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Nafter it is modified by dissolution of copper or silver

from boards or surface finishes. This article exam-
ines the relationship between alloy systems and
demonstrates their similarity.

Implementation Progress
Industrial Solder Alloys
Many industrial solder alloys have been lead free

for some time—plumbing alloys and automotive
alloys, in particular. They are optimized for their
particular application, such as tin with 5% antimo-
ny for low solubility of solder in drinking water and
a large working range or tin with 3% copper for low
cost and workability.

Legislation
To date, the only legislation that actively bans lead

in electronic solders is the European Union’s Reduc-
tion of Hazardous Substances (RoHS) Directive,
which will become law throughout Europe on July 1,
2006. Currently, aerospace/military and communica-
tions applications are exempt from this directive,
which primarily covers consumer electronics, hand-
held devices and personal computers. Automotive
applications are also exempt because they are covered
under the End-of-Life Vehicles (ELV) Directive,
which allows automotive electronics to use leaded
solder. However, automotive may be included under
the RoHS umbrella in the near future.

In other regions, indications are that the govern-
ment of China will pass regulations similar to RoHS.

Potential Lead-Free Alloy Systems
Removing lead from interconnects requires use

of either a different metal or a different system. The
question asked repeatedly is: Why can’t we just make
a drop-in substitute for tin-lead alloys with the right
properties? This drop-in would be simple, except

E lectronics assembly is moving to lead-free sol-
der worldwide, but concerns still exist about
processability, reliability and the choice of

available alloys. The National Electronics Manufac-
turing Initiative (NEMI, Herndon, VA) launched the
Lead-Free Assembly Project in 1999 to address the
many issues surrounding industry transition to
lead-free interconnects, and the results obtained on
processing and reliability of lead-free solder joints
are directly applicable today.

NEMI’s work focused on enhancing basic under-
standing of the material and assuring its reliability to
assist industry with timely implementation of lead-
free assemblies. Some accomplishments include:

• recommendation of an industry standard lead-
free alloy: Sn3.9Ag0.6Cu(±0.2%) for reflow and
Sn0.7Cu for wave solder

• definition of modeling and data needs for lead-
free solders and compilation of a physical and
mechanical properties database, which is available to
industry at www.metallurgy.nist.gov/solder/

• extensive reliability testing.
The NEMI Phase 1 work described above was

the foundation of the organization’s lead-free initia-
tives. It established a model system in the tin-silver-
copper (Sn-Ag-Cu or SAC) phase diagram and
extensively characterized the recommended alloys,
establishing the processability and reliability of
lead-free solder joints.

Several commercial lead-free alloys have been
introduced since NEMI first began its work. The
compositions of these alloys are virtually identical to
the NEMI alloy, considering the joint composition
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Still applicable to today’s 
commercially available alloys.
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that we want the joints to perform as well
as tin-lead joints at the same price and
with lower toxicity.

The various metals considered are dis-
cussed below. Alternative systems are con-
ductive adhesives and mechanical attach-
ment. Although extensive work has been
done to improve isotropic and anisotrop-
ic adhesives, they still do not compete on
a performance or economic basis for
attaching components to rigid boards.

Metals Properties
If we sort the available metals through

a screen of melting point, toxicology,
cost, availability and chemical resistance,
our choices narrow rapidly for a main-
stream alloy. Tin, copper and silver are
the frontrunners, followed closely by bis-
muth, antimony, indium, zinc and alu-
minum. Bismuth and antimony are par-
tially produced as byproducts of lead and
have, therefore, come under scrutiny
because of future supply concerns as lead
is eliminated from electronics. Ironically,
lead production is rising as we need
more lead-acid batteries, and electronic
consumption accounts for less than 1%
of lead use.

Combinations of bismuth, lead and tin
produce a 96°C low-melting alloy that can
promote fillet lifting and encourage joint
failure on thermal cycling. Antimony,
although widely used as a 5% alloy in tin
as plumbers’ solder, has been suspect in
Europe on health grounds for many years.
Bismuth, produced at 3,000 tons per year,
and indium, at 500 tons per year, are not
abundant enough to replace the 10,000-
plus tons per year of lead used in conven-
tional electronic solders. Zinc and alu-
minum oxidize rapidly in processing and
use. Silver is also a byproduct of lead man-
ufacture and has significant toxicity. It is
relatively abundant and is primarily used
currently in photography.

Economically, the news is all bad. Cop-
per and zinc are the only metals that
remotely approach the low price of lead.
However, tin is 10X the price of lead, and
copper, silver and indium are 300 to 400X
the cost of lead.

The lead-free alloys are all 95%+ tin,
which brings up the question: Does
enough tin capacity exist to cope? New tin

production totals around 70,000 tons per
year, whereas 240,000 tons of tin are recy-
cled, with the main use still tin cans. So,
tin supply is not an immediate problem.

Process Tolerance, Reliability
If we are to produce a new solder alloy,

its melting point should be as close as pos-
sible to tin-lead eutectic, have a melting
range that is neither too small (promoting
tombstoning of small components) nor
too large (hindering self-alignment, pro-
moting bridging in wave solder and caus-
ing fillet lifting). It should fit with the
existing infrastructure and materials and
be tolerant of small amounts of contami-
nation from board and components. That
means a process temperature less than the
limiting temperature of many packaging
and board materials (260°C) and a toler-
ance to copper, silver, gold, nickel and pal-
ladium finishes. Additionally, a tolerance

to bismuth is needed in products in Japan
where tin-bismuth finishes are used.
Finally, reliability should be equivalent to
or better than tin-lead eutectic.

Tin-Silver-Copper: An Acceptable
Compromise

No single alloy meets all of these re-
quirements. Developing a lead-free alloy
that melts at 183°C is relatively easy, but,
when we add the requirement that the
melting range be small, most of these
alloys are eliminated. The ones remaining
contain indium or zinc, which have their
own problems: cost and availability for
the former and oxidation during process-
ing and use for the latter. Given that no
drop-in replacement exists, alloys of tin,
silver and copper have emerged as an
acceptable compromise.

The Tin-Silver-Copper Choice
Alloy Melting, Solidification Criteria
The eutectic temperature in the tin-sil-

ver-copper system is 217°C, higher than
eutectic tin-lead by 34°C. The reasons for
choosing tin-silver-copper alloys in spite
of their higher melting point can be seen
by looking at the phase diagram of the tin-
silver-copper system (Figure 1). A phase
diagram is a three-dimensional (3-D)
graph of the equilibrium melting, solidifi-
cation and precipitation behavior of alloys
as functions of their composition and
temperature.

The eutectic composition is indicated
by the black square in Figure 1. This com-
position of Sn3.5(±0.2)Ag0.9(±0.2)Cu is
the only one in the Sn-Ag-Cu system that
has a zero melting range at equilibrium.
The numbers in the parentheses in the
formula above indicate the laboratory
measurement uncertainty in the eutectic
composition.

When we consider the typical toler-
ance ranges of alloy compositions in sol-
der pastes (±0.2), the melting range for
the eutectic composition Sn3.5Ag0.9Cu
becomes 13°C. Likewise, when the typical
tolerance of (±0.2) in alloy composition is
included, the NEMI alloy Sn3.9Ag0.6Cu,
shown by the blue square in Figure 1, has
a melting range of 12°C. The typical
Japanese tin-silver-copper alloy Sn3.0
Ag0.5Cu, shown by the purple square, has

NEMI 

JEIDA 

eutectic 

FIGURE 1: Experimental and thermodynamic
assessment of tin-silver-copper (Sn-Ag-Cu)
solder alloys by NIST.1 The axes represent the
copper and silver additions to tin. The point
at 0 % Ag and 0% Cu is pure Sn. The lines on
the plot are the lowest temperatures in (°C)
where Sn-Ag-Cu alloys of the compositions
given by specific points on the graph have no
remaining solid.
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a melting range of 5°C. In spite of these
seeming differences, in practice these
alloys all melt in a remarkably similar
way, making a wide range of alloy compo-
sitions acceptable in terms of their melt-
ing behavior.

Figure 2a-c shows how much solid
remains as the temperature increases
from 219°C to 223°C to 240°C. In Figure
2a the region marked “L” and bounded
by the black triangle is the range of
compositions that are completely liquid
at 219°C. The regions outlined in green
and red are compositions with less than
0.5% and 1% solid, respectively, at tem-
peratures higher than 219°C. The values
of 0.5% and 1% were chosen since the
presence of less than 1% solid is expect-
ed to have no effect on the reflow behav-
ior of solder pastes. The remaining solid
phase particles at this fraction are signif-
icantly smaller than the solder alloy
powder particles from which they
formed and will have a negligible effect
on melting and coalescence of the alloy

powders as they melt.
As you can see from this plot, both

the NEMI and the eutectic alloys have
less than 1% solid remaining at 219°C.
Beyond these two alloys, a wide range of
alloys meets this criterion of having less
than 1% solid remaining at 219°C. At
223°C, the range of compositions broad-
ens further, with all three alloys having
less than 0.5% solid remaining. At 240°C,
the range of compositions with 0%, less
than 0.5% and less than 1% solid
remaining are extremely broad. For prac-
tical reflow purposes, the number of
alloys with a melting range of 6°C is
large, as indicated in Figure 2b, and
includes all three alloys indicated. Effec-
tive liquidus temperatures measured will,
therefore, be 217°C for a wide range of
compositions.

In terms of solidification as the assem-
blies are cooled, all of these alloys also
show similar behavior. As the joint cools,
an intermetallic forms in the solder joint,
both at the interfaces with the board and

component and in the solder itself. The
amount of intermetallic will be deter-
mined by the starting composition of the
alloy and how much copper and other
metals from the board and component
leads has dissolved into the molten solder.
Tin-silver-copper solder alloys actually
cool in the molten state to about 190°C
because solid tin has difficulty forming.
At about 190°C, all of the alloys quickly
solidify to 100% solid.

Practical Processing: Reflow
and Wave

Based on these analyses, the tin-silver-
copper system is quite forgiving in terms
of its insensitivity of melting and solidifi-
cation behavior to composition over a
wide composition range. Therefore, a
minimal effect of solder composition on
assembly processing should occur for
compositions within this range.

The same holds true for wave solder-
ing. The temperatures for wave soldering
are much higher than for reflow soldering
and are determined by many factors,
including the activity of the flux and the
board design. The solder alloy composi-
tion will affect how much copper and
other metals will dissolve in the bath, so
one might conclude that the base solder
should contain high amounts of copper. A
tradeoff in copper concentration actually
occurs: Low initial copper concentrations
encourage fast dissolution from the
boards and the components, while high
initial copper concentrations encourage

FIGURE 2a-c: The Sn-Ag-Cu phase diagram shown at specific temperatures: (a) 219°C, (b) 223°C and (c) 240°C. (Note that the scales on the two
axes have been changed from Figure 1.) The rectangles correspond to the NEMI (blue), eutectic (black) and JEIDA (purple) alloy ranges. The region
bounded by the green line contains less than 0.5% solid; the region bounded by the red line corresponds to less than 1% solid.

   < 0.5% solid 
       < 1% solid 

   < 0.5% solid 
       < 1% solid 

   < 0.5% solid 
       < 1% solid 

a b c

Based on these analyses, the tin-silver-copper

system is quite forgiving in terms of its insensi-

tivity of melting and solidification behavior to

composition over a wide composition range.



FO
R I

N
D
IV

ID
UA

L 
USE

 O
N
LY

CI
RCU

IT
S 

A
SS

EM
BLY

 P
ROHIB

IT
S 

CO
M

M
ER

CI
A
L

D
UPLI

CA
TIO

N
 A

N
D
 D

IS
TRIB

UTIO
N

www.circuitsassembly.com Circuits Assembly APRIL 2004 25

Materials

intermetallic formation in colder sections
of the bath. This tradeoff has led us to
suggest a copper concentration limit in
the alloy of 0.5% to 0.6%.

Reliability Demonstrated
The remaining issue is the effect of

composition on reliability. The NEMI
Phase I reliability testing showed conclu-
sively that the reliability of solder joints
made with the NEMI alloy was equal to or
better than tin-lead eutectic for a wide
range of components. Additional testing
on the NEMI alloy by the High Density
Packaging User Group (HDPUG) showed
the same results.

Motorola has been manufacturing cell
phones with the NEMI alloy since 2001
and has reported no issues with solder
reliability. Similarly, Japanese manufac-
turers have been using the Sn3.0Ag0.5Cu
alloy and have not reported any issues
with solder joint reliability. Based on their
melting and solidification behavior, relia-
bility test results and the commercial

product reliability, the range of acceptable
solder alloy compositions in the Sn-Ag-
Cu system is, therefore, wide.

Conclusion
Although the composition of some of

the alloys being commercialized varies
slightly from the NEMI composition, the
NEMI alloy is representative of the accept-
able range of lead-free solders. Tin-silver-
copper formulations with silver content
between 3.0% and 4.1% and copper
between 0.5% and 1.0% are virtually indis-
tinguishable in terms of melting point and
process features. The NEMI alloy provides
a model system for industry that is well
characterized, and several NEMI members
currently are using the alloy in production.
The focus on a single lead-free alloy has
helped to accelerate industry convergence
on standard solder formulations, manu-
facturing processes and, ultimately, the
timely and cost-effective conversion to
lead-free assembly. ■
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