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ABSTRACT 
The manufacturing feasibility and attachment 
reliability of a series of newly developed 
lead-free solders were investigated for wave 
soldering applications. Some of the key 
assembly aspects addressed included: 
wettability as a function of board surface 
finish, flux activation and surface tension of 
the molten solder, solder joint fillet quality 
and optimization of soldering thermal 
profiles. Generally, all new solder 
formulations exhibited adequate wave 
soldering performance and can be considered 
as possible alternatives to eutectic SnPb for 
wave soldering applications. Further process 
optimization and flux development is 
necessary to achieve the defect levels 
associated with the conventional SnPb 
process. 

INTRODUCTION 
The development and assessment of 
alternative electronic Pb-free solders has 
intensified in recent years [l-lo]. Assessment 
of these new materials encompassed 
determination of their mechanical, physical 
and electrical properties [l-41, as well as 
their qualification for manufacturability in an 
assembly process[5-10]. Assessing the 
manufacturability of new solder systems is a 
complex process that requires close scrutiny 
of the entire assembly sequence, 
understanding of the product specific 
reliability requirements and a full stream cost 
analysis to ensure that replacement of the 

current SnPb system does not compromise 
product reliability or cost effectiveness. 

A number of manufacturability studies with 
Pb-free solder alloys have been conducted 
recently [S-SI. Many of these studies have 
focused on su$ace mount assembly 
applications, for one important reason: 
Surface mount is the prevalent current and 
future assembly technology. It encompasses 
key packaging challenges, such as ball grid 
arrays, direct chip attachment and liquid 
crystal displays. The selected solder 
candidate(s) need(s) to meet the attachment 
requirements for all packaging applications. 

Technology forecasts have predicted phasing 
out of mass wave soldering processes and 
gradual tpnsitioning to 100% reflow 
processes. Despite these forecasts, wave 
soldering continues to remain a main stream 
assembly technology and, thus, can not be 
ignored as an assembly application in the 
assessment of new solder materials. A 
secondary reason for the lack of activity in 
the wave soldering area is of more practical 
nature. Most production wave soldering 
machines are constructed with soldering pots 
containing 700-1500 Ibs of solder. Repeated 
replacement of the solder pot with each of the 
alloy candidates presents many logistical and 
cost related difficulties. Evaluation of the 
same number of solder candidates in a 
surface mount process is clearly more 
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expedient and requires minimal equipment 
modification and down-time. 

T (liauidus) 

138°C 
178°C (1 14°C) 
212°C 
217°C 
183°C 

To assess the performance of several Pb-free 
solders for wave soldering applications, 
(after being screened in the surface mount 
process), we conducted wave soldering 
evaluations using a miniaturized machine 
with a 140 lb solder capacity and nitrogen 
atmosphere capabilities, that closely mimics 
the production equipment in use today. This 
report presents the assembly results, with a 
focus on process variables and performance, 
defect analysis and solder joint integrity. Due 

Contact Wetting 

I“) dvndsec 
angle &e 

43 350 
44 650 
31 2420 
44 4280 
17 2030 

assembled, a true yield analysis is not 
feasible. Solders with melting temperatures 
above, nearly the same and below that of the 
eutectic SnPb solder were selected for this 
evaluation. 

EXPERIMENTAL PROCEDURES 
Solders: 
The Pb-free solders (wt%) selected for this 
study and their melting points (Tliquidus) are 
listed in Table 1 .  Also included in Table 1 
are the contact angles, wetting rates and 
surface tension measurements obtained by 
the combined wetting balance, meniscometer 

to the experimental nature of the work and 
the limited number of circuit boards 

technique reported earlier [3,4]: 

SOLDER 

Sn - 58 Bi 
Sn - 2.8 Ag - 20 In 
Sn - 3.5 Ag - 4.8 Bi 
Sn - 2.5 Ag- 0.8 Cu - 0.5 Sb 
Sn - 37 Pb (control) 

It should be noted that none of the Pb-free 
solders match the wetting potential of the 
eutectic SnPb solder. Nevertheless, their 
wetting behavior is adequate for circuit board 
assembly. (This was also demonstrated in 
our previous surface mount assembly studies 
[41). 

Test Vehicles and Components: 
The test vehicle used in this study has been 
designed by the National Center of 
Manufacturing Sciences (NCMS) 
consortium and is shown in Figure 1 .  It 
incorporates a range of surface mount and 
through hole “dummy” components which 
are daisy chained to enable electrical 
monitoring. The types of components 
include: 0.4 mm to 50 mil pitch peripheral 
leaded and leadless devices, discrete 
capacitors, axial resistors, plastic and 

Surface 
tension 
dvndcm 
300 
390 
420 
510 
380 

ceramic dual in line packages and pin grid 
arrays. 

To assess the role of the circuit board surface 
finish on solder wettability and joint 
integrity, the following board finishes have 
been evaluated: (a) organic azole (imidazole), 
(b) immersion tin (60 pin), (c) immersion Au 
over Ni (5 pin Au over 150 pin Ni) and (d) 
electroless Pd over Ni (20 pin Pd over 150 
pin Ni). 

To avoid potential contamination of the Pb- 
free solder with SnPb, all components were 
hot dipped in 100% Sn after chemical 
removal of the original SnPb plating. 

Wave Soldering Equipment: 
All wave soldering trials were performed on 
a Nova Star machine equipped with 
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interchangeable 140 lb. pots, single laminar 
wave and nitrogen inerting capabilities 
(oxygen levels were maintained at 30-50 
ppm). The equipment parameters that were 
varied to optimize the wave soldering process 
were: (i) preheat temperature, (ii) solder 
temperature, (iii) conveyor speed and (iv) 
wave heightlgeometry. 

Flu:  
Soldering fluxes at the two extremes of 
activity potential were selected: (i) a highly 
active water soluble flux (WSF) and (ii) a 
low solids, no-clean flux (LSF). 

WAVE SOLDERING ASSEMBLY: 
PROCESS OPTIMIZATION 
For each Pb-free solder under investigation, 
the four equipment parameters (preheat and 
solder temperature, conveyor speed and wave 
height) were systematically adjusted over a 
range of settings deemed acceptable relative 
to current manufacturing practices. For 
example, the maximum soldering 
temperature was maintained below 260 OC to 
ensure that boards and components were not 
subjected to thermal damage, warping or 
discoloration effects. The preheat 
temperature was maintained such as to 
ensure adequate flux activation without 
excessive solvent volatilization at elevated 
temperatures (top side temperatures ranging 
from 85 to 130°C). The conveyor speed was 
allowed to vary over a range of settings 
consistent with standard product through put 
and conventional cooling and heating rates 
(2-6 ftlmin). 

The response variables used to adjust and 
further fine-tune the wave soldering process 
can be categorized as follows: 

Condition of the printed wiring board 
relative to delamination, warpage, or 
discoloration. 
Soldering defects: Inadequate hole fill, 
bridges, insufficientlexcess solder, non- 
wet pads. 

0 Dross and/or solder balls trapped on 

0 Flux residues, other contamination 

Fillet geometry 

board surface 

effects 

The process optimization results specific to 
each solder evaluated are qualitatively 
described below. The final defect analysis 
corresponding to the optimized processing 
conditions selected is provided in Table 2. 

RESULTS 
SIlBi: 
One objective of the SnBi optimization effort 
was to determine the minimum attainable 
soldering temperature that, in conjunction 
with current flux technologies, can promote 
adequate wettability and general good 
soldering performance. (This capability is 
becoming increasingly important for meeting 
the challenges of soldering highly complex, 
massive assemblies, as well as lower cost 
FRl substrate materials.) The temperature 
range investigated spanned from 175 to 
225°C. 

It was generally observed that wettability and 
the extent of hole fill by the Sn-Bi solder 
improved dramatically with increased 
temperature. At a temperature of 175"C, 
which was selected as the point 
approximately 30 to 40°C above the solder's 
liquidus temperature, wettability and hole fill 
were marginal-to-fair on the azole and 
immersion tin coated boards, and poor on the 
Ni/Au and NdPd coated boards. However, 
at temperatures exceeding 210" wettability 
and hole fill were adequate for all finishes. 
A source of this strong temperature 
dependence is based upon the following 
aspects: flux activation properties; the 
mettalurgy of the surface coatings; and the 
fact that hole fill is based upon the capillary 
flow phenomenon. At a minimal temperature 
of 175"C, wetting is generally restricted by 
poor flux activation. The lower temperatures 
of the bath as well as of the circuit board 
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impart inadequate thermal energy into the 
flux for it to effect adequate, as well as 
timely, oxide reduction of the copper (azole 
coating), tin (immersion tin coating) or the 
solder, itself. Recall that hole fill and 
wetting must occur relatively fast (5-7 sec) in 
the wave soldering process as compared with 
reflow processes (30-45 sec). The slow 
wetting kinetics were not due entirely to a 
slowing of the metallurgical reaction between 
the surface finish and the solder because the 
active water soluble flux produced fewer 
defects (due to its wider temperature 
window) than its low solids counterpart. The 
relatively low surface tension of the SnBi 
solder would have served to assist the 
capillary flow capacity of the molten metal. 

It was noted that the Ni/Au and Ni/Pd layers 
produced poorer wetting and hole fill than 
did the azole and immersion tin finishes. The 
oxidation mechanism described above would 
clearly not be applicable here due to the 
precious metal finishes (gold or palladium) 
over the solderable nickel layers. In this 
instance, the metallurgical reactions 
responsible for solder spreading were the 
dominant factor. As the solder wets the 
precious metal finishes, the gold or palladium 
layers are dissolved into the solder. The 
change to the solder composition at the 
leading edge of the moving front causes an 
increase in the (now ternary) solder melting 
temperature. When the composition change 
causes this temperature to exceed the 
ambient or system temperature, the liquid 
alloy freezes (termed: “constitutional 
solidification”) and the solder can no longer 
wet. At extremely low temperatures (such as 
175”C), this phenomenon becomes more 
likely to occur. 
At the higher temperatures (200 - 210”C), 
wettability and hole fill improved. Flux 
activation improved at the elevated 
tempertures, assuring oxide removal from the 
copper and (immersion) tin surfaces. In 
addition, constitutional solidification was 
reduced by the higher operating temperature, 

allowing the solder to absorb more of the 
gold or palladium layers and continue to wet 
the substrate. 

SnBi drosses excessively in air. Tight 
controls over the nitrogen flow rates were 
required. Small amounts of tinning oil were 
occasionally added to the solder pot to 
further suppress the oxidation reaction. 

SnAgIn: 
The equipment settings required to produce 
adequate soldering performance were similar 
to those used in the conventional SnPb 
process. This was an expected result since 
the melting temperature of this alloy is very 
close to that of the eutectic SnPb. The 
distinct difference, however, is the propensity 
of the SnAgIn alloy to oxidize in the presence 
of air, causing excessive dross formation. 
Even under oxygen levels below 50 ppm, 
tinning oil was necessary during normal 
operation to produce dross-free assemblies. 
The SnAgIn solder joints exhibited a grainy 
appearance and reduced wettinghole fill 
compared to SnPb. This aspect will be 
discussed in the next section. 

SnAgBi and SnAgCuSb: 
These two alloys are presented together 
because of their closely matched melting 
temperatures and consequently similar 
processing requirements. An objective in this 
process optimization effort was to carefully 
adjust the soldering profiles such that the 
maximum industry accepted board and 
component qualification temperatures were 
not exceeded. By raising the top side board 
temperature to 130°C (beyond typical levels 
used for SnPb) and operating at somewhat 
slower conveyor speeds (3 fdmin), good 
soldering performance was attained at a 
soldering temperature of 250 “C. It should be 
recognized however, that although processing 
feasibility was demonstrated under this 
temperature profile, actual processing 
windows in a production environment may be 
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narrower than currently experienced with 
SnPb. In fact, the low solids flux has a 
particulary narrower operating window. Low 
solids fluxes are largely alcohol based and 
volatilize more extensively under the elevated 
temperature preheat conditions. 

No warpage or discoloration effects were 
noted. However, in the absence of nitrogen, a 
faint board discoloration could be observed. 
The bottom side surface mount discretes also 
suffered a detectable discoloration. The 
extent of drossing of the SnAgCuSb solder 
was comparable to the level generally 
observed for SnPb. The SnAgBi solder 
drossed slightly more, but still considerably 
less than either SnBi or SnAgIn. 

Solder tr 
SnAgIn 

SnAgBi 

SnAgCuSb 

Flux 
WSF 
LSF 
WSF 
LSF 
WSF 
LSF 
WSF 
LSF 
LSF 

Table 2 summarizes the defect analysis 
results. Once the wave soldering parameters 
were optimized for each solder system, as 
described above, approximately 10 test 
vehicles were wave soldered using both the 
highly activated water soluble flux (WSF) 
and the no-clean low solids flux (LSF). The 
defect levels in Table 2 are reported on a 
“per board” basis, using the imidazole coated 
boards as an example. The effect of the 
various board finishes is depicted in Table 3 
for the SnAgBi solder. (All other solders 
exhibited similar behavior with respect to the 
board finishes, therefore not all the data is 
included in Table 3). 

Table 2: Average # defectdboard 

0 4 
3.5 3.5 2 3 

Relative to hole-fill, according to the Class 
VI1 acceptance criteria, a through-hole is 
considered unfilled if, when viewed from the 
board top side, it does not show evidence of 
positive wetting (wicking up the lead). The 
solder is not required to wet the entire 

solder wetting, (even if incomplete wetting is 

not considered a “defect”), an arbitrary scale 
of 1 to 5 was defined, 5 indicating complete 
spreading to the edge of the padlring, 1 
indicating no spreading beyond the through 
hole lead. The wetting figures of merit are 
used for qualitative comparative purposes 
only. pad/annular ring. To assess the extent of 
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Surface Finish 

Imidazole 
Immersion Tin 
NdAu 
Ni/Pd 

Table 3: Board Surface Finish Effects; SnAgBi - average # defectdboard 

Flux Bridges Insufficients Excessives Unfilled Wetting (1-5) 

LSF 0.5 4 0.2 0.3 3 
LSF 0 2 0 0.3 4 
LSF 0 2 0 0 4 
LSF 1 4 0 1 2 

holes 

The defect levels (Table 2) obtained with the 
Pb-free solders are comparable to those 
obtained with the conventional SnPb, 
indicating that each of these solders may be 
viewed, porn an assembly pe$ormance 
perspective, as potential SnPb replacement 
candidates and merit further investigation. 
All defect levels (including those for SnPb) 
are considerably higher than generally 
accepted in a production environment. These 
defects are merely a reflection of the 
simplified equipment used for these 
evaluations. Production wave soldering 
machines are equipped with a multitude of 
features (e.g. dual waves, uniform fluxing 
and preheating, etc) which were not available 
on this laboratory size equipment. 

The data in Table 3 indicates that the board 
finish has a relatively minor effect on the 
incidence of soldering defects, but a more 
pronounced effect on the wettability 
behavior. This can be clearly seen in Figure 
2 which depicts a set of axial resistor fillets 
showing various degrees of spreading on the 
different surface finished boards. 

It was noted that wetting by the Sn-Ag-Bi 
solder was better with the immersion tin and 
Ni/Au finishes than with the NVPd and azole 
coatings. Clearly, the process temperature is 
sufficiently high in all cases so that flux 
activation was adequate. Less than optimal 
wetting by the lead-free solder on the azole 
coated boards is an established observation 
and will not be elaborated upon here. 
Several factors contributed to the particularly 
poor wetting of the PdNi finish. First of all, 
palladium dissolution, which is believed to be 

a precursor process to wetting of the Pd and 
then the Ni underlayer, occurs at a rate that 
is nearly two orders of magnitude slower 
than that of gold, and four orders of 
magnitude slower than tin dissolution into 
molten solder [ll]. In fact, approximate 
calculations indicated a time of 10 to 15 s to 
dissolve the palladium layer as opposed to 
0.03 to 0.1s for the gold layer. Therefore, 
wetting of the PdNi finish will not be 
complete in the relatively short &me span of 
the wave solder process. (This may explain 
why the PdNi finish produces acceptable 
results with reflow processes in which the 
time above the solder liquidus is 30 to 45 s). 

The second factor is that mentioned earlier; 
that is, the introduction of palladium into the 
solder raises its melting (liquidus) 
temperature. As a result, at the very edge of 
moving solder front where the solder volume 
is very small, the dissolution of palladium 
may increase the liquidus to the point at 
which the solder solidifies, and wetting 
comes to a halt. The spreading stoppage 
may be only momentary at first as the 
palladium is eventually dispersed in the 
remaining body of liquid solder. However, if 
the overall volume of the spreading solder 
film is small, the palladium concentration 
becomes sufficiently large to solidify the 
entire film. 

Clearly, further process optimization is 
required to ensure that any of the Pb-free 
solders perform at a comparable level to the 
current SnPb system. Inert atmosphere 
soldering is a key requirement for all four 
solders examined. Continued flux 



development is also necessary in order to 
accommodate the higher and lower melting 
temperatures associated with these new 
solder materials. 

The use of alternative finishes must 
necessarily take account of the metallurgical 
interactions between the finish layers and the 
solders. Such an evaluation must begin with 
an assessment of the quilibrium 
thermodynamics of bi-metal interactions, the 
information of which is readily available 
from the published phase diagrams. With 
finer pitch packaging beiig the future trend, 
the relatively scant solder volumes contained 
in such joints implies that even “very thin” 
substrate coatings will significantly alter the 
chemistry of the solder, thereby changing the 
solders’ mechanical as well as physical 
properties (e.g., melting point). In addition, 
the kinetics of the solder/substrate frnish 
interaction(s) must also be assessed. This 
factor is especially important for process 
development, not only because of the large 
range of melting points for both low and high 
temperature solders, but also because of the 
relatively wide range of soldering times that 
are characteristic of the different 
manufacturing processes (e.g., wave versus 
reflow soldering). Short soldering times as in 
the wave soldering process, require relatively 
rapid wetting by the solder to produce 
acceptable solder joints. 

SOLDER JOINT INTEGRITY: 
The integrity of solder joints was assessed by 
scanning electron microscopy (SEM) as well 
as optical microscopy of metallographic 
cross sections. A synopsis of that 
investigation will now be presented. Shown 
in Figure 3 are representative SEM 
micrographs (low and high magnification) of 
a SnBi axial lead solder joint (on imidazole). 
Wetting of the lead was excellent. Spreading 
of the solder on the land was limited although 
the contact angle remained low. Cross 
sectional views of the solder joints are shown 
in Figure 4. The solder exhibited the 
expected two-phase microstructure of Sn- 

rich and Bi-rich phases. No indication of 
cracks were observed in the solder nor at any 
of the interfaces. Also, there was no 
indication of excessive copper erosion from 
the lands. The intermetallic layers remained 
very thin. 

SEM images of the SnAgIn solder joints 
showed limited spreading of the lands (Figure 
5) as was the case with the SnBi solder. 
Micrographs taken of the joint cross sections 
(Figure 6) revealed excellent adhesion of the 
solder with both the hole and leads. The 
metallurgy was primarily the Sn-rich and In- 
rich phases dispersed with Ag3 Sn 
particulates. The copper/solder interfaces 
exhibited a minimal intermetallic layer. 

Shown in Figure 7 are SEM micrographs of 
an axial leaded solder joint fabricated with 
the SnAgBi solder. This solder had a 
physical metallurgy comprised of a tin 
matrix, particles of Ag$n dispersed within 
the matrix, as well as precipitates of Bi. 
Wetting was excellent on both the lead and 
land surfaces. However, the higher 
magnification image revealed a separation 
between the solder and the land surface. 
Optical microFaphs of joint cross sections 
(Figure 8) confiied that the solder joint had 
cracked (on both top and bottom sides), the 
crack extending from the outer perimeter of 
the land towards the lead. 

Similar results had been reported by 
Vianco[9] for this alloy by hand assembly on 
polyimide quartz test vehicles, and by others 
[6] for similar alloy compositions. In all 
cases, the crack extended to the edge of the 
land, but did not propagate further into the 
hole. Note in Figure 8 that the surface 
mount joint does not exhibit the cracking 
phenomenon. Copper dissolution was more 
noticeable with this solder, due to its higher 
melting temperature, resulting in the presence 
of copper-tin intermetallic crystals. 

Finally, the SnAgCuSb solder joints were 
examined. SEM micrographs (Figure 9) 
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revealed wetting of the circuit board which 
was not completed to the edge of the lands. 
Higher magnification views of the solder 
front showed excellent adhesion of the solder 
to the copper. Cross sectional micrographs 
(Figure 10) confirmed the integrity of the 
joints. The microstructure consisted 
primarily of the tiin matrix and Ag3Sn 
particulates. An intermetallic layer formed 
at the copper interface; copper dissolution 
was also observed with this solder. 

CONCLUSIONS 
A set of Pb-free solders with melting 

temperatures above (SnAgBi, SnAgCuSb), 
below (SnBi) and nearly equivalent (SnAgh) 
to that of eutectic SnPb, have been evaluated 
for wave soldering applications. The 
assembly evaluations were conducted on a 
miniaturized machine with a 140 lb solder 
capacity, single laminar wave and nitrogen 
atmosphere capability. Due to the 
experimental nature of the work, a limited 
defect analysis was performed. Processing 
variables included the printed circuit board 
surface finish (azole, immersion tin, Ni/Au 
and Ni/Pd), soldering flux (water soluble and 
”no-clean”), and assembly process variables 
(preheat and soldering temperature, 
heatingkooling rates). The integrity of the 
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