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By M.J. Brouillard, CEF-SE & Dr. Raymond O. England, CEF

Environmental and toxicity con-
cerns regarding lead-bearing solder 
fi nishes have led the electronic 
industry to consider alternate sol-
derable coatings. When the lead-free 
debate has been fi nalized, a solder-
able, whisker-free, lead-free substi-
tute will have to be chosen.

Presented at SUR/FIN® 
2000—Chicago, this edited version 
characterizes several of the commer-
cially available lead-free tin fi nishes, 
while utilizing current tin/lead sys-
tems as reference standards. Eval-
uation of the coatings will include 
thermal aging at 150°C, while 
monitoring the effects of thermal/
mechanical stresses as they relate to 
solderability, contact resistance and 
whisker formation. Scanning elec-
tron microscopy was used to char-
acterize the microstructures of the 
various systems.

Because of its unique combination of 
properties, solderable tin/lead surface 
coatings have been standard in the 
electronics industry.1 Today, tin/lead 
solderable coatings are widely used for 
electronic components ranging from 
heavy-load automotive connectors, to 
high technology integrated circuits. In 
the near future, government legislation 
will mandate that solderable surfaces 
be free from lead. The European Com-
munity (EC) has already set the date of 
January 1, 20042 for compliance with 
a lead-free directive. At the suggestion 
of local governments, Japan and the 
Pacifi c Rim countries have already 
begun voluntary reductions in the use 
of leaded products. It is expected that 
by 200l, lead-free policies will be 
adopted here as well.

The pending elimination of such a 
prominent product has led to much 
research in the area of lead-free sol-
derable coatings. Many alternative 
tin and precious metal systems such 
as SnCu, SnAg, SnZn, SnBi, SnSb, 
SnIn, SnAgCu, SnAgCuSb, SnBiS-
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bAg, PdNi and PdNiAu have been 
proposed. These coating systems are 
viable replacements for tin/lead coat-
ings, but at a cost premium. This paper 
evaluates four commercially available 
pure tin coatings (see table). The coat-
ings are fairly well known and, in most 
cases, less expensive than the systems 
mentioned earlier.

to intermetallic is achieved results in 
drastic increase in the surface contact 
resistance. X-ray fl uorescence (XRF) 
techniques are used to determine free 
Sn consumption as a function of aging 
time at 150°C.

Most integrated circuit components 
must be solderable (and wire-bond-
able) at the assembly point. This seem-
ingly mundane requirement takes on 
critical signifi cance, because of the 
component value added at the point 
when soldering is required. The com-
plex geometry of the lead frame has 
been stamped from strip material using 
large high-speed hydraulic presses 
and part-specifi c tooling. Additionally, 
multiple electroplated metals such 
as nickel and/or tin/lead have been 
applied to various locations, and spot 
coatings of precious metals such as 
gold and palladium requiring selective 
plating tooling have been imparted to 
critical areas.

It is well known that shelf life is 
an issue with many solderable tin/lead 
coatings.6 Solderability is evaluated in 
an accelerated test as a function of 
aging time at 150°C using Method 
2003 of MIL STD 883. 

In this study, tribological perfor-
mance is evaluated in a self-mated, 
cyclic sliding wear experiment. For 
some solderable surfaces, particularly 
in automotive and digital signal pro-
cessing applications, high-density pin 
connectors are beginning to require 
low insertion forces. As the pin den-
sity continues to increase, this will be 
of increasing concern as the frictional 
force required to properly insert the 
pins into the receptacles will become 
so high as to require specialized tool-
ing.7 

Pure tin coatings are known to 
“grow” whiskers as a function of many 
component variables such as bright-
ener additions, substrate metallurgy, 
compressive stress level and thick-
ness.8 Whiskers are undesirable in high 
device density IC applications because 
they can achieve suffi cient length to 

Sample    Solderable Coating
     1         90/10 Matte Tin-Lead
     2         Matte Tin A – Typical
     3         Bright Electroplated Tin
     4         Matte Tin B – Proprietary
     5         Refl owed Electroplated Tin

In this paper, standard connector and 
integrated circuit component perfor-
mance criteria are used to evaluate 
the fi ve candidates. The ability to effi -
ciently carry a load as a function of 
time and duty conditions is critical 
for most electronic components. For 
example, in many critical applications, 
the automotive industry is reluctant to 
specify coatings that exhibit contact 
resistance values in excess of one mil-
liohm over the expected service life 
[300g normal force]. Based on com-
ments from industry sources, values of 
around fi ve milliohms cause great con-
cern, and 10 milliohms is unaccept-
able.

An accelerated test to evaluate 
change in contact resistance as a func-
tion of time at 150°C (302°F) was 
completed in accordance with ASTM 
standards 667 and 539.12,13 Growth 
of both Cu

3
Sn and Cu

6
Sn

5
 intermetal-

lics occurs via solid state diffusion of 
copper from the base alloy into the tin 
coating.3,4  The conversion of the tin 
coating from the interface of the base 
copper toward the surface of the coat-
ing proceeds at some rate, which is 
a function of time, temperature and 
coating chemistry.5 The free tin is con-
sumed as the intermetallic reaction 
proceeds with time, and as such, is 
a decreasing function. The point at 
which total conversion of the free tin 
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bridge across individual components, 
causing a short. The candidate materi-
als were subjected to various levels of 
compressive stress in bending at room 
temperature to assess the propensity 
for whisker development.

Sample Matrix
The base metal utilized 
for this study was an 
alloy, UNS C42500 
having a size of 0.025cm 
x 3.60cm (0.010 in. x 
1.417 in.). Alloy 425 
was chosen for this 
study  because of its 
popularity in the connec-
tor industry. All the sam-
ples were plated on a 
production strip plating 
machine to replicate typ-
ical production con-
ditions. An underplate of 
copper was utilized on 
each sample, the thick-
ness of the copper 
underplate was 1.25 µm 
(50 µ in.) nominal. The 
addition of the copper 
underplate was incorpo-
rated in an effort to 
reduce/eliminate the 
effects of base metal 
diffusion which may 
affect the properties of 
the solderable coatings 
over time. The solder-
able coatings tested in 
this study can be seen in 
the accompanying table. 

The coatings found 
in the table are not 
intended to represent all 
of the lead-free solder 
coatings available to the 
typical metal fi nisher, 
but does include many 
of the systems currently 
in production. At the 

time of this paper, several interesting 
alloys were being developed but were 
not ready for testing prior to the papers 
deadline. Some of the more interesting 
alloys include copper-tin and copper-
tin-silver alloys. 

The reasoning behind the coating 
selection found in the table are as fol-
lows: 90/10 tin/lead was chosen as the 
reference coating. The alloy composi-
tion was chosen for its low lead con-
centration. Lead is used in solder coat-

 Sample  Solderability
 Indentifi cation As-plated  At-failure

 
 Sample #1
 90/10
 Tin/Lead

 
 Sample #2
 Matte Tin
 Typical

 Sample #3
 Bright Tin

 Sample #4
 Matte Tin
 Proprietary

 Sample #5
 Refl ow
 Tin

Fig. 1—Contact resistance after thermal aging. Fig. 2—Solderabilty test results.

Fig. 3—Solderability results.
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organically bright-
ened coatings. It 
is not unusual for 
bright-tin electro-
plating solutions to 
contain 10 times 
more organics than 
matte tin plating 
baths.10 The lower 
organic level com-
bined with the 
stress-relieving 
effects of the melt/
quench dynamics 

allows the deposit to have a bright 
appearance without the inherent stress 
and brittleness associated with bright 
tin plating.

Two types of matte electroplated fi n-
ishes were also included in the matrix. 
The fi rst deposit is a “standard” meth-
ane sulfonic acid (MSA) based plating 
system (sample #2). This sample was 
included to test the theory that the 
simple fact of lowering the organic 
concentration would lower internal 
stresses enough to eliminate whisker-

ings for several reasons, one of which 
is to lower the temperature at which 
tin/lead melts. Secondly, lead is used 
as an additive to inhibit whisker 
growth. When low solder temperatures 
are not of primary importance, small 
amounts of lead can be applied to the 
tin-lead alloy to ensure whisker-free 
deposits. This study will focus on the 
lower lead containing tin/lead coatings, 
where the relatively higher melting 
point is not paramount to over-all func-
tionality. 

The bright-electroplated tin deposit 
(sample #3) was included in the matrix 
as a standard of sorts. Bright tin has 
long been known for its tendency 
to grow whiskers on plated/stamped 
products. The term “whisker” denotes 
a very fi ne, hair-like single crystal 
that forms from certain materials—tin 
being one of them. Whiskers can 
form spontaneously under certain con-
ditions. Tin whiskers are typically 
around 1 µm in diameter and can grow 
to several mm in length. In the case 
of tin-plated electronic components, 
whisker formation can, by bridging 
between connectors, cause short-cir-
cuits and thus total failure of an elec-
tronic assembly. Whisker growth is 
largely caused by mechanical stresses 
in tin coatings. Stresses can arise by 
codeposition of organic brighteners or 
by their breakdown or reaction prod-
ucts. The organic additives used in 
bright tin plating can favor codepo-
sition of hydrogen. They tend, them-
selves, to be codeposited and thus 
increase deposit stress.9 Whiskers have 
also been noticed on matte tin deposits 
where organic levels were low, but 
the propensity for whisker growth is 
far greater on bright-electroplated tin 
coatings.

Refl owed electroplated tin (sample 
#5) was included in the study from 
the standpoint of attaining a bright 
fi nish similar to bright-electroplated 
tin. Refl owed tin, unlike the bright-
electroplated tin, does not have any 
of the inherent stresses found in 

ing. Sample #4 is a proprietary MSA 
matte tin plating system formulated 
and marketed as a lead-free, whisker-
free deposit.

Experimental Procedures
Sample Geometry
Sample geometry for the contact resis-
tance, solderability and free tin experi-
ments are nominally 20.32 x 0.025 x 
3.60 cm (8.0 x 0.010 x 1.417 in.). Each 
sample is punched with a 0.317 cm 
(0.125 inch) diameter hole to aid in 
furnace aging.

Contact Resistance
Contact resistance is evaluated using 
the practices outlined in ASTM speci-
fi cations 667 and 539.11,12  Method C, 
Dry Circuit Testing, is used in this 
study. A power supply which delivers 
an open circuit voltage of 20 mV max-
imum, with a short circuit current of 
100 mA is used. The test apparatus 
consists of: 

1. A programmable servo motor-con-

Fig. 4—Free tin analysis.

Fig. 5—Coeffi cient of friction results.
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trolled gold probe (for Z axis stroke 
control), having a radius of 3.2 mm 

2. A sample stage with manual X, Y, Z 
position control 

3. A Keithley 580 micro-ohmmeter 
which supplies the small open 
circuit voltage and measures the 
sample contact resistance 

4. An in-line Omega LCF series 
tension/compression load cell

5. An Omega type 41 controller. 

Prior to and after each measurement, 
the contact resistance of a pure gold 
standard coupon is checked to assure 
it is within the range 0.75 to 1.5 mil-
liohms at 25g load. Three measure-
ments of the gold standard are made 
before and after the test, all of which 
must be within the specifi ed range for 
the test data to be valid.

The contact resistance for the candi-
date alloys is measured as a function 
of aging time at 150°C. Exposure 
times are 0, 240, 480, 720 and 1000 hr. 
Contact resistance data values at each 
exposure condition at 300g normal 
load are the reported median of ten 
random measurements taken along the 
approximate specimen centerline. The 
probe is brought into close proximity 
with the specimen surface, and then as 
contact is made, the load is increased 
to the test value of 300g. There is a 
slight relaxation of applied load over 
the fi rst twenty seconds as the system 
stabilizes. After stabilization, the test 
load is slowly increased back to 300g, 
at which point the resistance value is 
recorded.

Solderability
Solderability is evaluated in accor-
dance with MIL-STD 883, Method 
2003. The test apparatus is a Kester 
1000 automated solderability tester. 
The solder cycle is as follows: (1) dip 
in fl ux and dwell for 5 sec, (2) move 
out of solder to position above the 
solder pot and dwell for 10 sec, (Note: 
as the specimen moves to position 

above the solder 
pot, a mechanical 
wipe of the solder 
surface is made to 
assure a slag-free 
dip), (3) dip in 
solder and dwell 
for 5 sec and (4) 
retract specimen 
and return to 
home position. 

The solder fl ux 
is non-activated 

N-100 (rosin/isopropyl alcohol). The 
solder used is a 63Sn/37Pb eutectic 
alloy. Test specimens are placed verti-
cally in the holder, and retained using 
a face plate and screw. The fl ux is 
maintained at room temperature, and 
the solder pot is held at 245°C. Solder-
ability is characterized as a function of 
aging time at 150°C. Aging times are 
0, 8, 24, 48, 72, 96, 120, 144 and 168 
hr. The failure criteria for solderability 
is here defi ned as coverage of less than 
100 percent.

Free Tin Analysis
Free Sn is determined as a function of 
aging at 150°C with an X-ray Fluores-
cence (XRF) unit.* The sample condi-
tions are 10-sec excitation at 50KeV 
accelerating voltage, with a 0.152 
mm (0.006 in.) diameter beam. Three 
random readings are made of the spec-
imen surface along the approximate 
centerline. The mean of these readings 

is reported. The specimen is then 
placed in an acid tin-stripping bath to 
remove the surface tin which has not 
been converted to the copper/tin inter-
metallic phases Cu

3
Sn and Cu

6
Sn

5
. 

Again, three XRF readings are taken. 
The difference in these two readings 
corresponds to the thickness of uncon-
verted tin. Aging times at 150°C are 0, 
8, 24, 48, 72, 96, 120, 144, 168 240, 
480, 720 and 1000 hr.

Friction & Wear
Friction and wear performance is 
evaluated using a self-mated, 10- 
cycle reciprocating sliding wear exper-
iment. Two specimen confi gurations 
are needed for the test; a slider strip 
and a profi led strip. The slider strip 
is nominally 20.32 x 0.025 x 3.60 cm 
(8.0 x 0.010 x 1.417 inches). The pro-
fi led strip has a die-formed 3.2 mm 
diameter hemisphere in its geometric 
center. Prior to forming, which imparts 
the hemisphere and a u-shaped geom-
etry, the profi led strip has the dimen-
sions 0.825 x 0.635 x 0.025 cm (0.325 
x 0.25 x 0.010 in.). The long axis of 
the specimen is in transverse orienta-
tion relative to the original plated strip. 
Thus, the direction of sliding for the 
profi led strip is longitudinal relative to 
the original strip.

Whisker Growth 
Propensity to grow Sn whiskers was 
evaluated at both room temperature 

*Veeco Instruments, Inc., Ronkonkoma, NY

Fig. 6—Median coeffi cient of friction values.

Fig. 7—Magnifi cation = 5350X.
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and 50°C. For the room temperature 
experiments, specimens were sub-
jected to two levels of compressive 
stress in bending. The expression for 
bending stress as a function of radius 
of curvature, elastic modulus, beam 
thickness and yield stress is used.13 
This expression is:

     h
ρ [ = Ε [  ] ]σ −1

     2
Where:
ρ = Bending radius (in.) 
σ = Yield stress (psi)
h = Beam thickness (in.)
Ε = Elastic modulus (psi)

The reported range for the yield 
stress of tin deposits was between 4 
and 20 ksi. The elastic modulus is 
approximately 6x106. Applied stress 
levels of 10 and 20 ksi were selected 
for testing. Using these parameters, 
and the thickness of the coated spec-
imen, values for radius of curvature 
were calculated to be 5.72 cm and 
11.43 cm (2.25 and 4.5 in., respec-
tively). These values were used to 
determine the appropriate diameter for 
two test “circles” for each material. 
Appropriate lengths of strip were cut 
from each coil, and projection spot 
welds were used to splice the ends 
together. A slight overlap was used 
to assure adequate weld strength. The 
concave surface of each specimen is 
of course in compression, and is where 
whisker growth is expected to occur. 
Samples of the bright-electroplated tin 
were also baked at 50°C to test the 
theory that “whiskering occurs fastest 
around 50°C, the recrystallization tem-
perature of tin.” 14

Results
Contact Resistance 
Figure 1 shows the change in contact 
resistance for each alloy as a function 
of aging time at 150°C. As expected, 
contact resistance increases for all 
alloys as a function of time at tempera-
ture. However, only the 90/10 tin/lead 
and the matte tin “B” materials stayed 
at or below the critical value of 1 
milliohm through 420 hr. Overall, the 
90/10 tin/lead demonstrated the most 
resistance to thermal aging followed 
closely by matte tin “B.” The bright 
sulfate tin and matte tin “A” behaved 
essentially the same, both reaching 
values of approximately ten milliohms 
at 420 hr. After 420 hr aging time, 
the refl ow tin increased to a contact 
resistance value of around 1 ohm.

Solderability
Figure 2 graphically represents the 
results of the solderability test. The 
matte tin “B” sample retained 100% 
coverage for 96 hr. The refl owed tin 
was the next most resistant to solder-
able surface deterioration at 72 hr, fol-
lowed by both the matte tin “A” and 
90/10 tin/lead at 48 hr, and fi nally, 
the bright-electroplated tin at 24 hr. 
Figure 3 shows representative photo-
micrographs of the solder surface as 
plated (zero hr exposure) and at the 
failure condition for each material. 

Free Tin
Figure 4 shows the trend in consump-
tion of free tin as a function of expo-
sure time. As expected, the rate of 
intermetallic consumption is high for 
all coatings. The matte tin “B” sample 
showed the most resistance to inter-
metallic conversion, retaining roughly 
1.0 µm (40 µ in.) at the 420-hr aging 
condition. The refl owed tin and 90/10 
tin/lead samples performed essentially 
the same, having values of around 0.5 
µm (20 µ in.) after 168 hr. With con-
tinued aging, the tin/lead was some-
what variable, and reached a value of 
just over 0.5 µm (20 µ in.) at 420 hr. 
The refl ow tin was less variable, and 
had just below 0.5 µm (20 µ in.) at 420 
hr. The bright and matte tin “A” sam-
ples both had free tin values approach-
ing zero after 96 hr. Interestingly, these 
materials were variable, and seemed to 
rebound slightly with continued aging 
to 420 hr.

Friction & Wear
Figure 5 shows the friction coeffi cient 
results for the candidate coatings. The 
positive and negative values for fric-
tion coeffi cient (peak and trough) rep-
resent the forward and reverse fric-
tional force generated during each 
cycle.

Determining relative performance 
using the Fig. 5 data format can be 
subjective. To resolve this issue, a 
single metric format is used. This 
metric is the median value for the 
array of data points collected for each 
test. It represents the median force 
required to move the specimen over 
the slider block for the ten cycle test. 
This data is shown in Fig. 6. The 90/10 
tin/lead and the bright electroplated tin 
both showed friction coeffi cients of 
around 0.6. The matte tin “A,” matte 
tin “B” and refl ow tin had somewhat 
higher values—from 0.8 to 0.9.

Whisker Growth
The plated samples were visually 
inspected for evidence of tin “whis-
kering.” All samples were pre-stressed 
and allowed to age in air as noted in 
the previous section. At regular inter-
vals, samples were visually inspected 
with the aid of a low-power micro-
scope (approximately 40X). Samples 
exhibiting any sign of irregularities on 
the surface of the plated strip were 
analyzed further via Scanning Elec-
tron Microscope (SEM). Samples of 
the pre-stressed bright tin were also 
subjected to a hot air bake at 50°C 
(122°F) for approximately 450 hr. 
Samples of the heat-aged bright tin 
had a propensity for increased spec-
ular refl ectivity. These samples were 
viewed under very high magnifi cation 
and evidence of whiskers was 
observed. The whiskers were photo 
documented; a sampling of these whis-
kers can be seen in Fig. 7. Many 
of the whiskers found on this sample 
appeared to have a base resembling 
a tree trunk, which anchored the whis-
ker to the plated base. The whiskers 
observed in this study had an approxi-
mate diameter of 3 µm (150 µ in.) and 
an approximate length of 13 µm (550 
µ in.). Based on the “success” of the 
baking trials, samples from each of the 
representative coatings were baked at 
50°C. Whiskers were also evident on 
the pre-stressed bright tin sample with-
out thermal aging. These whiskers 
were relatively smaller and the popula-
tion was considerably less. All other 
air-aged samples showed no signs of 
whiskers after the fi rst 30 days. This 
study is on-going. Progress and fi nd-
ings will be documented for later 
review.

Discussion
Sn forms a thin, dense, tightly adher-
ent, protective native oxide SnO

2
. This 

oxide crystallizes in the rutile struc-
ture, which is a slightly distorted 
nearly closest packed atom array, 
where the coordination number for O 
around each Sn atom is six.15,16 SnO

2
 is 

thick and dense enough to protect the 
surface from oxidation, but it is not so 
thick as to increase the surface contact 
resistance or degrade solderability. So 
long as this oxide remains intact, the 
desirable electronic surface properties 
of the Sn coating will be maintained. 
Phenomena that can compromise the 
protective nature of the oxide layer are 
the growth of a copper/tin intermetal-
lic zone via solid state diffusion 
of copper, and/or rapid diffusion of 
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species such as copper, zinc and 
other contaminants to the coating/
oxide interface where they can subse-
quently oxidize. All coatings used in 
this study were plated onto the same 
base copper alloy, alloy 425. So as to 
provide an equal baseline condition, 
all alloys were given a nominal barrier 
layer of 1.25 µm (50 µ in.) copper.17 
Therefore, the performance difference 
between the candidate materials is 
dependent upon the rate of intermetal-
lic zone growth and solid state diffu-
sion of contaminants unique to each 
coating.

Differences in the change in contact 
resistance values as a function of aging 
can be understood in terms of each 
coating’s unique characteristics. XRF 
analysis at the zero hour aging condi-
tion indicates that the 90/10 tin/lead 
and the matte tin “B” sample have 
the most available free tin. It is not 
surprising that these materials have 
the best retention of contact resistance 
over time at temperature. Compared to 
the 90/10 tin/lead and matte tin “B,” 
the matte tin “A,” the electroplated 
bright tin, and refl owed tin specimens 
have lower relative initial free tin.

Although solid-state mixing of the 
copper barrier and tin coatings and 
subsequent intermetallic zone growth 
is expected for all coatings, the refl ow 
process imparts signifi cant heat to the 
coating surface. This heat input may 
help to jump-start the intermetallic 
zone growth process relative to the 
other candidate materials. This inter-
metallic jump-start may also be the 
reason for the relatively high contact 
resistance achieved at the 420-hr 
exposure condition. The electroplated 
bright tin and matte tin “A” performed 
essentially the same. This is not 
unexpected because the initial coating 
thickness values are very close. It is 
likely that the extent of intermetallic 
conversion and/or the amount of con-
taminants at the surface at 420 hr 
exposure is less for these materials 
than that attained by the refl ow mate-
rial. This might explain the somewhat 
lower reading for contact resistance vs. 
the refl ow material. The solderability 
results are interesting. The matte tin 
“A,” matte tin “B” and 90/10 tin/lead 
are similar coatings, all being matte 
in appearance. Yet the matte tin “B” 
performs much better that either the 
90/10 tin/lead or the standard matte tin 
“A.” Diffusion of contaminants from 
the base metal strongly infl uences the 
ability to retain a solderable surface. 
As such, it appears that contaminant 

diffusion through the matte tin “B” 
coating is inhibited to a greater degree. 
The refl ow material demonstrated the 
second best performance. One possi-
ble explanation for this might be that 
the in-situ formation of a relatively 
thick intermetallic zone  because of the 
refl ow process itself might act as 
an initial diffusion barrier to contami-
nant species. Another possible expla-
nation is that the refl ow process might 
“anneal” the tin deposit, reducing its 
residual stress, thus increasing the 
activation energy barrier for contami-
nant diffusion. The organic brighteners 
used to develop the fi ne grain size of 
the bright tin also impart signifi cant 
residual stress to the coating.

Because more grain boundary area 
is available for contaminant diffusion, 
and because the residual stress might 
be expected to reduce the activation 
energy barrier for contaminant diffu-
sion, it is not surprising that this mate-
rial was the fi rst to fail solderability 
testing.

Results for the friction coeffi cient 
testing refl ect both the chemistry and 
surface fi nish of the candidate coat-
ings. Additions of lead to tin result 
in a reduced friction coeffi cient. This 
is easily seen as one compares the per-
formance of the matte fi nish tin/lead 
coating to the pure matte tin coatings. 
The relatively low friction coeffi cient 
observed for the electroplated bright 
tin coating is attributed to its high 
hardness and its low surface rough-
ness.18 The higher friction coeffi cient 
for the refl ow tin, matte tin “A” and 
matte tin “B” is caused by the combi-
nation of low hardness and relatively 
higher surface roughness.

The whisker growth portion of 
this study should be characterized as 
“work in progress.” This research has 
uncovered studies that have been ana-
lyzing tin coatings for the effects of 
whiskers for over 20 years.19 The 
methods of growing whiskers utilized 
in this study can be characterized as 
the “best available practices,” under-
standing that more work needs to be 
focused on this type of testing. An 
unequivocal explanation of the causes 
and mechanisms of whisker growth 
has yet to be developed. However, 
on the basis of numerous independent 
studies, it can be confi dently assumed 
that whisker growth is largely caused 
by mechanical forces.20 It should also 
be stated that many external factors 
could contribute to these stresses, 
including incubation times, tempera-

ture, atmospheric conditions, substrate 
effects and deposition conditions.

Conclusion
Characterization of commercially 
available lead-free solderable coatings 
has shown signifi cant variation in per-
formance criteria commonly evaluated 
in the electronics industry. Selection of 
a solderable material should be made 
with due consideration given to the 
specifi c application requirements.
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