tions (1-3°C/s), and Cu substrates were intended to
simulate typical reflow parameters for common circuit
assembly practice, to provide a comparison of the
microstructure results with practical technological
value.

The optical micrographs [39] of Fig. 3 show the
significant effects on the as-solidified joint microstruc-
tures of fairly minor variations in Ag and Cu content in
the near-eutectic Sn—Ag—Cu solder alloys used to make
the joints. The rather coarse Sn dendrites for Sn—
3.0Ag-0.5Cu in Fig. 3a, with a secondary dendrite arm
spacing (SDAS) of about 6-10 pm, can be compared to
the extremely fine Sn dendrites for Sn—-3.9Ag—0.6Cu in
Fig. 3b, with an SDAS of about 2 pm. Also, the Sn
dendrite pattern associated with Sn-3.7Ag-0.9Cu in
Fig. 3c has a very similar spacing to the Sn dendrites of
Fig. 2a, associated with Sn-3.5Ag. In contrast, the
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Fig. 2 The composition region that closely surrounds the

calculated ternary eutectic composition of Sn-3.7Ag-0.9Cu
(Wt.%), as seen from the calculated liquidus surface [6, 39]

solidification morphology associated with Sn-3.6Ag—
1.0Cu in Fig. 3d does not appear dendritic, certainly
not with any extended Sn dendrites. Moreover, the
large AgsSn “needle” phases in Fig. 3b, as confirmed
by energy dispersive spectroscopy (EDS) in the SEM,
that project from the upper intermetallic layer into the
solder matrix, distinguished this Sn-3.9Ag-0.6Cu
microstructure from the others in Fig. 3.

The higher magnification and atomic number
contrast of the SEM-BEI micrographs [39] in Fig. 4
provide additional information on the as-solidified
joint microstructures shown in Fig. 3. For example,

Fig. 3 Optical micrographs of
as-solidified solder joints
made from (a) Sn-3.0Ag—
0.5Cu, (b) Sn-3.9A¢-0.6Cu,
(¢) Sn-3.7Ag-0.9Cu, and (d)
Sn-3.6Ag-1.0Cu [39]

a)
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from Fig. 4d it seems that, rather than Sn, CuSns is the
apparent primary (pro-eutectic) phase in the solidifi-
cation of Sn-3.6Ag-1.0Cu solder, as confirmed by EDS
in the SEM, followed by solidification of an extremely
fine ternary eutectic. Also, the coarser Sn dendrite
patterns of Fig. 4a (Sn-3.0Ag-0.5Cu) and Fig. 4c (Sn—
3.7Ag-0.9Cu) allow for wider regions of ternary
eutectic, compared to Fig. 4b (Sn-3.9Ag-0.6Cu). An
interesting difference in the intermetallic at the Cu/
solder interface is also apparent, where the partially
faceted CueSns fingers of Fig. 4b (Sn-3.9Ag-0.6Cu)
and 4c (Sn-3.7Ag-0.9Cu) contrast with the finely
spaced rounded stubs of Fig. 4d (Sn-3.6Ag-1.0Cu) and
the widely spaced projections of Fig. 4a (Sn-3.0Ag—
0.5Cu).

Although the ternary eutectic alloy, Sn—3.7Ag—0.9Cu,
calculated from experimental and thermodynamic data
[6] would be expected to have an equilibrium structure
that consists of mixture of three phases: $-Sn, Ag;Sn,
and CugSns, with volume fractions consistent with the
phase diagram [6], the actual joint microstructure in
Figs. 3c and 4c is more complex. It appears that the
joint made from Sn-3.7Ag-0.9Cu exhibits Sn primary
dendrites with a fine uniform ternary eutectic structure
in the interdendritic regions. If the calculated ternary
eutectic composition is correct, the appearance of pri-
mary Sn dendrites in this alloy is evidence for some
significant undercooling of the solder joint [6], where
the Sn phase probably solidified at a temperature be-
neath the coupled eutectic growth region [41]. Some
studies on undercooling of bulk samples of similar
solder alloys, along with pure Sn and Pb, demonstrated
that a Sn-3.8Ag—-0.7Cu near-eutectic alloy can under-
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Fig. 4 SEM micrographs
(BEI) of as-solidified solder
joints made from (a) Sn—
3.0Ag-0.5Cu, (b) Sn-3.9Ag—
0.6Cu, (¢) Sn-3.7Ag-0.9Cu,
and (d) Sn-3.6Ag-1.0Cu [39]

cool nearly 30°C before nucleation of solidification and
other similar SAC alloys had undercoolings from 18°C
to 35°C [42]. Moreover in the Sn—-Ag—Cu (SAC) alloy
system, both intermetallic phases in the eutectic,
Ag;Sn and CugSns, are known to be faceted [41], which
would be expected to skew the coupled eutectic growth
region, promoting primary Sn phase nucleation and
growth for a eutectic alloy even at modest undercoo-
lings [6].

The tendency for high undercooling and Sn dendrite
formation of the ternary eutectic SAC alloy can be
contrasted with the observed solidification behavior for
the Sn—Pb solders, which do not undercool appreciably,
only 3-4°C, and exhibit a fairly uniform coupled
(irregular) eutectic structure over a wide range of
cooling rates [9]. Generally, in Sn-Pb alloys an
increased cooling rate during solidification results in a
refined eutectic microstructure with enhanced strength,
in a continuous trend. For eutectic and most near-
eutectic SAC solder alloys, instead of coupled eutectic
solidification, melt undercooling and the nucleation
and growth of Sn dendrites is a less controlled phe-
nomenon. However, it is generally true that rapid
cooling of SAC alloys (>5-10°C/s) typically will result
in a highly refined microstructure with fine dendrites
and interdendritic ternary eutectic that has significantly
enhanced strength [9]. On the other hand, slow cooling
of SAC alloys (<1-3°C/s) will result in Sn dendrites,
probably with a larger dendrite arm spacing, and
interdendritic eutectic, but formation of massive

pro-eutectic intermetallic phases may precede Sn
nucleation, as will be discussed below. Thus, slow-
cooled SAC solder joints may be more ductile or more
brittle, depending on whether massive intermetallic
phases are able to nucleate and grow.

To illustrate the composition dependence of these
SAC solidification characteristics, three near-eutectic
SAC alloy were used to make solder joints that were all
cooled at the same rate, 1-3°C/s from the same reflow
peak temperature, 255°C. Melt undercooling and Sn
dendrite nucleation and growth appear to have af-
fected the solidification of two of the three near-
eutectic alloys shown above, Sn-3.0Ag-0.5Cu and Sn—
3.9Ag-0.6Cu in different ways, but not to the extent
that it changed the equilibrium primary (pro-eutectic)
phases expected from the calculated phase diagram in
Fig. 2 [39]. In other words, the Sn dendrites in Fig. 3a
are the predicted primary phase in Sn-3.0Ag-0.5Cu
and the coarse dendrite arm spacing implies that they
grew at a reduced velocity, consistent with a reduced
undercooling [39]. In addition, the AgzSn primary
phase plates in Fig. 3b also are the predicted primary
(pro-eutectic) phase for Sn-3.9Ag-0.6Cu, but the very
fine Sn dendrites in the majority of the solder matrix
are consistent with rapid growth from a highly under-
cooled melt. Although the undercooling could not be
estimated qualitatively from the microstructure for the
Sn-3.6Ag—1.0Cu alloy in Figs. 3d and 4d, the lack of Sn
dendrites and the formation of primary (pro-eutectic)
CueSns phase particles, apparently randomly dispersed
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in a ternary eutectic matrix, is expected from the phase
diagram [39].

Based on this representative set of microstructure
observations, it is useful to compare the criteria
described above for ideal microstructural strengthen-
ing of the solder matrix to the results for the as-solid-
ified solder joints. To restate, the matrix strengthening
strategy is to avoid or refine Sn dendrites, to avoid or
refine any pro-eutectic intermetallic phases, and to
increase the fraction of fine eutectic in the as-solidified
joint. Of the four choices above, including the calcu-
lated eutectic composition, Sn—-3.7Ag—0.9Cu, the most
promising appears to be Sn-3.6Ag—1.0Cu which has a
joint microstructure that is dominated by a highly
refined ternary eutectic and is decorated by small
(10 pm or less) pro-eutectic CugSns phase regions. In
terms of microstructural strengthening, this type of
as-solidified microstructure would be expected to have
an enhanced shear strength that is dominated by the
fine eutectic and would tend to deform uniformly if
stressed beyond the yield point. In contrast, a joint
formed from Sn-3.0Ag-0.5Cu solder with coarse Sn
dendrites and interdendritic ternary eutectic would be
expected to have a reduced shear strength that is
dominated by the low yield point of the nearly pure Sn
phase and would deform in a ductile manner within the
dendritic regions.

A summary [39] of the ambient temperature shear
strength results for all of the alloys that are illustrated
above are shown in Fig. 5, along with the results from
two modified SAC alloys containing either Co or Fe
additions that will be discussed below. An indication of
the repeatability of the maximum shear strength values
is given by the narrow range ( +2.5-5 MPa) of the
standard deviation of the measurements, where at least

seven specimens were tested for each type of solder
joint. The weakest of the solder joints was made from
the Sn-3.0Ag-0.5Cu, while the strongest SAC solder
joints were made from Sn-3.6Ag-1.0Cu, consistent
with the predictions of the microstructural analysis
from above. The shear strength of the baseline Sn—
3.5Ag solder joints fell in the middle of the range of
values. This apparent strengthening may be due to the
sensitivity of the Sn-3.5Ag solder microstructure to
reflow and solidification conditions and the Cu disso-
lution phenomenon, as discussed below [26, 43-45].
The difference between the maximum shear strength
and the apparent yield strength is an indication of the
reasonable ductility exhibited by these samples,
although the yield strength values had an increased
standard deviation. It is also interesting to note that the
joints made with Sn-3.6Ag-1.0Cu also exhibited
the highest yield strength with the lowest scatter of the
data, suggesting a very consistent microstructure.

In addition to selection of a SAC solder alloy based
on as-solidified joint strength, where increased strength
is preferred within reasonable limits [16], another cri-
teria should be the type of joint failure mechanism,
where uniform yielding and ductile failure are pre-
ferred. It is important to note that the solidification of
relatively large plates of Ag;Sn in a Sn—Ag—Cu solder
microstructure was shown to be particularly detri-
mental to the fracture behavior and thermal-fatigue
life of solder joints, promoting brittle failure along
interfaces between AgzSn and f-Sn at reduced stress
and shorter joint life [42]. Motivated by these obser-
vations, an extensive effort has been devoted to
improved SAC solder alloy design to eliminate the
occurrence of AgsSn pro-eutectic nucleation [9, 42],
leading to a patent [46]. This effort quantified the

Fig. 5 Summary of 60
asymmetric four point bend

(AFPB) shear strength tests

at ambient temperature on as- 50
solidified solder joints made
from the alloys listed along
the x-axis. The number of
repeat samples for each alloy
is indicated in light contrast
on each set, along with the
standard deviation of the
values at the top of each bar
[39]
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effect of independent variations of Ag and Cu content
on the formation of Ag;Sn and used 3.8Ag and 0.9Cu
as maximum levels of each element [42]. In one part of
the study, the composition dependent solidification of
independent solder alloy balls was characterized and
the same solder balls were also solidified between Cu
substrates to form joints. From the results, some gen-
eral recommendations were to utilize a Ag content of
2.0-3.0 wt.% and a Cu content of about 0.7 wt.%,
which would suppress Agz;Sn formation and still
maintain a pasty range (difference between liquidus
and solidus temperatures) less than 3.5°C, i.e., near-
eutectic behavior [42]. For example, one SAC alloy
mentioned specifically was Sn-2.7Ag—0.7Cu as repre-
senting an upper limit (for Ag content) for possible
formation of Ag;Sn plates, even at extremely slow-
cooled conditions (0.02°C/s) [42]. From the position of
this alloy on the liquidus surface of the calculated
phase diagram (see Fig. 2), the solidified microstruc-
ture of a joint prepared from Sn-2.7Ag-0.7Cu in the
same manner as the ones shown in Figs. 2-4 should be
similar to Figs. 3a and 4a that were made from Sn—
3.0Ag-0.5Cu.

2.2 Preliminary recommendation for SAC solders

Thus, to avoid the formation of AgzSn plates according
to the findings of the previous extensive study [9, 42],
one must choose a solder joint of reduced strength,
perhaps Sn-2.7Ag-0.7Cu. Alternatively, to avoid
nucleation of massive AgzSn plates and to maintain
enhanced solder joint strength, a SAC composition of
Sn-3.6Ag-1.0Cu could be picked [39], which exhibits
pro-eutectic nucleation of a well distributed CugSns
phase, followed by ternary eutectic solidification,
effectively precluding nucleation of massive AgzSn
plates and long range Sn dendrites. However, it is
recommended that future work with this type of SAC
alloy should focus on a small composition region with
slightly lower Ag and Cu, perhaps Sn-3.5Ag—0.95Cu.
The advantage could be a similar joint solidification
path, a reduced amount of pro-eutectic CusSns, and a
significantly smaller pasty range. According to the
calculated liquidus surface in Fig. 2, Sn-3.6Ag-1.0Cu
has a pasty range of about 5°C, compared to about 3°C
for Sn—-3.5Ag-0.95Cu, assuming a solidus temperature
that is equivalent to the ternary eutectic of 217°C.
If this apparent mechanism is used properly, it should
be possible to generate a very high fraction of ternary
eutectic structure from a very slightly off-eutectic

composition by accepting the inclusion of a small
fraction of well-distributed CugsSns pro-eutectic phase.

It should be noted also that the effect of Cu dis-
solution from the substrates on the solder matrix alloy
composition is not included in this discussion. Thus,
the possible precision for adjustment of Cu content in
some SAC alloy solders is open to question, i.e.,
precise control of the final joint composition. A pre-
vious estimate of the Cu dissolution effect was an
increase of roughly 0.5% Cu to the solder joint above
the initial alloy composition, depending on the reflow
conditions [47]. Some recent studies that involve the
Cu pick-up phenomenon in Sn-enriched solder alloys
have been reported [36, 45], but the difficulty of
probing this effect is well recognized, especially by
micro-analytical techniques [48]. One data point for
Cu solubility in Sn is the maximum level (2.2 wt.%)
that can be retained by rapid quenching, followed by
cryogenic X-ray diffraction of the structure [49].
Vianco reported [36] that a maximum local concen-
tration enhancement of about 2% was measured by a
wavelength dispersive spectroscopy (WDS) line scan
method with an electron microprobe using a highly
focused beam method, after soldering of Cu sub-
strates with Sn-3.9Ag-0.6Cu by reflowing at a peak
temperature of 260°C. This local maximum Cu con-
tent was reported to decrease continuously from the
inner edge of the typical CueSns interfacial layer
toward the center of the joint, proceeding from about
2% to a baseline (nominal) value of about 0.6% over
a distance of about 10 um [36]. Also, the existence of
interior CugSns phases (within the joint matrix) was
also detected in the Cu and Sn line scans, as peaks
and valleys, respectively, by Vianco [36] and others
[35, 40]. In a microstructural sense, to measure the
true pick-up of Cu into the joint matrix region one
must include excess Cu dissolved in Sn and the inte-
rior content of Cu¢Sns, both as independent phases
and as part of the ternary eutectic structure. A broad
beam WDS method, most common in analysis of
geological specimens [50, 51], has recently been
applied to this difficult problem [45]. One encourag-
ing result from this study is that, although low Cu
content SAC alloys, e.g., Sn—3.0Ag—0.5Cu, may pick
up 0.5-0.7Cu, a solder joint made with Sn-3.7Ag-
0.9Cu did not have any significant change in Cu
content [45]. Thus, the prospect of closely controlling
the final composition (Cu content) of a joint made
with Sn-3.5Ag-0.95Cu appears more likely than that
of a joint made with a SAC alloy containing only
0.5-0.6Cu.
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2.3 Thermally aged microstructures and shear
strength for near-eutectic SAC solders

The demand for some electronic assemblies to remain
reliable for extremely long times in harsh environ-
ments, particularly at high temperatures, is an acceler-
ating trend, e.g., the desired positioning of automotive
control systems immediately adjacent to the internal
combustion engines that they control [16]. In other
words, in these situations it is highly desirable for a
Pb-free solder to exhibit increased strength and suffi-
cient ductility, compared to Sn—Pb eutectic solder, at
temperatures in the neighborhood of 150°C, as men-
tioned above [13, 16]. To provide a preliminary test of
high temperature performance of a partial set of the
SAC solder joints that are included in the discussion
above, shear testing of such solder joint samples was
conducted at 150°C [39]. A comparison of the maxi-
mum shear strength values at ambient temperature to
the shear strength values at 150°C is shown in Fig. 6.
The results of this elevated temperature test indicated a
drop of at least half of the shear strength of the ambient
temperature measurements to a range between about
15 MPa and 20 MPa [39]. Due to the increased stan-
dard deviation of the measurements, no significant
differences can be observed between the elevated
temperature shear strengths of the solder joints made
from any of the alloys tested. Actually, the collapse of
all of the 150°C shear strength values to a single range
of 15-20 MPa suggests that the high temperature
mechanical properties probably are controlled by the
decreased strength of the Sn phase in the solder matrix
[39], related to Sn grain growth and Sn inter-granular
de-cohesion [52]. Any more detailed analysis of these
results is hindered by the dynamic nature of micro-
structural coarsening that must have occurred during

these high temperature tests. Thus, it was decided to
conduct future shear strength tests at ambient temper-
ature after fixed periods of high temperature aging and
to correlate these results to observations of the aged
solder joint microstructures.

As mentioned above, ambient temperature shear
strength provided a mechanical property test for
ranking of solder joints at two different stages of
accelerated (isothermal) aging at 150°C (approxi-
mately 0.86 Ty,). A summary of the ambient temper-
ature shear test results for the 100 h and 1,000 h aged
solder joints of all seven alloys that were shown in
Fig. 7, compared to the as-soldered shear strength [35,
53]. In both the as-soldered and 100 h aged conditions,
the three weakest solder joints were made from Sn—
3.9Ag-0.6Cu, Sn-3.7Ag-0.9Cu, and Sn-3.0Ag-0.5Cu,
while the three strongest aged joints were made from
Sn-3.7Ag-0.6Cu-0.3Co, Sn-3.6Ag-1.0Cu, and Sn-—
3.7Ag-0.7Cu-0.2Fe, with the joints made from Sn-
3.5Ag in the mid-range of shear strength [35, 53]. After
1,000 h of aging the weakest group still retained the
same ranking, but one of the strong alloys, Sn-3.7Ag—
0.6Cu-0.3Co, moved to the mid-range and the Sn-
3.5Ag results moved into the strong group. If all of the
alloy results in Fig. 7 are averaged, the maximum shear
strength of these Pb-free solder joints dropped about
20% from the as-soldered condition to the 100 h aged
condition, and dropped only another 16% from the
100 h aged condition to the 1,000 h aged condition
[35]. Thus, after 1,000 h of aging at 150°C, the average
maximum shear strength of the solder joints made
from all the alloys in this study retained about two
thirds of the as-soldered maximum shear strength. In
contrast to the previous 150°C shear testing [39],
careful control of the thermally aged microstructures
of these joint samples and the use of shear testing at

Fig. 6 Summary of 60
asymmetric four point bend
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(150°C) temperature on 50
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room temperature provided an improved opportunity
[35] to explore any measurable differences between
this fairly representative set of SAC solder alloys, given
the distinctions already noted in their as-solidified
microstructures and properties [39, 53].

To more fully understand the results for maximum
shear strength after aging, the load versus elongation
data was analyzed and correlated with the corre-
sponding solder joint microstructures and macroscopic
joint failure characteristics [35]. Further distinctions
between the joint sample microstructures were derived
from analysis in both the as-aged and post-shear test
conditions [35]. The strongest solder joints after 100 h
aging, e.g., made from Sn-3.6Ag-1.0Cu, exhibited
considerable ductility and plastic yielding before the
maximum shear strength level and considerable plastic
yielding after the maximum shear strength was reached
(see Fig. 8a). The companion post-shear microstruc-
ture in Fig. 8b shows that a significant amount of
homogeneous plastic flow had occurred in the solder
matrix, suggested by the apparent bending and align-
ment of the elongated intermetallic phases with the
plastic flow direction of the solder matrix [35].

On the other hand, the localized ductile shear
behavior of the “weak” class of joint samples, repre-
sented by the results for Sn—-3.7Ag-0.9Cu in Fig. 7, was
typical of the less uniform ductile failure mechanism
displayed by many of the 100 h aged specimens, both
weak and strong [35]. The load versus shear elongation
data in Fig. 9a, shows only a small amount of elastic
deformation before plastic yielding at about 22 MPa
and maximum shear strength at about 32 MPa. As
reported by several investigators of shear failures in
aged and as-solidified SAC solder joints [11, 54, 55],
this non-uniform ductile shear displacement of the

s e
Hours at 150°C

solder joint matrix appears to be localized to a portion
of the continuous Sn phase that is immediately adja-
cent to the CugSns intermetallic interface (see Fig. 9b).
There also appears to be some minor amount of
intermetallic cracking across projections of the CugSns
and along the interfaces between the CugSns and the
Cu;Sn layer, which is well known to form during initial
aging at such high temperatures [36]. Thus, the failure
of both strong and weak solder joints does not seem to
involve fracturing of the CusSn layer, although linking
of voids during crack propagation may contribute to
weakening of the CugSns/CuzSn interface [35].

In the initial analysis of solder joints after 1,000 h of
aging at 150°C there was noted an additional loss of
shear strength, averaged for all of the solder alloys
studied, of approximately 16% beyond the initial drop
after 100 h, as given in Fig. 7. Over the range of alloys
studied and within the uncertainty of the intermetallic
compound (IMC) layer measurement, neither the
thickness of the Cu;Sn layer nor the total thickness of
both intermetallic layers, Cus;Sn + CueSns, had any
apparent relationship to the ranking of maximum shear
strength after 1,000 h of aging [35], as reported in some
studies [36]. However, in contrast to the as-solidified
and 100 h aged results, two different types of mechan-
ical deformation behavior were observed for each alloy
in the 1,000 h aged results (e.g., Fig. 10a) in most cases,
leading to a greater standard deviation of the strength
data [35]. The strong joint exhibited almost the same
maximum shear strength, ductility, and plastic yielding
behavior as the 100 h aged sample in Fig. 8a. Also, the
post-shear microstructure in Fig. 10b and c revealed
that a significant amount of homogeneous plastic flow
had occurred in the solder matrix, similar to Fig. 8b,
along the entire length of the joint [35].
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Fig. 8 Shear test (AFPB) results for a solder joint sample made
from Sn-3.6Ag-1.0Cu that had been aged for 100 h at 150°C,
showing: (a) the stress versus strain data, and (b) a post-AFPB
microstructure of a central region of the joint in cross-section
with the Cu substrates on the top and bottom [35]

On the other hand, the weaker example of the Sn—
3.6Ag-1.0Cu joints (in Fig. 10a) exhibits a higher
yield point than the joint made from Sn-3.7Ag-0.9Cu

Fig. 9 Summary of the shear

a) 357
test (AFPB) results for a F

(see Fig. 9a), but has an immediate drop in load
bearing capability, i.e., the maximum shear strength
equals the vyield strength [35]. This mechanical
behavior is consistent with the obvious failure (see
Fig. 10d and e) of a long region of the Cu;Sn/Cu
interface, shortly after the crack enters through the
ductile matrix on both ends of the joint (see
Fig. 10e). The micrograph in Fig. 10d, taken from the
middle of the joint, shows no apparent signs of joint
matrix flow or intermetallic cracking in addition to
the obvious interface debonding at the bottom of the
micrograph [35]. This extreme debonding example is
actually fairly isolated and ductile failure of the SAC
alloy joints is the dominant observation. In other
words, localized ductile yielding was observed after
aging for 1,000 h in greater than 65% (on average) of
solder joint samples made from Sn-3.5Ag and all of
the SAC alloys [35]. Figure 11 reveals that although
the Sn-3.6Ag-1.0Cu solder joints had the most
observations of partial interface debonding (half of
the joint samples), the strength level of the joints
that failed in a ductile manner was high enough to
push it into the strong joint class of the 1,000 h aged
samples (see Fig. 7). Figure 11 also indicates that all
of the solder joints made from the Co- and Fe-
modified SAC alloys exhibited [40] a fully ductile
shear failure mode, as will be explained in the fol-
lowing section.

solder joint sample made 307
from Sn-3.7Ag-0.9Cu that
had been aged for 100 h at 25
150°C, showing: (a) the stress T a0l
versus strain data, (b) a =
central region of the joint in @ 154
cross-section that reveals the £
localized shear failure mode o 10
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SEM macrograph of the full
width of the weak joint [35]

Since the first reports of the phenomenon of
embrittlement in solder joints made from SAC solder
alloys after prolonged high temperature aging in 2003
[56], these thermal aging effects have been the subject
of some conflicting reports. Vianco et al. [36] reported
on a thorough, well controlled study of Sn-3.9Ag-
0.6Cu solder solidified on a Cu substrate, that was
subject to thermal aging at several temperatures (70,
100, 135, 170, and 205°C) for a series of prolonged
times (1-400 days) to study IMC formation and
growth. Earlier studies [36] on thermal aging by the

authors had included Sn-3.5Ag and Sn-0.5Ag—4.0Cu
solders and pure Sn, also solidified on a Cu substrate.
First, the Sn-3.9Ag-0.6Cu solder joint required an
aging temperature of at least 135°C to develop a
measurable layer of CusSn between the Cu substrate
and the CugSns IMC layer [36]. However, no void
formation at the Cu/CusSn interface, a precursor
observation to embrittlement [35], was detected in
these samples even for aging times out to 350 days [36].
The onset of void formation at the Cu/CusSn interface
was observed at 170°C after an aging time in excess of

Fig. 11 Summary of the 100 o
apparent failure mechanisms 6
in the shear test results of the
solder joints that were aged 80
for 1,000 h at 150°C, as = | TTTTTT—— -#---
| , 5 S
described in Fig. 7 [40]. Note a7 » e —
that the arrow points to the 0 g0 et
data for the Fe- and Co- £ - “-.‘.
modified SAC solder joints =2 e o
8 40 [#SAC Alloys B Fe modified A Co modified |
; 30
20
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150 days (3,600 h) and was attributed to Kirkendall
porosity [57], where longer times and higher aging
temperatures promoted void growth and coalescence
[36]. Although thermal aging at 150°C was not studied,
the results for 170°C would have been expected to
exhibit pore formation at a shorter aging time, pre-
sumably less than 1,000 h, to be completely consistent
with the results in Fig. 11. However, the initial void
formation is difficult to detect by microstructural
observation alone, since metallographic preparation
methods can produce anomalous porosity [35]. Also,
shear testing was helpful in detecting the outcome of
void formation and, especially, void coalescence, since
the shear failure process tends to expose such joint
weaknesses [35]. These reasons again may explain why
a previous study [36] also failed to detect void forma-
tion at the Cu/Cu;Sn interface in similar samples made
from Sn-3.5Ag solder in variance with the results
summarized in Fig. 11, which found that 20% of the
Sn-3.5Ag joint samples exhibited noticeable embrit-
tlement [35].

For completeness, another study of Sn—Ag-Cu sol-
der joints with Cu also studied embrittlement induced
by thermal aging at several temperatures (100, 125,
150, and 175°C) for 3-80 days [20], but did not specify
the solder alloy or the reflow conditions of the solder
ball samples. Interestingly, this study used a type of
high strain rate (drop) tensile loading of components
on a board and rapid tensile (pull) and shear testing of
individual component (ball) joints to detect the onset
of the embrittlement, along with microstructure anal-
ysis to observe void development associated with the
IMC layers [20]. The authors reported a lack of cor-
relation of the mechanical tests of individual ball joints
with the board level failures due to the diversity of
loading modes of the joints. However, they did find a
consistent association between cross-section micro-
structure observation of advanced void coalescence at
the Cu;Sn/Cu interface and the percentage of ductile
(bulk solder) failure on fracture surface of solder ball
pull failures [20]. The void formation was attributed to
the Kirkendall effect [57]. The associated data showed
that aging conditions of at least 125°C and 20 days
(480 h) were needed to promote void coalescence into
continuous regions of interface separation and an
obvious drop of joint ductility. This thermal aging
threshold is lower than even the aging temperature
(135°C) for detection of significant CuzSn IMC layer
formation by Vianco et al. [36], adding some uncer-
tainty to the results, but the observation of Cuz;Sn/Cu
void formation and coalescence is consistent with both
the results in Fig. 11 and the microstructure observa-
tions of Vianco et al. [36].

@ Springer

2.4 Impact strength of SAC solder joints

In another study of embrittlement of solder joints on
thermal aging [17, 18], Sn-9Zn and Sn—-8Zn-3Bi solder
balls were reflowed three times onto two different
substrates, Cu and Au/Ni(P), and subsequently subject
to thermal aging at 150°C for up to 1,000 h. While
several aspects of this study were significantly different
than the other SAC solder studies described above, the
use of a well-instrumented (pendulum type) impact
tester is an important advance in the quantitative
testing of solder joints. The impact specimen was an
individual solder ball sample that was joined to a
substrate on the bottom only and the miniature
“hammer” at the end of the pendulum struck the sol-
der ball below the mid-point of the sphere, in a pseudo-
1zod type of specimen geometry [17, 18]. Quantitative
energy absorption values were obtained for each
impact test and the substrate fracture surface of each
specimen was analyzed to categorize the fracture
mode, i.e., within the bulk (ductile), at the IMC
interface (brittle), or mixed, and the results were
strongly affected by void formation and IMC layer
formation and growth after thermal aging [17, 18].
While the actual results are not important for this re-
port, the use of an instrumented impact tester on an
Izod-type specimen to investigate the resistance of a
solder joint to impact loading, simulating an accidental
dropping incident, is a very worthwhile experimental
approach to study this type of reliability problem.

It should be noted that the miniature pendulum-type
impact tester discussed above is a custom laboratory
instrument [58] and is not broadly available. However,
commercial impact test instruments, normally used to
test small polymer specimens in an Izod configuration
(e.g., Tinius-Olsen model 92-T), are available of a
suitable load range to study small solder joint speci-
mens of the type that were used for the asymmetric
four point bend (AFPB) shear tests in Fig. 11 [59]. The
rectangular specimens (40 mm X 3 mm X 4 mm) were
notched only at the solder joint on the leading edge
(facing the hammer impact point) and tested at room
temperature, although an environmental chamber can
be fitted to the instrument to permit testing at sub-
ambient and elevated temperatures, similar to a recent
Charpy impact study of bulk solder specimens [21].
Some very recent results of such Izod impact testing
(see Fig. 12) were published on as-soldered SAC sol-
der and SAC + X joints (based on Sn-3.7Ag-0.9Cu)
with Cu [59], but more testing is on-going with ther-
mally aged joint specimens of these SAC joints and
some new SAC + X solder joint samples that will be
discussed below.
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2.5 Summary recommendation for SAC solders

In light of the expanding evidence of a reliability issue
after extensive aging at high temperatures for solder
joints made with SAC alloys, a modified recommen-
dation should be provided beyond the SAC alloy
composition, Sn-3.5Ag-0.95Cu, that was provided
above. This composition seems preferred based on
control of the joint solidification path, i.e., to avoid
nucleation of massive AgsSn plates and Sn dendrites
and to promote formation of a maximum volume
fraction of coupled ternary eutectic microstructure
(with an enhanced shear strength) over a range of
typical cooling rates. In addition to these highly
desirable characteristics for widespread use, some
limitations need to be placed on the upper operating
temperature of such SAC solder joints. From analysis
of all of the accumulated results on thermal aging, it is
reasonable to recommend that SAC solder joints (with
Cu substrates) of all common compositions should be
used for applications with typical operating tempera-
tures less than about 135°C. Actually, it is likely that a
higher upper use threshold temperature may be more
closely defined between 135°C and 150°C with more
study. In fact, it is well known that substrate metalli-
zation layers, e.g., Ni or Ni(P) [29] can extend the
upper use temperature and it was recently discovered
that minor alloying of SAC solders, producing
SAC + X solders, also can eliminate the embrittlement
problem observed at 150°C out to at least 1,000 h of
exposure, as described in the section below.

3 Quaternary Pb-free solder joint microstructures
and mechanical properties

In the section above, a thorough review was presented
of the use of composition modifications within the Sn—
Ag—Cu ternary system to control the solidification path
and product phases, especially in solder joints that join

SAC + SAC+ SAC+ SAC+ SAC+ SAC+ SAC+ SAC+ SAC+ SAC

31 3
31
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1 3 3

;31
2

3]

i

SAC SAC Sn-  SAC
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Cu substrates. It was also stated that the least desirable
solidification product phase seems to be pro-eutectic
AgzSn in the form of massive plates or “‘blades,” since
it has been identified as a severe limitation on the
plastic deformation properties of SAC solder joints [8,
9]. Two basic SAC alloy design strategies to avoid this
problem were presented involving either solute-poor
(especially low Ag) or slightly hyper-eutectic (Cu-rich)
ternary solder alloys. A second problem with SAC
solder joints also was identified in the section above
that was related to partial embrittlement of joints after
extensive high temperature aging. Recognition of this
problem lead to the additional recommendation that
an upper limit on SAC solder joint temperature
exposure be set at approximately 135-150°C, particu-
larly for exposure times on the order of 1,000 h.
Therefore, the logic can be seen clearly for the devel-
opment of a third alloy design strategy involving minor
alloy additions to a baseline SAC solder to permit both
avoidance of AgsSn pro-eutectic and high reliability
use at increased temperatures, perhaps higher than
150°C for times exceeding 1,000 h. This section will
present a brief review of the so-called “SAC + X”
alloy design strategies and the effects of alloy additions
on solidification (as-soldered) microstructures and
properties, as well as the alloy design efforts targeted
at the thermal aging problem.

3.1 Solidification microstructures for SAC + X
solders

High undercooling was recognized as a common
occurrence and a major influence on the solidification
microstructure of Sn—-Ag—Cu alloys in bulk melts dur-
ing early work that explored the existence of a ternary
eutectic reaction [4, 7, 29] and in subsequent phase
diagram analysis work [6]. At the calculated ternary
eutectic composition of Sn—3.7Ag-0.9Cu, the difficulty
of nucleation and growth of a coupled ternary eutectic
structure has prevented its observation in as-solidified
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ingots and solder joints [6]. In fact, the most common
as-solidified structure in near-eutectic solder ingots and
solder joints (see Fig. 3a—c) is a divorced eutectic
microstructure with Sn dendrites as the primary phase
and an interdendritic ternary eutectic that freezes
subsequently [6]. The high undercooling needed for
nucleation of the f-Sn phase in common near-eutectic
SAC alloys with reduced Cu (0.9Cu) also presents the
opportunity for nucleation of AgsSn pro-eutectic plates
at a reduced undercooling, producing an undesirable
solder joint microstructure, as described above [8].

Thus, one approach to modification of SAC alloys
with minor 4th element additions was to minimize the
undercooling needed for nucleation of $-Sn phase. As
a basis for this recent work, it was noted that low level
additions (0.1 wt.%) of some elements, e.g., Zn, Al, Sb,
and Bi, had been observed previously to catalyze f-Sn
nucleation at significantly reduced undercooling in
otherwise pure bulk Sn melts [9, 60]. Of these,
SAC + Zn has been pursued aggressively [8] and a Zn
addition appeared to promote solidification of coarse
Sn dendrites at undercoolings of only 3-4°C in bulk
alloy samples, compared to approximately 30°C for the
unmodified Sn-3.8Ag-0.7Cu solder alloy. Moreover,
when two levels of the Zn addition, 0.1 and 0.7Zn
(wt. %), were added to the same SAC solder alloy, the
complete elimination of AgzSn plates was achieved for
the higher Zn level when the solder was applied to a
Cu substrate, even at a cooling rate as slow as 0.02°C/s
[8]. Another type of minor 4th element addition, a rare
earth (RE) like La or Ce, also seems to catalyze f-Sn
(undercooling was not reported), but its primary
function [61] was intended to be formation of RE-Sn
intermetallic compounds at the Cu interface for
improvement of creep properties [61].

Alternatively, some success at nucleation control of
a SAC + X solder alloy was achieved by using a Hume-
Rothery approach to design a series of possible 4th
element additions to a SAC solder alloy, initially Sn—
3.6Ag-1.0Cu, that was based on their ability to match
closely (<5% mismatch) with the atomic size of Cu
[26, 62]. Copper was selected as the object of substi-
tutional alloying because a CugSns intermetallic com-
pound typically is formed first during SAC solder joint
solidification on a Cu substrate, usually as a substrate
interface layer. The original intent of the substitutional
element in SAC + X was both to modify the as-solidi-
fied morphology of the initial CusSns interfacial layer
and to limit growth of the eventual CugSns + Cus3Sn
interfacial layers under thermal aging conditions [25,
26]. Of the original “X” elements tested, two levels of
Co (0.15 and 0.45 wt.%) were added to Sn-3.6Ag—
1.0Cu and were found to produce an unusual ‘“‘corral-
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like”” intermetallic (apparently CusSns) interface when
applied to a Cu substrate, as shown in Fig. 13 [26].
Other X additions to SAC + X solders that produce a
similar effect on the intermetallic interface when
applied to a Cu substrate include Fe, Ni, and Au [23,
25, 27, 28]. Solder joint solidification with SAC + Co
also resulted in formation of massive pro-eutectic
CueSns phases within a complex ternary eutectic ma-
trix. Elemental mapping by electron microprobe indi-
cated that Co was segregated to the tips of some
massive pro-eutectic CueSns phase particles within
the solder joint matrix, consistent with a nucleation
catalysis effect [22, 26] for CueSns. Subsequently, the
undercooling ability of the Sn-3.6Ag-1.0Cu-0.45Co
alloy was compared to Sn-3.6Ag-1.0Cu by a fine
droplet emulsion technique [26, 63] and was found to
decrease undercooling by about 15%, from 142°C to
122°C, confirming the ability of Co to reduce und-
ercooling. It should be noted that much larger under-
coolings typically are accessible in solder alloys by the
droplet emulsion technique, which may be desirable for
increased discrimination of alloy catalyst activity [63].

3.2 Preliminary recommendations for SAC + X
solders

Generally, the understanding of minor alloy additions
to control nucleation and the solidification pathway of
SAC solder alloys is still incomplete, including ques-
tions regarding the solidification catalysis mechanism
and the minimum required concentration of an active
addition. For f-Sn catalysts like Zn, the early forma-
tion of Cu-Zn [42] or Cu—Zn- -Sn compounds within
the solder melt or at a Cu substrate interface may

Fig. 13 SEM micrograph, using backscattered electron imaging,
showing Cu substrate (bottom), intermetallic Cu/solder inter-
face, and solder matrix microstructures at moderate magnifica-
tion of joint cooled at 1-3°C/s and made from Sn-3.6Ag-1.0Cu-
0.45Co [26]
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provide preferred sites for Sn nucleation and dendritic
growth. After initial Sn dendrite growth starts, the
interdendritic regions are filled with a ternary eutectic
microstructure. The addition of Si, Ti, Cr, Mn, Ni, and
Ge to a SAC solder also appear to promote the for-
mation of $-Sn in solder joints with Cu [35]. On the
other hand, Co appears to catalyze nucleation of
CueSns, presumably by the early formation of Co-Sn
or Co—Cu-Sn compounds that become a “seed” crystal
for CueSns [26]. After the initial CusSns (pro-eutectic)
particles form, the regions between CueSns particles
are filled with a ternary eutectic microstructure. For
completeness, it should be noted that the initial work
on Co additions was performed with alloys containing
a sufficient excess of solute, i.e., Sn-3.6Ag—1.0Cu—
0.15Co (at minimum), to promote formation of mas-
sive CugSns phase particles without a catalysis effect.
However, more recent work [35] focused on an alloy
closely correlated to the calculated ternary eutec-
tic, Sn-3.7Ag-0.6Cu-0.3Co. Without a Co addition
the base alloy (Sn-3.7Ag-0.9Cu) joint microstructure
exhibits Sn dendrites and interdendritic ternary
eutectic, as given in Figs. 3c and 4c. However, the joint
microstructure of the near-eutectic SAC + Co solder
joint is characterized by small pro-eutectic CueSns
phases and a complex ternary eutectic phase assembly,
as given in Fig. 14a and b [39]. Interestingly, the
intermetallic interface in Fig. 14a is also very similar to
that shown for a solder joint made from a Sn-3.6Ag—
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Fig. 14 Microstructure of as-solidified solder joints made from
Sn-3.7Ag-0.6Cu-0.3Co, shown as (a) SEM micrograph (BEI),
and (b) optical micrograph [39]

1.0Cu-0.45Co solder alloy under equivalent solidifica-
tion conditions in Fig. 13. These microstructural effects
indeed are consistent with the catalytic action of the Co
addition, which seems to control the solder joint
solidification pathway at this reduced (solute-lean)
SAC solder composition. Although such interesting
observations have been made, much work remains to
determine the limits of both types of catalytic effects
and to understand their mechanisms, permitting the
maximum benefits for initial solder joint performance
and extended reliability. These experiments should
include other choices for a fourth element addition
(aiming at minimizing the required concentration),
extensive calorimetry experiments (to quantify the
undercooling effect), and detailed microstructural
analysis, including TEM of selected SAC + X solder
joints (to probe the nucleant identity and mechanism).

3.3 Thermally aged microstructures and shear
strength for SAC + X solders

As thoroughly described in the previous section,
mechanical (shear) testing of a series of SAC solder
joints and post-test microstructural analysis indicated
that after aging at 150°C for 1,000 h, the typical ductile
yielding behavior of SAC solder joints was accompa-
nied by observations of a finite probability of some
degree of embrittlement in samples made from Sn—
3.5Ag and all of the SAC alloys. Microstructural
analysis of as-aged (before shear testing) joint samples
revealed that Cu;Sn/Cu interface void coalescence
appears to be a precursor condition for the joint
embrittlement mechanism. However, the shear test
results in Fig. 11 also indicated that all of the solder
joints made from the Co- and Fe-modified SAC alloys
exhibited a fully ductile shear failure mode. Figure 15
shows an example [35] of the fully ductile shear failure
mode for a solder joint of reduced shear strength made
with the SAC + Co alloy after aging at 150°C for
1,000 h, which may be compared to the example of
SAC joint embrittlement in Fig. 10. This section will
summarize the alloy design strategy and beneficial
capabilities of these minor alloy additions (and others)
to SAC solders for thermal aging resistance.

To probe the mechanism that resulted in resistance
to thermal aging embrittlement, initial analysis [35] by
line scans with EDS in the SEM indicated that Co and
Fe preferentially segregated into the CusSn and
CueSns intermetallic layers between the solder matrix
and the Cu substrate. The preferential segregation was
confirmed later by WDS with measurements of
increased fidelity [40]. Thus, substitutional alloying of
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Fig. 15 A summary of the a) 35

shear failure observations for
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ductile) joint, (¢) an SEM % 10
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Co and Fe for Cu appeared to take place in these
intermetallic layers, either during joint solidification or
after aging. It should be noted that the apparent sub-
stitution of these elemental additions for Cu in the Cu-
based intermetallic layers was intended by the alloy
design approach, which was based on the Hume-
Rothery criteria for extensive solid solubility, i.e., the
atomic (metallic) radii mismatch of Fe and Co com-
pared to Cu [24] are — 0.3% and — 1.9%, respectively,
i.e., far less than 15% mismatch that is the criteria
maximum [62]. More specifically, the alloy design
objective was to use the enhanced lattice strain that
results from substitutional alloying into the intermet-
allics to reduce the (vacancy diffusion) rate for inter-
diffusion of Sn and Cu that is needed for coarsening of
the joint microstructure and for void formation and
coalescence. The void formation has been presumed to
be due to a Kirkendall mechanism [57], where the
diffusion flux of Cu is thought to be greater than that of
Sn to cause the Cu/Cu;Sn interface to be the preferred
location of the voids [9]. Consistent with this objective,
further analysis of the aged microstructures of these
joints revealed that both Co and Fe additions reduced
the growth rate of the Cu;Sn layer, although growth of
the combined (CusSn + CueSns) intermetallic layer
seemed to be increased, as given in Fig. 16 [35].
Clearly, more study of the diffusion fluxes that cause
these apparently contradictory observations is
required. However, both of these alloying additions do

@ Springer

appear to minimize the formation and coalescence of
voids at the Cu;Sn/Cu interface after thermal aging,
preventing the interfacial weakening that is the pre-
cursor to joint embrittlement. These initial observa-
tions also motivated an extension of the study to look
for other additions that can suppress the embrittlement
precursor condition and to seek more understanding of
the Cu and Sn diffusion flux changes.

In one case, further systematic expansion of the list of
possible SAC solder additives that could suppress
thermal aging effects utilized a Darken-Gurry ellipse
[40] as a further refinement of the Hume-Rothery
criteria by adding close electronegativity agreement for
predicting considerable substitutional solid solubility
for Cu in the Cu3Sn and CueSns phases. Thus, a new set
of fourth element additions to SAC solder alloys, i.e.,
SAC + X (X = Si, Ti, Cr, Mn, Ni, Ge, and Zn), were
selected on the basis of their predicted ability [40] to
substitute for Cu in the intermetallic phase layers that
form on a Cu substrate after thermal aging, as a direct
extension of the original reason for selection of Co and
Fe [24]. A second research effort [64] that sought to
address the thermal aging issue in SAC solder joints also
identified Ni as a good candidate to add to a SAC solder.
However, this effort [64] suggested two criteria; (1)
“relatively large” solubility in the Cu;Sn intermetallic
phase, as demonstrated by an existing Cu-Sn—X phase
diagram, and (2) the ability to increase the liquidus
temperature of the CusSn phase with alloying, requiring
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Fig. 16 Comparison of the CusSn and total (CusSn + CueSns)
intermetallic interface thickness measurements as a function of
isothermal aging time at 150°C for solder joints made from Sn—
3.7Ag-09Cu (a), Sn-3.7Ag-0.7Cu-0.2Fe (b), and Sn-3.7Ag-
0.6Cu-0.3Co (c) [35]

also an existing Cu-Sn-X phase diagram. To begin a
broader test of the embrittlement suppression hypoth-
esis, the former research effort provided microstructural
measurements which indicated that all of the fourth
element additions, except Ge, did reduce the measured
thickness of the Cu;Sn layer after aging for 1,000 h at
150°C compared to the base SAC alloy, Sn-3.7Ag—
0.9Cu [40]. It should be noted that the previous report
did not include data for the growth from thermal aging
of the CuzSn layer in SAC + Zn solder joints. A follow-
up study [59] reported that these samples actually
exhibited no continuous CuzSn layer in the micro-
structure after 100, 1,000, or 2,000 h of aging at 150°C.
The second study [64] also showed microstructural evi-
dence that Ni “doping” (<1 wt.%) to a different base
SAC alloy, Sn—1.0Ag-0.5Cu, suppressed growth of the
Cu;Sn layer on aging for 120 h at 150°C.

Further investigation by WDS in the former study
[40] was conducted of the segregation tendency of X in
some SAC + X joints (X = Ni, Mn, and Ge) that had
been aged for 1,000 h at 150°C to compare to the
segregation behavior in aged joints [35] made from the
SAC + Coand SAC + Fe solder alloys. The results of
WDS analysis of a SAC + Ni solder joint after exten-
sive thermal aging is shown in Fig. 17 [40]. A later
extension of this study also investigated the segrega-
tion tendency after thermal aging of Zn in SAC + Zn
joints, using the same SAC base composition [59], as
given in Fig. 18. As Figs. 17 and 18 demonstrate, both
the Ni and Zn additions to the base SAC solder alloy
exhibited strong segregation to the Cu/CusSn interface
and into the Cus;Sn and CueSns intermetallic layers,
similar to the segregation behavior of Co and Fe after
the same thermal aging treatment [35]. Figures 17b and
18b also illustrate the difference in the growth behavior

of the CuzSn intermetallic phase along the Cu substrate
interface after aging for 1,000 h at 150°C. The Cu3Sn
phase grows as an obvious layer in the SAC + Ni case
(Fig. 17b), but it grows as a series of disconnected
projections from the Cu interface in the SAC + Zn
case into the CugSns phase layer. Also, the follow-up
study reported that 2,000 h of aging at 150°C was not
enough to promote growth of a continuous layer of
Cu;3Sn in the SAC + Zn case [59].

A summary and complete discussion has been given
elsewhere [35] of the ambient temperature shear test
results for solder joints made with SAC + X solders
(X = Fe, Co, Si, Ti, Cr, Mn, Ni, Ge, and Zn), showing
the effect of thermal aging, compared to a represen-
tative set of SAC solder joints. The average shear
strength results generally fall within the range of the
data reported in Fig. 7 that includes two of the
SAC + X results. Extracted from the SAC + X data,
the shear test results for SAC + Ni and SAC + Zn
solder joints provided an interesting comparison,
where the stress versus elongation curves of joint
samples made from the two alloys showed a difference
in consistent ductility after the start of plastic defor-
mation. In other words, the SAC + Ni joints had a few
samples (one in particular) with less ductility than the
rest [40], while the SAC + Zn joints all displayed
extended plastic flow at a high stress level [59]. The
difference in shear failure behavior between these two
cases was illustrated clearly by cross-section micro-
graphs of post-shear test samples, with the least ductile
(and weakest) SAC + Ni joint given in Fig. 19 and the
least ductile SAC + Zn joint given in Fig. 20 [59].
Obviously, the SAC + Ni joint failed in a fairly brittle
manner, while the SAC + Zn joint exhibited fully
(localized) ductile shear [59].

Taking the observations in total, some general con-
clusions may be offered regarding the shear strength
behavior and microstructural coarsening and segrega-
tion effects after extended isothermal aging at 150°C of
solder joint samples (with Cu) made from SAC + X
alloys, where X = Co, Fe, Si, Ti, Cr, Mn, Ni, Ge, and
Zn. All SAC + X solder joints in the as-soldered, 100 h
aged, and 1,000 h aged condition, with the exception of
one SAC + Ni sample, experienced shear failure in a
ductile manner by either uniform shear of the solder
matrix (in the highest strength solders) or by a more
localized shear of the solder matrix adjacent to the
CueSns interfacial layer, consistent with many other
observations on SAC solder joints [59]. After 1,000 h
of aging, some weakening of the CusSn/Cu interface
seemed to occur in only one solder joint made with
SAC + Ni that lead to partial debonding during shear
testing [59]. Without this isolated observation, only
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Fig. 17 Typical line scan a) 120 08
results for WDS 07
measurements of solder joint 100 Sn Cu | ®
made with SAC + Ni alloy b 06 =
that had been aged for 1,000 h . s §
at 150°C, showing (a) a w80 T s
collection of individual s _ 04 Z
element concentration £ g0 03 H
profiles, and (b) an SEM -g %5" %
micrograph with a horizontal £ = 0.2 £
white line that indicates the c 40 01 8
transverse path of the 2 5
elemental scans. Note that the 8 20 00 o
calibration of the Ni j\GAg Ni | 01
composition (right scale on b i J ot 02
the y-axis) has not been 0 o 5 &0 a0 s

adjusted to zero, affecting the
absolute values of the
concentration [40]

ductile failure was observed in all solder joints made
from the SAC + X alloys after aging for 1,000 h.
Analysis of aged joint samples by WDS suggests that
substitutional alloying of the X addition into the
intermetallic layers takes place between the solder
matrix and the Cu substrate, with SAC + Ge as the
only counter example [35]. This apparent substitu-
tional alloying of the X element for Cu seems to
depress the diffusion rate of Cu (most likely) and to
minimize the formation and coalescence of voids at
the Cu;3Sn/Cu interface, preventing interfacial weak-
ening. Thus, the strategy of modifying a strong (high
Cu content) SAC solder alloy with a substitutional
alloy addition for Cu seems to be effective for pro-
ducing a solder joint with Cu that retains both
strength and ductility for extremely long periods of
isothermal aging (to at least 1,000 h) at high tem-
peratures (to at least 150°C).

3.4 Impact strength of thermally aged SAC + X
solder joints

As with the SAC solder joint samples discussed
above, the need to add impact testing to the charac-
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terization suite of new SAC + X solder alloys has
been demonstrated in some recent work [17-19] on
the effects of thermal aging on Pb-free solder joints.
In other words, to exhibit high reliability a Pb-free
solder joint should retain high impact strength and a
ductile failure mode after extensive use at high tem-
peratures. As described above, preliminary Izod
impact testing was performed [59] on joints samples
made from a reduced set of SAC + X alloys with
X =Si, Ti, Cr, Mn, Ni, Zn, and Ge and it provided
some interesting observations (see Fig. 21). Of these
samples, the most impressive were the results after
aging for SAC + Ni and SAC + Zn, which maintained
impact strength values above 1,500 J/m?. In fact, the
SAC + Zn joints lost only 3% of their as-soldered
impact strength after 1,000 h of aging at 150°C. The
impact strength retention of aged SAC + Ni joints
was not nearly as impressive, with a loss of about
40% of the as-soldered value (see Fig. 21). Broader
conclusions will be possible when additional results
are available from an increased set of SAC and
SAC + X solder alloys.

The Izod sample bar configuration [24] used for
the results in Figs. 12 and 21 places the solder joint
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Fig. 18 Typical line scan
results for WDS 100
measurements of solder joint
made with SAC + Zn alloy
that had been aged for 1,000 h
at 150°C, showing (a) a
collection of individual
element concentration
profiles, and (b) an SEM
micrograph with a horizontal
white line that indicates the
transverse path of the
elemental scans [59]
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Fig. 19 SEM micrographs of post-AFPB solder joint made with
SAC + Ni that displayed reduced ductility, where (a) shows the
full joint width and (b) is a high magnification of the central joint
region [59]

line well below the impact point of the pendulum
striker, which provides a combined tensile and shear
(mixed mode) loading along the joint at an extreme
strain rate. A machined notch, aligned on the joint
centerline, is also placed on the striker side of the
bar, as recommended for the typical Izod impact
sample [65] to localize the fracture initiation point.
Compared to impact testing of single BGA joints [17,
18], the current Izod sample configuration is more
representative of bulk solder joint properties in
realistic impact situations and can be practiced on
joints that have experienced a wide range of reflow
temperatures and cooling rates, simulating either
reflow oven practice (as in this study) or the slow
cooling of BGA reflow. However, the previous study
[17, 18] also accompanied the impact strength mea-
surements with a microstructural assessment of the
fracture surface type, i.e., either ductile, brittle, or
mixed, which provides a more complete character-
ization than the current study. Such an assessment is
recommended for further Izod impact studies of
solder joints.
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Fig. 20 SEM micrographs of post-AFPB solder joint made with
SAC + Zn that displayed minimum ductility, where (a) shows
the full joint width and (b) is a high magnification of the central
joint region [59]

3.5 Summary recommendations for SAC + X
solders

Although interesting observations have been made on
the effects of minor 4th element additions, much work
remains to determine the limits of the types of solidi-
fication catalyst effects and to understand their mech-
anisms, permitting the maximum benefits for initial
solder joint performance and extended reliability. One
goal of this work could be to promote the initial
solidification of a high fraction of ternary eutectic
microstructure, i.e., minimizing extensive Sn dendritic

Fig. 21 Comparison of the 4000
as-soldered impact strength 3500
results with the available Fe
results from the 1,000 h aged § 5000 2
joints in the study, where the = 2500 3
standard deviation is B
superimposed on the bar for g 2000
each alloy and the repeat g 1500
samples are noted above each £ 1000
bar [59] E
500
L]
S
x
& R
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growth, which may enhance isotropic joint strength and
reliability. Of the choices studied, the Co addition and,
perhaps, Zn, seem to satisfy this objective. The chal-
lenges ahead include discovery of the minimum addi-
tion needed to catalyze the desired effect and
determination of whether the catalysis effect can per-
sist through multiple reflow cycles. For long-term joint
reliability, modifying a strong (high Cu content) SAC
solder alloy with a substitutional alloy addition for Cu
seems effective for producing a solder joint that retains
both strength and ductility after extreme (at least
1,000 h) aging at high temperatures (up to 150°C). Of
the choices tested, Co, Fe, and Zn substitutions for Cu
seem most attractive from the standpoint of the
microstructure (IMC segregation effects and suppres-
sion of CusSn growth and Cu/CuzSn void formation/
coalescence) and mechanical properties (retained
shear strength and ductility). Although Ni has the same
strong interfacial segregation behavior of the others,
the discovery of a brittle failure case and the reduced
impact strength on thermal aging seem to take it out of
prime consideration. Both Fe and Zn have minimal
cost, but if reduced amounts of Co prove effective, it
may also have an acceptable cost. At this point only
anecdotal evidence can be reported of the good (suf-
ficient) solderability (wetting, oxidation, and melting
range) of Co, Fe, and Zn, but quantitative studies are
needed promptly to facilitate extensive application
testing. It is clear that Zn requires a reduced superheat
for alloying into a SAC + X solder. Also, Zn retained a
remarkable percentage of impact strength after ther-
mal aging, but aged impact results for SAC + Co and
SAC + Fe are still in-progress. Confirmation of these
preferences by further testing and analysis should be
completed to establish the final ranking of the
SAC + X choices. Especially if low level additions are
proven effective, an expanded testing program that
includes SAC + Co, SAC + Fe, and SAC + Zn seems
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appropriate to evaluate the performance of these sol-
ders in many types of electronic assembly applications,
including BGA assemblies.
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