Surfaces of mixed formulation solder alloys at melting
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Mixed formulation solder alloys refer to specific combinations of Sn-37Pb and SAC305
(96.5Sn-3.0Ag—0.5Cu). They present a solution for the interim period before Pb-free electronic
assemblies are universally accepted. In this work, the surfaces of mixed formulation solder alloys
have been studied by in situ and real-time Auger electron spectroscopy as a function of
temperature as the alloys are raised above the melting point. With increasing temperature, there is
a growing fraction of low-level, bulk contaminants that segregate to the alloy surfaces. In
particular, the amount of surface C is nearly ~50-60 at. % C at the melting point. The segregating
impurities inhibit solderability by providing a blocking layer to reaction between the alloy and
substrate. A similar phenomenon has been observed over a wide range of (SAC and non-SAC)
alloys synthesized by a variety of techniques. That solder alloy surfaces at melting have a radically
different composition from the bulk uncovers a key variable that helps to explain the wide
variability in contact angles reported in previous studies of wetting and adhesion. © 2011
American Vacuum Society. [DOI: 10.1116/1.3584821]

I. INTRODUCTION

The wetting of solid surfaces by liquid metal alloys
occurs in many technological processes and constitutes an
integral part of the structure of materials. Processes of liquid
phase sintering, detergency, adhesion, wear, catalysis,
impregnation of porous materials by liquid binders, crystal
growth from the melt, and solderability are largely deter-
mined by the ability of a liquid alloy to wet and spread
evenly over a solid substrate. Elucidation of the fundamental
thermochemical mechanisms operating at the contacting
boundaries in a system between liquids and solids is there-
fore of great importance.

Despite the importance of the interfacial surface chemis-
try in wetting reactions, there have been comparatively few
studies of liquid surfaces using surface analytical techniques,
largely due to the risk involved when heating materials to
melting inside expensive ultrahigh vacuum systems. Hardy
and Fine! noted, in 1982, for example, that they were aware
of only two previous applications®> of Auger spectroscopy
to the study of liquid surfaces. In light of the limited amount
of studies of the liquid—gas interface, this report presents
some of the first conclusions from studies of the surface
behavior of new, mixed-formulation, and SAC-based solder
alloys.

Mixed-formulation solders are combinations of Sn-37Pb
and SAC305 (96.5Sn-3.0Ag—0.5Cu) in specific mole frac-
tions. The resulting solder joints are quaternary alloys of Sn,
Ag, Cu, and Pb. Current interest in mixed alloys is due to the
mandated shift from eutectic Sn-37Pb solder to emerging
Pb-free solders in electronics applications. They represent a
solution for the interim period before Pb-free assemblies are
uniformly accepted. There are two varieties of mixed solder
assemblies. When conventional Sn-Pb solder paste is mixed
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with components with SAC solder balls or component leads
with SAC finishes, the process is coined as a “backward
compatible” process (see Fig. 1). When SAC pastes and
processes are mixed with components with Sn-Pb solder
balls or components/PCBs with Sn-37Pb surface finishes,
the process is referred to as a “forward compatible” process.

To date, research on mixed formulation alloys has
focused on the reliability and process variables for mixed-
formulation solders.*™ There has been comparatively little
work on the wetting behavior, especially using surface ana-
lytical techniques. In the present effort, we report experi-
ments using Auger electron spectroscopy (AES), which are
designed to study the surfaces of mixed formulation solder
alloys under real-time, in situ conditions as the alloys are
heated through the melting point. This is a primary factor in
wetting since the condition of the molten surface at and
above the melting point affects the liquid—solid and liquid—
gas interfacial tensions and consequent ability of the alloy to
react with the joining solid surface. We find that the compo-
sition of the molten solder alloy surface is radically different
from the surface composition at room temperature, with a
direct and deleterious effect on wetting.

SAC Balls

Mixed Alloy
Sn-Ag-Cu-Pb

Sn-37Pb

FiG. 1. (Color online) Backward compatible mixed assembly.
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Il. MATERIALS AND EXPERIMENTAL
PROCEDURES

The mixed formulation alloys were seven different mix-
ture ratios of Sn-37Pb and SAC305. Two were the pure sol-
der alloys (Sn-37Pb and SAC305) and five were mixtures
determined by the weight percentages of the two alloys. We
refer to each mixed alloy with the nomenclature MIX A-B,
where A and B are the weight percentages of the two alloys:
e.g., MIX 30-70 is a solder mixture of 30 wt.% Sn-37Pb and
70 wt.% SAC305. The chemical compositions of the mixed
alloys are given in Table I.

The solder specimens were prepared by drawing the
mixed alloys into high precision rectangular cross section
glass tubes using vacuum suction. One end of the glass tube
is inserted into the molten solder and suction is applied to
the other end by a rubber tube connected to the house vac-
uum system. The suction forces are controlled through a reg-
ulator on the vacuum line so that only a desired amount of
solder is drawn into the tube. The tubes are then cooled by
water quenching to yield a fine microstructure (Fig. 2). The
specimen preparation hardware is shown in Fig. 3. The
measured melting points and pasty range of the resulting
mixed formulation solders are shown in Fig. 4.

The wetting substrate was aluminum metal covered with
a native aluminum oxide, verified by x-ray photoelectron
spectroscopy (XPS). This selection was made because alu-
minum oxide has an extremely large and negative Gibbs free
energy of formation,” which produces a high wetting contact
angle for most materials due to the high chemical stability
and lack of chemical reaction and interdiffusion. High rates
of chemical reaction and low contact angles would unneces-
sarily confound the data interpretation due to diffusion of
substrate elements into the alloy. The experimental design
sought to completely isolate the wetting system from any
outside elemental influences.

In the composition versus temperature experiment, the
mixed alloy was laid atop the aluminum oxide substrate and
introduced into the ultrahigh vacuum system. The alloy frag-
ment was rectangular in shape (~2 x 3 x 1 mm in height)
and held in contact with the substrate by gravity without sol-
der flux. After the base pressure was achieved, the alloy sur-
face was sputter cleaned with argon and then heated in 50 °C
increments (1 °C/s rate) until the alloy melted. In the earliest
experiments, the system base pressure of 1 x 10~ '* Torr was
maintained throughout a series of preliminary studies of the

TaBLE I. Composition of mixed formulation alloys (wt.%).

Mixing proportion (%)

Solder type (Sn-Pb:SAC305) Sn Pb Ag Cu
SAC305 0 (0:100) 96.5 0 3 0.5
MIX 10-90 10 (10:90) 93.15 3.7 2.7 0.45
MIX 30-70 30 (30:70) 86.45 11.1 2.1 0.35
MIX 50-50 50 (50:50) 79.75 18.5 1.5 0.25
MIX 70-30 70 (70:30) 73.05 259 0.9 0.15
MIX 90-10 90 (90:10) 66.35 333 0.3 0.05
Sn-37Pb 100 (100:0) 63 37 0 0
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FiG. 2. (Color online) Scanning electron microscopy (3500 x ) photographs
of the microstructures of quenched, as-cast mixed formulation solder alloys
(a) SAC305, (b) MIX 10-90, (c) MIX 30-70, (d) MIX 50-50, (e) MIX 70-30,
(f) MIX 90-10, and (g) Sn-37Pb.

alloy surfaces. Later work showed higher system pressures
to have little effect on the contact properties and this require-
ment was relaxed to the base pressure of the system
(5 x 107 Torr) without bakeout. Alloy heating was accom-
plished inside the vacuum system by a high resistivity heater
element inserted into the bottom of the stainless steel sample
mount holding the aluminum oxide and alloy. The approxi-
mate temperature of the alloy was indicated by a thermocou-
ple built into the heater element. The melting point was
easily verified by SEM observations of morphological
changes in the alloy at melting (the XSAM 800 is a scanning
Auger system) and by the pressure burst at melting due to
release of trapped gases in the alloy. The Auger beam was
positioned near the top of the alloy fragment, although the
beam position had to be moved occasionally as the alloy
changed shape from rectangular to spherical during melting.
The contact angle of mixed formulation and SAC alloys on
aluminum oxide changed from 0° before heating to ~ 180°
after melting. The adhesive forces were so low that, on a few
rare occasions, the spherical molten alloy droplet rolled off
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FiG. 3. (Color online) (Top) Mixed formulation specimen preparation hard-
ware; (middle) mixed alloy within glass tubes after vacuum suction; (bot-
tom) resultant alloy cross-section.

the aluminum oxide substrate and into the bottom of the vac-
uum chamber. Each Auger spectra required about 20 min to
acquire during which time the alloy was maintained at the
target temperature.

The surface system was a load-locked Kratos XSAM 800
multitechnique surface analysis instrument shown in Fig. 5.
The unbaked base pressure of this ion- and turbo-pumped
system is 5 x 10~ Torr as read on an uncalibrated nude ion
gauge. The electron energy analyzer for the AES/XPS por-
tion of the system is a 127 mm radius double focusing con-
centric hemispherical energy analyzer equipped with an
aberration compensated input lens. AES spectra were
recorded in the fixed retard ratio mode with a retard ratio of
10. Such a retard ratio represents a compromise between sen-
sitivity and resolution and is appropriate for acquisition of
survey spectra. The AES energy axis was calibrated by set-
ting the Cu(LMM) line to 914.4 eV referenced to the Fermi
level.

To clean the starting alloy surfaces of adsorbed gases,
light Ar' ion sputter cleaning was accomplished by a differ-
entially pumped Kratos Minibeam I plasma discharge ion
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FiG. 4. Measured physical properties of mixed formulation solder alloys:
(a) melting temperature and (b) pasty range.

source with rastering and focusing capabilities. A variable
scan voltage provides a high frequency scan mode, which
yields a sputtered area of 1 cm?® at the specimen position
with a sputter rate of ~25 A/ min measured on a standard
SiO, film. Auger spectra were taken on the alloy surface
from a focused beam spot (~0.1 mm) at a position near the
center of the sputtered area. The angle of incidence of the
ion beam with respect to the surface normal was 55°. All Au-
ger spectra were recorded at 3.0 keV beam energy and 0.7
UA primary beam current, measured with applied +90 V
bias. The detection system of the XSAM 800 consists of a
single channel multiplier and a fast response head amplifier.
Detector output modes include direct pulse counting and cur-
rent detection with voltage to frequency (V-F) conversion.
Due to the large exciting currents used, all spectra were
recorded in V-F detection mode.

The raw Auger data was collected as E N(E) by acquiring
the spectrum of electrons emitted from the surface from an
energy 50-600 eV, with a starting energy of 50 eV to avoid
collecting data from the intense, broad secondary electron
peak occurring in this energy region. For most mixed formu-
lation and SAC alloys, the atomic fraction of Ag and Cu is
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FiGc. 5. (Color online) Schematic diagram of the ultrahigh vacuum section of
the surface analytical system used for in situ, real-time AES liquid surface
studies of mixed formulation alloys.

so small that the Auger spectrum is dominated by the triplet
Sn(MNN) peaks from 320 to 440 eV and the low energy Pb
feature at 94 eV. The low weight percent component Ag,
having a principal (MNN) peak at 356 eV, and Cu, with a
primary Cu(LMM) peak at 920 eV, are barely visible. The
Savitzky—Golay'® routine was employed to smooth the data
and calculate the derivative Auger spectrum. Surface ele-
mental compositions were determined by standard relative
Auger sensitivity factors'' supplied by the instrument manu-
facturer. It is the trend in relative Auger peak-to-peak
heights during heating that is significant rather than the accu-
racy (~10-20%) of the surface composition numbers. It is
well known that stoichiometric calculations in AES are prob-
lematic due to complexities inherent in the production, trans-
mission, and detection of Auger electrons. While we report
here on mixed formulation solder alloys, similar experiments
in our laboratory on commercial SAC-series (SAC105, 205,
305, and 405) compositions and special solder compositions
gave similar results.

lll. RESULTS
A. Alloy surface composition versus temperature
The surface composition as a function of temperature for

MIX 90-10 wetted to aluminum oxide is shown in Fig. 6. The

result is representative for all mixed formulation series alloys
(MIX 10-90, 30-70, 50-50, 70-30, and 90-10). A sloping
increase in the fraction of surface C and O (with an accompa-
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Fic. 6. (Color online) (a) Auger surface elemental composition of MIX
90-10 alloy vs temperature; individual AES survey spectra for three temper-
atures: (b) RT, (c) 150 °C, and (d) MP.

nying decrease in Sn) is typically observed with increasing
temperature, in some cases from ~0 at.% C at room tempera-
ture to ~50-70 at.% C at the alloy melting temperature. The
increase begins before reaching the melting point. Figure 6(a)
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plots the trend with temperature and Fig. 6(b) displays indi-
vidual survey AES spectra at three of the temperatures.
Clearly, the most distinctive feature during annealing is the
dramatic growth of the C(KLL) Auger peak at 272 eV. Small
concentrations of other low-level alloy impurities such as S,
Ca, and P are also frequently observed, particularly at the
melting point. /n situ optical and electron microscopy obser-
vations of the resultant molten, poorly wetted droplet fre-
quently showed evidence of second phase material floating
on the surface of the liquid alloy. Cooling the alloy back to
room temperature did not reverse the surface composition.
Figures 7 and 8 show similar trends for the SAC305 and Sn-
37Pb used to mix the alloys.

Repeat measurements of composition versus temperature
on alloy fragments cut from the same bar of as-cast solder
revealed statistical variations when measuring the surface
properties of liquid metal alloys. The elemental trends seen in
Figs. 6-8 are nearly always observed but, as the electron
micrographs in Figs. 5 and 9 of poorly wetted droplets show,
the alloy surfaces are inhomogeneous due to the shell of segre-
gated impurities (primarily C). Real-time observations of the
molten droplets by low power zoom optical microscopy dur-
ing heating in the vacuum system revealed that it is possible
for parts of the C surface crust to dynamically move during
the course of the measurements, bringing different portions
under the AES beam, resulting in compositional variations
over repeated experiments. Figure 9 shows an example of the
room temperature segregated C shell appearance in a low-
power optical (white light) microscopy after wetting a mixed
formulation solder alloy MIX 10-90 to a Ni-Au board finish
(no flux applied), showing an area of the alloy surface with
~100% surface segregated C content (poor wetting and high
contact angle) and low C content (good wetting and low con-
tact angle). The AES spectra were recorded directly after wet-
ting in the surface analysis system (no breaking of vacuum).

B. From whence the surface carbon

Using an inert wetting substrate and the ability to sputter
clean the alloy surface of adsorbed gases before heating
proved to be essential features of the experiment. Since the
alloy was isolated from outside sources of carbon and other
elemental species, the material observed at the alloy surfaces
during heating could only originate from the alloy itself in
the form of low-level surface segregated impurities. Similar
behavior has been found when SAC alloys are wetted (with-
out flux) to more reactive common electronic board finishes
(Ni—Au, Pd—Ni, Ag—Cu, HASL, etc.).12 It is generally the
case (shown in Fig. 9) that in regions of the alloy where slug-
gish and/or nonexistent wetting/spreading occurs, high con-
centrations of surface carbon are present.

There are four lines of evidence for surface segregation of
low-level impurities in the liquid alloys. First, there is direct
experimental proof of large relative concentrations of low-
level impurities at heated alloy surfaces, sometimes as high
as ~100 at.% in the case of C. When wetting to inert nonme-
tallic solids, the segregated materials act to inhibit wetting.
On reactive board finishes such as Ni—Au and Ag—Cu,
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Fic. 7. (Color online) (a) Auger surface elemental composition of SAC305
alloy vs temperature; individual AES survey spectra for three temperatures:
(b) RT, (¢) 150 °C, and (d) MP.

wetting occurs with small contact angles despite the pres-
ence of the surface impurities. This is due to the strong

chemical reaction of many metallic substrates, which are
known to readily diffuse into the alloy.
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Fic. 8. (Color online) (a) Auger surface elemental composition of Sn-37Pb
alloy vs temperature; individual AES survey spectra for three temperatures:

(b) RT, (c) 150° C, and (d) MP.
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Fi6. 9. (Color online) Effects of impurity segregation on wetting. (a) Optical
photograph of MIX 10-90 wetted to Ni—Au (no flux applied) showing areas
of the alloy surface with (b) ~100% surface segregated C content (poor wet-
ting and high contact angle, position 1) and (c), (d) low C content (good wet-
ting and low contact angle, positions 2 and 3). The AES spectra were
recorded directly after wetting in the surface analysis system.
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Second, sanity check calculations of surface enrichment
show that it is possible for the high concentrations of carbon
observed at the molten surfaces to originate from surface-
segregated material. Assuming a typical level of bulk C alloy
contamination just below the detection limit of energy dis-
persive x-ray (EDX) spectroscopy (~0.02 wt.%) and pre-
suming the entire weight percent of carbon segregates to the
surface of a spherical droplet of SAC alloy whose radius is
0.5 mm, the thickness of the carbon shell formed is
T =3.17 x 107 - (psac/pc)cm =~ 100nm where T is the
shell thickness in nanometers and pg,~ and p. are the den-
sities of a typical SAC alloy and graphite, respectively. We
have assumed the density of graphite to be 2.0 g/ cm® and
the density of SAC 405 as 7.4 g/cm3 from values given in
the literature.'® Bulk emission spectroscopic analysis from a
variety of solder alloys shows that such levels of carbon con-
tamination are the rule rather than the exception for commer-
cial alloys. To verify the order of magnitude calculation, we
measured the thickness of the surface carbon shell formed
on several poorly wetted spheres of SAC and Sn-37Pb alloy
by Auger depth profiling. In most cases, the measured car-
bon shell was ~800-1200 A in thickness.

Third, metallographic examinations of the interior and
near-surface microstructure of poorly wetted droplets after
cooling to room temperature show drastic differences. A typ-
ical case is shown in Fig. 9, which is an optical microscope
photograph of a quenched MIX 10-90 alloy wetted to a Ni-
Au board finish. It is clear that the segregated shell remnant
at position 1 is composed of second phase material. Similar
examinations of cross-sectional slices through the wetted
alloy showed no evidence of second-phase carbon in the
droplet interior. In early studies of this issue using high-tem-
perature Ni—B alloys, we often observed hexagonal graphite
formation on the surfaces of the quenched boride alloys but
not in the alloy interior."*

Fourth, the spectroscopic composition of alloy material in
the interior of poorly wetted droplets is free of impurities, at
least to the detection limit (~0.1 wt.% or ~20-200 ppm.)"
of Auger and EDX spectroscopy. It is possible to fracture the
carbon shell surrounding poorly wetted droplets by thermal
(rapid temperature excursions) or mechanical (stylus punc-
ture) means. The efflux of alloy material consists of pure
alloy components that are able to wet and spread over many
common board finishes without the aid of flux. With highly
reactive substrates such as Ni—Au, the wetting occurs despite
the surface C shell, which is left behind as an inert remnant
of carbon (cf. Fig. 9). The fact that those impurities are
found on the surface of the droplet but not in the interior is
evidence for impurity surface segregation.

IV. DISCUSSION

The primary goal of this work was to determine what a
solid substrate sees during wetting of molten mixed formula-
tion solder alloys. Since the soldering process involves heat-
ing the solder to a temperature greater than the alloy melting
point, the substrate sees the liquid surface above the melting
point, not the solid alloy surface at room temperature. If the
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solid and liquid solder surfaces are elementally different,
presumptions made by flux chemists about what surface spe-
cies exist on solder alloy surfaces will result in inefficient
flux formulations. It has been shown that wetting in many
solder alloy systems is strongly influenced by surface segre-
gation of low-level bulk impurities, which arise from the
alloy bulk. The segregated impurities form a barrier, which
inhibits reactions between alloys and substrates and results
in poor contact angles. There are at least three possible solu-
tions to this problem.

The first solution is to eliminate the bulk alloy impurities
by employing ultrapure starting materials and strict control
of the alloy synthesis process. This is not easy to accomplish
in a cost-effective way. The impurity level necessary to pre-
vent build-up of a few monolayers of segregated material is
in the parts per million range and would require extraordi-
nary processing conditions. A typical arc melting apparatus,
for example, operates under an inert gas atmosphere with a
pressure of at least several Torr with no provision for evacu-
ation to high vacuum. Even assuming perfectly pure starting
elemental materials, common impurities such as nitrogen,
oxygen, and carbon can readily become incorporated into
the alloy bulk during synthesis. It is likely that surface segre-
gation of low-level bulk impurities is a ubiquitous phenom-
enon spanning a wide variety of alloys and alloy synthesis
techniques. We have now observed it in boride alloys manu-
factured by the arc melting technique, arsenide alloys manu-
factured by the combustion synthesis technique,'® and solder
alloys made by induction heating of the elemental metals in
a variety of academic and commercial laboratories. Surface
analytical techniques are required to observe the segregated
impurity layer, which is typically too thin (<1000 A) to
observe with standard SEM/EDX techniques, where the
sampling volume is on the order of 2-3 um beneath the sur-
face when using conventional accelerating voltages (~20 kV)
employed by most investigators doing EDX analysis.

A second solution is to devise a method to remove the
alloy impurities after they have segregated. A method'® to
exploit, rather than mitigate, the effects of impurity surface
segregation is by reheating the synthesized alloys, which
enables segregation to occur, and then skimming or cleaning
off the impurity shell. As shown above, for many alloys, the
interiors of poorly wetted droplets of alloy are pure to the
detection limit of Auger and EDX spectroscopy. In this way,
segregation works as a method for producing ultrapure
alloys.

A third solution is to introduce materials into the contact
system, which possess a high chemical affinity for the segre-
gating impurities. The materials can be introduced either as
a surface coating or by incorporation into the alloy during
synthesis and act to suppress segregation by tying up the
alloy impurities during compound formation. This is one of
the purposes of flux used in solder pastes. When flux is pro-
hibited, reactive elements can be employed. We have used
this method successfully to purify liquid boride and arsenide
alloys used for high-brightness liquid metal ion sources by
introducing boron into the contact system, which ties up the
segregated carbon during formation of boron carbide."’



041401-8 Bozack et al.: Surfaces of mixed formulation solder alloys at melting

Electronics assembly process engineers who deal with
solderability, adhesion, and assembly issues should be aware
that segregated impurities may be the root cause of poor wet-
ting and adhesion. Given the widespread appearance of im-
purity blocking layers, it is fortuitous that modern solder
alloys exhibit a high joint reliability. The reason is twofold.
In many highly reactive wetting systems, such as the wetting
of solder alloys to Ni—Au, the high rate of Au dissolution
and chemical reaction with the substrate is sufficient to over-
come the blocking effect of segregated carbon, which is of-
ten found to reside on the alloy surface as a cracked inert
mass of material (cf. Fig. 9). Second, contemporary solder
pastes contain powerful fluxes, which clean the contacting
surfaces of carbon as well as oxygen and other surface
impurities. We know this is true due to wetting studies in our
laboratory'® involving organic solder preservative (OSP).
Most solder pastes wet board finished of OSP, which consists
of a thin film of protective organic (carbon) over Cu which
protects the Cu from oxidation and then volatilizes during
reflow.

There are several driving factors for surface segregation;
in fact, Gibbs'® developed a comprehensive thermodynamic
formalism for surface segregation over a century ago.
Experimental verification of the Gibbs theory awaited the
development of surface spectroscopy in the 1970s. Most ex-
perimental studies of surface segregation using AES have
been for the case of solid binary metal alloys. In their 1979
paper, Wynblatt and Ku®® report that surface segregation
experiments had been done on a dozen or so binary alloy
systems at that time. Impurity segregation, where C, O, Ca,
S, and other nonmetals repeatedly appeared on the surfaces
of the alloys, was considered to be a nuisance in the early
experiments, whose goal was to examine monolayer-scale
segregation. Removal of these strongly segregating contami-
nants (usually by repeated sputter/heating cycles or reaction
with oxygen) was important before starting the “true” segre-
gation experiment involving the binary alloy components.
This was because the impurities could interact preferentially
with one or the other of the binary alloy elements and either
enhance or suppress the natural segregating tendency of the
uncontaminated alloy. Wynblatt and Ku®' remark that “these
species arise from strongly segregating tramp impurities
present in the bulk alloy in trace quantities, and they can
sometimes prove very difficult to remove.”

The complex nature of multicomponent solder alloys
pose a challenge for the theories of surface segregation, most
of which are based on ideal solutions having ideal surfaces
at equilibrium. The simplest monolayer ideal-solution
model?? of surface segregation shows that low surface ten-
sion elements are likely to surface segregate, while the more
realistic approach of Lea and Seah,” who developed a
model for surface segregation based on the diffusion equa-
tion, shows that impurity segregating species should increase
with temperature. Owing in part to the difficulties in meas-
uring accurate surface tension values, standard compilations
of surface tension are lacking or inadequate; for metals,
however, there is an excellent correlation between surface
tension and the heat of sublimation AHg,,, because both
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properties are related to creation of a unit area of surface.
For semiconductors, semimetals, and insulators, most tabu-
lated values in the literature show that the elements of lowest
surface tension are the nonmetals (e.g., C, N, O, F, P, Cl, and
S). Nonmetallic elements are frequently dubbed surface-
active since they are the elements commonly observed on
“clean” (99.999% pure) metal surfaces by surface analytical
techniques. Figures 6-9 show several of these nonmetals
appearing on the surfaces of heated mixed formulation,
SAC, and Sn-37Pb alloys. Bulk contaminants, which are
pinned in solid metal alloys at the grain boundaries, are
released at melting when the boundaries disappear and sur-
face segregate in order to minimize the overall free energy
of the system.

V. CONCLUSIONS

(1) Wetting of mixed formulation series solder alloys is
directly influenced by surface segregation of low-level
bulk alloy impurities.

(2) The major segregating impurities are C and O at the mol-
ten solder alloy surface.

(3) The impurity segregation is not temperature reversible.

(4) The impurities form a high surface tension shell around
the alloy, which inhibits chemical reaction with the sub-
strate, required for good wetting.

(5) The interior of poorly wetted droplets of alloy is com-
posed of pure alloy material, which allows for varying
amounts of good wetting and spreading depending on
the contacting materials. Wetting is sluggish where the
carbon shell remnant is located.

(6) Impurity surface segregation has been observed over a
wide range of alloys synthesized by a variety of different
alloy manufacturing techniques.

(7) Solder fluxing remedies the problem with impurity seg-
regation by cleaning both carbon and oxygen from
surfaces.

(8) The existence of surface segregation in molten liquids
calls into question many previous studies of wetting that
were conducted blind without the advantage of surface
analytical tools such as Auger spectroscopy.
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