
Introduction
     The past half-century has seen a
revolution in the miniaturization and
increased functionality of electronics.
Whether such products are portable
electronic devices (PEDs) marketed
within the consumer electronics 
sector, or advanced radar and au-
tonomous flight systems used in high-

reliability military hardware, soldering
technology has enabled these ad-
vances, beginning at the component
level, through subassemblies, and on
to the final system architecture. Ad-
vances in soldering technology have
taken place primarily within the elec-
tronics industry — Fig. 1A. However,
the fundamental knowledge base that
has supported progress there, includ-

ing materials properties, process opti-
mization, and reliability analyses, can
also be applied to structural applica-
tions (Ref. 1) — Fig. 1B.
     The reliability requirements placed
on solder joints are determined by their
specific function(s) and the use condi-
tions. Performance metrics include me-
chanical strength, both monotonic and
cyclic, as well as conductivity in the case
of electrical or electronic products. Sol-
der joints may also be called upon to
provide a hermetic seal between base
materials. This Part 1 report begins by
examining the effect of filler metal
properties, which are often in a syner-
gistic role with the properties of the
base materials and surface finishes, on
the latter. The melting properties of the
filler metal, specifically, the solidus tem-
perature (Ts ) and liquidus temperature
(Tl ) must be well below the maximum
service temperature and minimum
process temperature, respectively. The
bulk mechanical properties of the filler
metal affect reliability performance;
however, the contribution is often over-
whelmed by the configuration of the
solder joint, especially the joint clear-
ance and surfaces for fillet develop-
ment. Filler metal composition affects
its solderability and is instrumental in
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achieving the optimum solder joint
geometry, which also impacts reliability.
     The base material affects solder
joint reliability primarily by its sup-
port of solderability performance. Be-
cause solder alloys are usually weaker
than most base materials, the latter’s
mechanical properties do not impact
reliability except in a few instances.
Base material solderability, which is
often augmented by the use of surface
finishes, controls the final geometry of
the joint — filling the gap and fillet
formation — that determine the sol-
der joint mechanical properties.
     Reliability is also affected by the
soldering process used to form the
joint. As noted above, maximizing 
solderability leads to an optimum joint
geometry. Additional factors, which
are relevant to the soldering process,
include
     a) base material dissolution;
     b) in-situ changes to the molten
solder composition; and
     c) formation of the interface 
reaction layers.
     This Part 1 report examines the roles
of materials properties, primarily those
of the filler metal, and soldering
processes on the long-term reliability of
solder joints, whether the application is
electronic or structural in nature. The
factors that address, explicitly, solder
joint reliability, such as solid-state inter-
face reactions and fatigue performance,
are discussed further in Part 2. 

Material Properties

Solderability Performance

     A discussion of the solderability be-
gins by considering the Ts and Tl of the
filler metal. The values of Ts and Tl are
the same for pure (elemental) metals
and eutectic compositions (whether
binary or of higher order). A solder is
defined as a metal or alloy having a liq-
uidus temperature that is less than 450°C
(842°F) (Ref. 2)1. Several of the more
common solder alloys are shown in
Fig. 2 as a function of Tl. The 52In-
48Sn (wt-%) and 58Bi-42Sn solders
are often referred to as the “fusible” al-
loys. There are also alloys that are
combinations of gallium (Ga), In, Cd,

and other elements with Tl values that
are less than room temperature. The
Sn-based solders form a majority of
filler metals, having Tl values in the
range of 183°C (63Sn-37Pb) to 240°C
(95Sn-5Sb). The high lead (Pb) alloys,
e.g., 95Pb-5Sn (Ts = Tl = 312°C), are
used in step soldering processes so
that those joints do not melt when
subsequent soldering operations are
performed with filler metals having re-
duced melting temperatures, e.g., the
commonly used, 63Sn-37Pb alloy. The
Au-based (eutectic) solders, 80Au-
20Sn (Ts = Tl = 280°C), and 88Au-12Ge
(Ts = Tl = 356°C) are used to provide
hermetic seals for electronic packages,
or to attach the silicon microprocessor
die to a ceramic package. Based upon
the same step-soldering methodology,
the Au-Sn or Au-Ge bond will not re-
flow when the package is soldered to
the printed circuit boards with any of
the high-Sn solders.
     The 1986 amendment to the Clean
Water Act required that Pb-bearing
filler metals be replaced with Pb-free
compositions for potable water sys-
tems and food handling equipment.
Additional rule-making, both onshore
and overseas, has now driven the con-
version from 63Sn-37Pb eutectic sol-
der to Pb-free alloys in consumer elec-
tronics. The supporting research and
development activities have been cost-
ly. More importantly, the transition
has generated an important philo-
sophical change among design and

process engineers that rely upon sol-
dering technology. The old premise
was that all applications should be fit-
ted to one solder, namely the tradi-
tional 63Sn-37Pb alloy. Today, both
the structural and electronics solder-
ing communities recognize the advan-
tages of engineering new filler metals
having properties that are optimized
to the specific application. The conse-
quence has been the development of
alternative solder compositions having
physical and mechanical properties
that are engineered to optimize the
soldering process as well as for the
product to meet its reliability require-
ments with adequate margin. 
     The discussion now turns to solder-
ability. There are three functional condi-
tions that describe the solderability
performance of a molten filler metal
on a base material surface:
     a) Wetting;
     b) Nonwetting; and
     c) Dewetting.
     These three conditions are illustrat-
ed in Fig. 3. The schematic diagrams
reflect the respective photographs be-
low them, which were obtained from a
study that examined the solderability
of 60Sn-40Pb alloy on bare Kovar™
base material (Refs. 3, 4). Wetting
refers to the achievement of a uniform
solder layer over the base material —
Fig. 3A. The edge of the solder film is
characterized as having a contact an-
gle, c, that is less than 90 deg, prefer-
ably in the range of 0–30 deg.
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1. Those alloys having Tl values greater
than 450°C are designated as brazing filler
metals.

Fig. 1 — Solder interconnections are critical to advanced electronic and structural appli
cations: A — Printed wiring assemblies and optoelectronic packages; B — microsam
pling device for atmospheric studies or the joining of large structural members.

A B
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The nonwetting condition is illus-
trated in Fig. 3B. The solder alloy has
“balled up,” leaving large areas of ex-
posed base material. The contact angle
is greater than 90 deg. Theoretically,
the solidified solder will fall off the
base material surface. However, on
some occasions, the solder is frozen
onto the base material surface and ap-
pears to have formed a joint. However,
adhesion strength is very low and the
joint will come apart under minimal
test or service loads.
     The third solderability condition,
which is observed primarily in solder-
ing and not so much in brazing, is
dewetting. This behavior is illustrated
in Fig. 3C; the schematic diagram is
particularly important to illustrate
this phenomenon. Dewetting occurs
when the molten solder initially wets
and spreads over the base material.
Then, during the soldering process,
the molten film retracts into isolated
mounds surrounded by a thin solder
coating or exposed base material. 
     The dewetting behavior takes place
when there is a dynamic change to the
solderability of the overall base mate-
rial/flux/(molten) solder system. Most
often, the change occurs to the base

material. If there
are small areas
that are nonwet-
table by the filler
metal, then as the
molten film thins
out near the com-
pletion of a solder-
ing process, it can
no longer cover
those nonwettable
areas and retracts
away from them,

leaving either a very thin coating or
none at all across them.
     Solderability is measured by the
contact angle, c, at the edge of the
molten solder as shown by the
schematic diagrams in Fig. 4. The hori-
zontal and vertical base material ori-
entations, which form the sessile drop
and fillet configurations, respectively,
are shown as gravity has a role in the
molten solder profile. Contact angle is
determined by the equilibrium balance
of the interfacial tensions, SF, SL, and
LF, which are defined as follows:
• SF, base material (S)/flux (F)

interface
• SL, base material (S)/liquid solder (L)

interface, which actually has the base
material replaced with the reaction
layer, and

• LF, liquid solder (L)/flux (F)
interface.

     That balance of interfacial tensions
at equilibrium is expressed through
Young’s equation:

                SF – SL = LF cosc                (1) 

     Solderability is optimized by minimiz-
ing the value of c. The value of c is re-
duced by maximizing the difference,

SF – SL. That difference is increased by
increasing SF, which is precisely the re-
sult of eliminating the oxide surface
from base material surfaces by using a
flux. The value of SL is controlled by
the details of the reaction layer at the
solder/base material interface. The re-
action layer chemistry is primarily a
function of the solder and base mate-
rial compositions and, secondarily, de-
termined by the soldering time and
temperature. Lastly, the value of c can
also be reduced by minimizing LF. Re-
ducing the surface tension of the liq-
uid solder is a critical, if often unrec-
ognized, role of the flux.
     The value of c is measured by the
meniscometer/wetting balance tech-
nique (Ref. 5). This method is illustrat-
ed in Fig. 5A. The meniscometer meas-
ures the meniscus rise, H, and the wet-
ting balance determines the meniscus
weight, W. The wetting balance pro-
duces the wetting curve shown in Fig.
5B. The meniscus weight is output as a
function of time, which allows for de-
termining the wetting time and wet-
ting rate metrics shown in the plot.
The values of c and LF are calculated
from W and H, by means of Equations
2 and 3, respectively:

c = arcsin{[4W2 – (gPH2)2]/
[4W2 + (gPH2)2]} (2)

LF = (g/2){[4W2/(gPH2)2] + H2} (3)

     The additional parameters in Equa-
tions 2 and 3 are , the solder density;
g, the acceleration due to gravity; and
P, the sample perimeter. The values of
c and LF are shown in Table 1 for
commonly used solder alloys (Refs. 5,
6). The contact angle and solder/flux
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Fig. 2 — The graph shows the common solder alloys as a
function of liquidus temperature (Tl).

Fig. 4 — Schematic diagrams show the two horizontal and verti
cal configurations for solder wetting and spreading activity: A —
Sessile drop; B — fillet rise, respectively. The interfacial tensions,
ij, (ij = SF, SL, and LF) and contact angle, c, are indicated in the
diagrams.

Fig. 3 — Optical photographs and schematic diagrams illustrate
the three functional conditions of solderability: A — Wetting; B
— nonwetting; C — dewetting. The contact angle is c.

A B

A B

C
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interfacial tension are sensitive to
temperature only for those off-eutectic
solders having a large pasty range, or
when the soldering temperature is
outside the operating range of the
flux, either below its activation tem-
perature, or so high as to exceed its de-
composition temperature. Lead (Pb)
and bismuth (Bi) additions tend to re-
duce the surface tension of the molten
solder. However, this trend does not
necessarily prevail for the higher order
solder compositions.

Mechanical Performance

     The mechanical properties of the
solder filler metal are critical factors in
the overall performance and reliability
of the joint. However, it is important
to appreciate the fact that, at room
temperature, solder alloys are per-
forming under temperature conditions
that are equivalent to those experi-
enced by Ni-based superalloys inside
of the combustion chamber of an op-
erating jet engine. This scenario is
owed to the relatively low solidus tem-
perature of these filler metals (Ref. 7).
Therefore, processes such as creep and
dynamic recrystallization readily take
place even at room temperature. 
     Although the (bulk) mechanical
properties of the filler metal have a
significant role in the strength of the
solder joint, they are not always the
only controlling factor. An under-
standing of the mechanical perform-
ance of the solder joint begins by con-

sidering it to be a
system comprised
of the base mate-
rial(s), the filler
metal, and the re-
action layers —
Fig. 6. By and
large, the base
materials are
stronger than the
filler metals, so
solder joints typi-
cally fail in the
filler metal or
along one of the
interfaces. The
combination of
both paths is il-
lustrated by the
SEM photograph
in Fig. 7: “A,” the
bulk solder and
“B,” the
solder/base material interface. When
the solder alloy is very strong, e.g., the
high-Au alloys shown in Fig. 2, and
combined with a ceramic base materi-
al, it is possible to drive a crack in the
latter rather than through the solder
or associated interface reaction layers,
particularly under very high loads
(e.g., mechanical shock).
     Because solder alloys are perform-
ing at high temperatures, correspon-
ding physical metallurgy principles can
be used to optimize mechanical per-
formance. The development of the
91.84Sn-3.33Ag-4.83Bi (Sn-Ag-Bi) al-
loy illustrates the use of precipitation

hardening and solid-solution strength-
ening methodologies (Refs. 8, 9). The
microstructure of the solder is shown
in Fig. 8A. Precipitation hardening was
obtained by the Ag3Sn particles, which
originated from the solidification
event, and a lesser contribution by the
100Bi particles that precipitated in the
Sn-rich matrix. The matrix phase was
a solid solution of 96Sn-4.0Bi. 
     The relative contributions of these
two strengthening mechanisms could
be discerned by comparing the shear
strengths between the Sn-Ag-Bi solder
joints and two other alloys using the
ring-and-plug test method depicted at
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Fig. 5 — A — The schematic illustrates the meniscometer/wetting
balance technique for determining the contact angle, c , of the
molten solder/flux/base material system. The measured parame
ters are the meniscus weight, W, and the meniscus height, H. B —
The output of the wetting balance is the wetting force as a func
tion of time. The wetting time and wetting rate provided compar
ative metrics of the wetting “kinetics.”

Fig. 6 — SEM images show the base materials, filler metal (sol
der), and reaction layers that comprise the “solder joint system.”

A B

Fig. 7 — Crack propagation in a solder joint typically follows a
path in the solder (A) or along the solder/base material interface
(B). Both pathways are illustrated in this single SEM image.
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the top of Fig. 8B. The solder joint,
which was made between the plug and
the ring with a joint clearance thick-
ness of 19 m, was tested in shear by
applying a load (F) to the plug. The
displacement rate was 10 mm/min
and the tests were performed at room
temperature. The shear stress was cal-
culated at the maximum value of F.
The table is located at the bottom of
Fig. 8B, which shows the maximum
stresses for the three Sn-based solders:
63Sn-37Pb (Sn-Pb), 96.5Sn-3.5Ag (Sn-
Ag), and the Sn-Ag-Bi alloy. The Sn-Pb
solder joints had a mean strength of
41 MPa. Its microstructure has compa-
rable volume percentages of Sn- and
Pb-rich phase, both of which readily
support deformation, so that neither
strengthening mechanism is relatively
strong during the deformation. By
comparison, the Sn-Ag alloy has the
Ag3Sn particles that provide a precipi-
tation-hardening effect, which results
in a higher strength of 56 MPa. The
Sn-Ag-Bi solder exhibited the highest
shear stress of 82 MPa. Although the
Sn-Ag-Bi alloys also benefited from
Ag3Sn precipitation hardening, its per-
formance was further enhanced by the
solution-strengthening mechanism. 
     Elemental additions can alter the
mechanical properties of the solder
filler metal, but in entirely different
manners for different, higher-order al-
loy compositions. This point is illus-
trated by considering the effects of Pb

WELDING RESEARCH

FEBRUARY 2017 / WELDING JOURNAL 43-s

A B

Fig. 8 — A — SEM image shows the microstructure of the 91.84Sn3.33Ag4.83Bi. There are two particle phases: Ag3Sn intermetallic com
pound and 100Bi. The matrix is  solid solution of phase 96Sn4.0Bi. B — Schematic diagram shows the ringandplug shear test and corre
sponding force (F) – displacement (x) curve. The maximum load, together with the joint geometry, are used to calculate the failure stress.
Failure stresses are shown for the SnPb, SnAg, and SnAgBi solders in the table.

Fig. 9 — A — Ringandplug shear stress is plotted as a function of Pb additions for the
two solders, SnAgCuSb and SnAgBi. The tests were performed at room temperature
(10 mm/min displacement rate). B — The optical micrographs illustrate the failure
modes for the SnAgCuSb filler metal at zero and 3 wt% Pb additions.

A B

Table 1 — Solderability Parameters  LF and c as a function of Solder Temperature and
Composition as Determined on Copper Sheet Samples

      Solder (wt%)                         Temp. (C)                        LF (dyne/cm)                                      c (deg)

95.5Sn3.9Ag0.6Cu                          260                                 497  16                                          40  1.0
                                                             245                                 444  17                                           39  1.0
                                                                                                                 230                                                              485  27                                           42  1.4

      96.5Sn3.5Ag                               260                                 460  30                        36  3

        60Sn40Pb                                  260                                 380  10                        17  4

         58Bi42Sn                                                                215                                                              310  50                        37  7

Substrate: OFHC Cu; Flux: RMA, 1:1 IPOH.
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additions (0–3.75 wt-%) made to two
alloys: 96.2Sn-2.5Ag-0.8Cu-0.5Sb (wt-
%, Sn-Ag-Cu-Sb) and 91.84Sn-3.33Ag-
4.83Bi (Sn-Ag-Bi). Shown in Fig. 9A is
a plot of ring-and-plug shear stress as
a function of Pb addition. The tests
were performed at room temperature2.
A greater solution-strengthening ef-
fect of 4.0Bi in the Sn-Ag-Bi alloy is re-
flected by its generally higher failure
stress than is obtained by the Sn-Ag-
Cu-Sb alloy with its 0.7Sb content. The
Sn-Ag-Cu-Sb filler metal experienced a

small, but significant, increase of
shear stress with Pb additions. The op-
tical micrographs in Fig. 9B represent
the failure modes of the Sn-Ag-Cu-Sb
solder joints at the two extremes of Pb
content. In the absence of a Pb addi-
tion, the crack path is a mixture of
bulk solder and interface failure. How-
ever, when 3 wt-% Pb was added to the
alloy, the strength increase was accom-
panied by a transition to entirely an
interface failure mode.
     A microstructure/mechanical prop-
erties correlation was sought to ex-
plain the trends observed in Fig. 9.
The SEM images are shown in Fig.
10A, B, and correspond to the 0 and 3
wt-% Pb additions, respectively, made
to the Sn-Ag-Cu-Sb alloy. A “lacey”

network of Ag3Sn particles formed in
the absence of the Pb as shown in Fig.
10A. The addition of 3 wt-% Pb broke
up that lacey network as shown in Fig.
10B. The greater dispersion of Ag3Sn
particles allows them to more effi-
ciently interfere with dislocation
movement in the material, hence the
increase in joint strength. The phases
and strengthening roles are identified
in Fig. 10B. The precipitation harden-
ing came about primarily from the
Ag3Sn particles. Lesser contributions
came from Cu6Sn5 particles (that are
too few in number) and 100-Pb parti-
cles (which deform under an applied
stress). A nominal solid-solution
strengthening was provided by the 0.7
wt-% Sb in the Sn-rich matrix.
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Fig. 10 — Optical photographs represent the microstructure of the SnAgCuSb alloy as a function of Pb additions: A — 0 wt%; B — 3 wt
%. The various phases have been identified along with their strengthening mode.

Fig. 11 — Optical micrographs showing the following: A — A posttest, SnAgBi ringandplug specimen having a 3 wt% Pb addition; B —
the largescale microstructure of the same alloy.

A

A

B

B

2. Note that the 0Pb content values are
higher than those in Fig. 8B. This difference
was due to the reduced solder joint gap of
12 vs. 19 microns in the case of Fig. 8B.
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     Referring back to Fig. 9A, Pb addi-
tions caused a small strength loss for
the Sn-Ag-Bi alloy. The same failure
mode, which is crack propagation along
the solder/base material (plug) interface
(Fig. 11A), was observed at all Pb con-
tents because the joint strengths were
consistently greater than approximately
80 MPa. The microstructure of the Sn-
Ag-Bi plus 3 wt-% Pb alloy (Fig. 11B) ap-
pears nearly identical at this magnifica-
tion to those observed with lesser Pb
additions.
     However, at a much smaller size
scale, there were significant changes to
the elemental distributions in the Sn-
Ag-Bi microstructure. An optical mi-
crograph is provided in Fig. 12 that il-
lustrates the effects of 3 wt-% Pb addi-
tion. Most notably, the Pb has drawn
Bi from the solid-solution, Sn-rich ma-
trix and created Pb-Bi-Sn particles.
The electron probe microanalysis
(EPMA) detected a drop from 4.0 to
3.5 wt-% Bi in the Sn-rich matrix. The
EPMA technique identified the two
Pb-Bi-Sn compositions as 64Pb-33Bi-
3Sn and 63Sn-24Pb-13Bi. The forma-
tion of these two particle types and
any associated precipitation hardening
did not compensate for the loss of so-
lution strengthening caused by the re-
moval of Bi from the Sn-rich matrix.
The net consequence was the decrease
of solder joint strength observed in
Fig. 9A.
     The mechanical and physical metal-
lurgy data indicated the loss of
strength experienced by the Sn-Ag-Bi
solder joint with increasing Pb content
was caused primarily by a loss of the
solid-solution mechanism. This con-
clusion was validated by testing ring-

and-plug solder joints made
from these two alloys: Sn-
Ag-3Bi and Sn-Ag-2Bi.
These alloys recreated the
reduced Bi, solid-solution
phases, but without the
64Pb-33Bi-3Sn and 63Sn-
24Pb-13Bi precipitates. The
resulting shear strengths of
the ring-and-plug tests were
102 and 94 MPa for the Sn-
Ag-3Bi and Sn-Ag-2Bi filler
metals, respectively. These
results validated the magni-
tude and trend of the pro-
posed decrease in shear
strength being attributed to
a loss of the solid-solution
strengthening mechanism
and confirmed the limited
role the two Pb-Sn-Bi parti-
cle phases had on strength-
ening the alloy strength.
     The strength of a solder
joint, whether in shear, ten-
sion, compression, or a
combination of these deformation
modes (multi-axial case) does not al-
ways correlate directly with the bulk
strength of the solder. This discrepan-
cy stems from the additional role of
the joint clearance on deformation. As
the joint clearance becomes thinner
for a given faying surface area, the
plastic deformation in the solder be-
comes increasingly more constrained
— in effect, the solder appears to be
stronger than would be predicted from
its (unconstrained) bulk properties.
This trend is referred to as the plain
strain effect. As the solder joint clear-
ance becomes thicker, the deformation
transitions from plain strain back to

plane stress and the joint strength ap-
proaches that calculated, based on the
bulk solder properties. 
     The magnitude of the plain strain ef-
fect is illustrated with the pin pull (ten-
sile) test. The test specimen is shown at
the top of Fig. 13A. Nine pins are sol-
dered to thin film pads that were de-
posited on a low-temperature, co-fired
ceramic (LTCC) base material. The
joints were made using the 63Sn-37Pb
solder (Ref. 10). An SEM image is pro-
vided at the bottom of Fig. 13A that
shows the solder joint. The joint clear-
ance is 0.012 mm (0.0005 in.) thick
over an area of 1.3 mm2 (0.002 in.2),
clearly a plain strain condition. The pins
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Fig. 12 — Optical micrograph shows the microstructure of the SnAgBi
solder that contained 3 wt% Pb addition. The respective phase composi
tions are also shown in the image, which were determined by electron
probe microanalysis (EPMA).

Fig. 13 — A — Photograph shows the pin pull test spec
imen (nine solder joints). The SEM image was taken of
the cross sections of a pin’s SnPb solder joint; the joint
clearance was 12 m (0.0005 in.). B — Plot of pin pull
strength as a function of soldering process tempera
ture (abscissa) and soldering time (different symbols).
The latter data were in a band of 70–140 MPa
(10.2–20.4 ksi). The bulk tensile strength of SnPb sol
der is 30 MPa (4.4 ksi).

A

A

B
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were pull tested at 10 mm/min (0.4
in./min). The graph in Fig. 13B shows
the pull strength (lb) as a function of
processing temperature and time. The
pull strengths are in the range of 70 to
140 MPa (10.2–20.4 ksi), which are con-
siderably higher than the bulk tensile
strength of Sn-Pb solder, which is 30
MPa (4.4 ksi) (Ref. 11). 

Processing
     The SEM images in Fig. 3 exempli-
fied the three functional categories of
solderability behavior. The discussion
now considers in greater detail the
fundamental aspects of wetting-and-
spreading behavior that define a filler
metal’s solderability performance and
the scenarios whereby the latter 
affects solder joint reliability.
     Solderability refers to the capacity
for the molten filler metal to wet and
spread on the faying surface(s). The
wetting process is the formation of a
metallurgical bond between the solder
and base material that joins the two to-
gether after solidification. Spreading de-
scribes the spontaneous flow of molten
solder that is required to fill the joint
clearance as well as form a fillet on the
exterior surfaces. 
     Beside the effect of solder joint
geometry, three phenomena take place
during wetting-and-spreading activity
that impact solder joint reliability:

• Base material dissolution,
• Changing the solder alloy 
composition, and
• Formation of the interface reaction
layer.
     The schematic in Fig. 14A illus-
trates these three phenomena. Base
material dissolution reduces the thick-
ness of the base material. The magni-
tude of dissolution determines the sec-
ond phenomenon, which is a change to
the solder alloy composition caused by
the incorporation of base material into
the molten filler metal. Altering the

molten solder composition can lead to
processing-related defects. In addition,
base material dissolution and associat-
ed chemistry changes can degrade the
mechanical properties of the solidified
solder and, thus, those of the joint.
Lastly, the soldering process affects
the reaction layer that forms at the
solder/base material interface. Al-
though each of these three factors is
discussed separately, the solder joint is
a system (Fig. 6), and synergistic ef-
fects between the three factors will
further affect the long-term reliability
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Fig. 14 — Schematics show the effects of the wettingandspreading activity by a molten
solder within the course of a soldering process: A — Molten filler metal wetting directly
to the base material; B — the sequence of steps when the molten solder wets and
spreads over a surface finish — in this case, Au protective layer and Ni solderable layer.
Typical layer thicknesses are shown here.

Fig. 15 — A — SEM image shows the extent of dissolution of Ag base material caused by exposure to molten 95.5Sn3.9Ag0.6Cu (SnAgCu)
solder at a temperature of 290°C. The exposure time was 60 s. B — Plot shows dissolution (Dx) of Ag as a function of exposure time for the two
solder alloys: SnAgCu (closed symbols) and 99.7Sn0.3Cu (SnCu, open symbols). The molten filler metal temperatures were 240°, 260°, 290°,
320°, and 350°C. 

A

A
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of the solder joint.
     Surface finishes are frequently used
to enhance the soldering process, par-
ticularly when the joint includes diffi-
cult-to-solder base materials such as
aluminum, refractory metals, glasses,
and ceramics (Ref. 12). Referring to
Fig. 14B, the most common surface
finish methodology begins with the Ni
solderable layer, which is deposited di-
rectly on the base material. The metal-
lurgical bond (wetting) of the solder is
made to the solderable layer. Clearly,
the solderable layer must also have
good adhesion to the base material.
On top of the solderable layer is the
protective layer, which as the term im-
plies, protects the solderability of the
solderable layer’s surface. Gold is the
typical protective layer because it lacks
significant oxidation activity. Custom-
ary Ni and Au thicknesses are shown
in Fig. 14B for electroplated and elec-
troless (conversion) finishes. 
     The schematic diagram in Fig. 14B
also depicts the aftermath of the sol-
derable and protective layers during
the soldering process. The molten sol-
der initially wets the protective layer

— so it cannot be heavily contaminat-
ed or oxidized — which is then com-
pletely dissolved into the molten filler
metal. The solder wets to the exposed
solderable layer, creating the impor-
tant metallurgical bond. The conse-
quence of this sequence is that the
molten solder has the protective layer
dissolved into it and, to a lesser de-
gree, a portion of the solderable layer.
The effects of these steps are correlat-
ed to the second bullet. Dissolution of
the protective layer changes the
molten solder composition, which po-
tentially affects solder joint reliability.

Base Material Dissolution

     The development of a soldering
process must address the dissolution
of base material by the molten solder.
The dissolution of pure Ag base mate-
rial by 95.5Sn-3.9Ag-0.6Cu solder is
shown through the SEM image in Fig.
15A (Ref. 13). The solder temperature
was 290°C and the time duration was
60 s. Approximately 5–6 m of Ag was
lost to the molten solder. Base materi-
al dissolution is an explicit function of

the molten solder composition and
temperature as well as the base mate-
rial composition and exposure time
between them. Quantitative dissolu-
tion data are shown in Fig. 15B. The
extent of Ag dissolution, Dx, is plotted
as a function of solder temperature
and exposure time for two filler metal
compositions: 95.5Sn-3.9Ag-0.6Cu
(Sn-Ag-Cu) and 99.3Sn-0.7Cu (Sn-Cu).
The respective liquidus temperatures
were 217° and 227°C. The presence of
Ag in the Sn-Ag-Cu solder caused a re-
duction of Ag base material dissolu-
tion. The effect was strongest at the
lower soldering temperatures, e.g.,
240° and 260°C; it became less signifi-
cant at the higher temperatures. The
Ag component of the ternary allow re-
duced the driving force for Ag base
material to be dissolved into the
molten filler metal, despite a greater
temperature difference between the
solder temperature and liquidus point
that would be expected to enhance the
dissolution process.
     Numerous innovations have been
made in electronics manufacturing
that have significantly increased both
production rates and product quality.
As is often the case, new techniques
bring about unexpected challenges.
The application of wave soldering
highlighted the need to recognize the
role of fluid flow mechanics in the
process (Ref. 14). Solder skips — areas
where the solder did not wet the base
material — were observed on the Cu
pads of a printed circuit board product
that had undergone a wave soldering
process. Experiments confirmed the
fault did not rest with the solderability
of the pad surfaces. Therefore, a study
was initiated to examine the contact
between a molten 63Sn-37Pb (271°C)
solder wave and a grid of Cu pads on a
printed circuit board test sample —
Fig. 16A. The metric of such contact
was the extent of Cu pad dissolution.
The impingement point (cross circle)
and fountain footprint are superim-
posed on the photograph. The
schematic in Fig. 16B illustrates the
general, molten solder flow profile.
     The profiles of the Cu pads are
shown in Fig. 17 following 20-, 60-,
and 90-s exposures to the molten sol-
der. The spaces between the pads were
eliminated for clarity. The dashed lines
and accompanying numbers are the
starting thickness of the Cu pads in
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Fig. 16 — A — Printed circuit board test vehicle used to examine the fluid flow effects of
an impinging solder fountain on molten solder contact with the Cu pads. The solder
fountain nozzle footprint is outlined in yellow. The center point of impingement is 
indicated by the white outlined, magenta circle/cross. B — Schematic shows the flow
pattern of the molten solder as it impinges on the test vehicle.
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that row. The absolute error was ±1
micron. The increased extent of ero-
sion to either side of the impingement
point (magenta arrows) was due to the
accelerated flow of molten solder in
the lateral (x) direction — Fig. 16B.

The dissolution behavior showed
two size scales. The larger size scale of
10 mm reflects dissolution behavior
between pads within the solder foun-
tain footprint. The dissolution data
were separated into that belonging to
the outer pads, which experienced a
greater dissolution due to increased
lateral flow, and the inner pads near to
the impingement point where the ver-
tical (y) flow was at the greatest veloci-
ty. The corresponding plots are shown
in Fig. 18A. The impinging solder

caused less dissolution, which implies
a greater likelihood that solder skips
would occur within this region of pre-
dominantly vertical flow vs. the outer
pads that experienced a greater 
component of lateral flow.
     Variations of Cu thickness were ob-
served across the surface of each pad
that were greater than the absolute er-
ror. Their smaller-size scale ( 0.5 mm)
is illustrated by the optical micrograph
in Fig. 18B. The image shows pad #8 of
row 2 on the test vehicle exposed for 60
s. A comparison between the three col-
ored arrow sets demonstrates the small-
scale variations of Cu thickness caused
by the dissolution process. Moreover,
the image illustrates the capacity for the
solder flow to create a “skip” defect on

the pad, even in the presence of a signif-
icant lateral flow component. 

Changes to the Solder Alloy 
Composition

The second phenomenon associated
with soldering processes that affects
reliability are changes to the solder
composition during wetting-and-
spread activity. The solder composi-
tion is modified by the dissolution of
base material or by dissolution of a
protective finish. The immediate con-
sequence, which occurs during the sol-
dering process, is constitutional solidifi-
cation. This term refers to the prema-
ture solidification of the filler metal
due to the incorporation of elemental
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Fig. 18 — A — Plot shows the extent of Cu dissolution as a function of exposure time that represents the largescale effect ( 10 mm).
Data were separated into “outer pads” and “inner pads.” B — Optical micrograph illustrates the extent of smallscale variations ( 0.5
mm): yellow vs. cyan arrows as well as the nonwetted pad surface.

A B

Fig. 17 — Graphs show Cu (pad) dissolution as a function of width position over the solder fountain. The filler metal was the 63Sn37Pb
alloy (271°C). The exposure times were as follows: A — 20 s; B — 60 s; C — 90 s. The magenta arrows indicate the center point of the 
impingement footprint. The dashed lines and accompanying numbers are the starting thickness of the Cu pads in that row. 

A B C
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species that raise its liquidus tempera-
ture (Tl) to a value that is greater than
the process temperature. Complete so-
lidification occurs if the solidus tem-
perature (Ts) is also made to exceed
the process temperature. 
     The SEM photographs in Fig. 19 il-
lustrate this phenomenon. Figure 19A
shows the flow of the 63Sn-37Pb sol-
der in the direction of the blue arrows.
As the molten solder moves through
the gap, it dissolves the Au protective
finish that was present on both faying
surfaces. As the volume of molten sol-
der decreased, its local Au concentra-
tion increased until the solder solidi-
fied, prematurely. The resulting solder

joint microstruc-
ture, which is
shown in Fig. 19B,
was comprised of
largely Au-Sn in-
termetallic com-
pound (IMC) as
the interface reac-
tion layer and as
particles within
the remaining 
Sn- and Pb-rich
phases.

Even when sol-
derability goes un-
affected by base
material dissolu-
tion, the latter can
also impact the
mechanical prop-
erties of the solidi-
fied solder joint.

Additional phases can form in the sol-
der. This effect is illustrated in Fig. 20
(Ref. 15). The molten 95.5Sn-3.9Ag-
0.6Cu (Sn-Ag-Cu) solder (350°C) was
in contact with the pure Pd base mate-
rial for 5 s. The Pd, which dissolved
into the solder, then formed Pd-Sn
needles upon solidification. These nee-
dles support a precipitation hardening
mechanism that can potentially in-
crease the yield and tensile strengths
of a joint. Depending upon the loading
conditions of the application, such
large particles can also serve as crack
initiation sites that reduce solder joint
reliability. 

Formation of the Interface Reaction
Layer

     The third processing phenomenon
that affects solder joint reliability is the
reaction layer that forms at the
solder/base material interface. These
layers are generally intermetallic com-
pounds (IMCs) having covalently bond-
ed structures, causing them to be rela-
tively brittle when compared to the sol-
der and most metallic base materials.
Interfaces are considered nonequilibri-
um structures so that the reaction layer
is sensitive to solder composition as
well as the solder temperature and time
exposure, but not always in a pre-
dictable manner. These points are illus-
trated in Fig. 21. Figure 21A shows the
reaction layer that developed between
molten 95.5Sn-3.9Ag-0.6Cu (Sn-Ag-Cu)
solder and pure Pd base material (Ref.
15). The Sn-Ag-Cu temperature was
350°C (Tl = 217°C) and the Pd base ma-
terial was exposed to the solder for 5 s.
The reaction layer remained less than 5
m, which poses a relatively low risk of
degrading the solder joint’s mechanical
performance, even under shock loads.
On the other hand, a considerably thick-
er Pd-Sn reaction layer developed be-
tween the 63Sn-37Pb solder and the
same Pd base material as shown in Fig.
21B despite a reduced solder tempera-
ture of 290°C for the same duration of 5
s (Ref. 16). By exceeding the 5 m thick-
ness, this interface microstructure can
potentially degrade solder joint reliabili-
ty, again depending upon the loading
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Fig. 19 — A — SEM image shows a solder joint that experienced constitutional solidification due to the dissolution of the Au protective fin
ish present on both faying surfaces. The blue arrows indicate the flow of the solder through the gap. The local volume of molten solder de
creased in the order: large, medium, and small. B — High magnification photograph shows the solder front that “froze” prior to
completely filling the joint clearance.

A B

Fig. 20 — SEM image shows the microstructure of the 95.5Sn
3.9Ag0.6Cu (SnAgCu) solder on a pure Pd base material. The
soldering conditions were 350°C and 5 s. 
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condition. Also, Pd-Sn needles were not
observed in the Sn-Pb solder above the
interface, unlike the Sn-Ag-Cu
solder/Pd case.
     The electron probe microanalysis
(EPMA) technique provides quantita-
tive reaction layer compositions. In the
case of the Sn-Ag-Cu solder (e.g., Fig.
21A), the reaction layer exhibited a
(Pd, Cu)Sn4 stoichiometry with 0–2
at.-% Cu. The composition was largely
unchanged as a function of soldering
process parameters. The Sn-Pb solder
reaction layer (Fig. 21B) was predomi-
nantly the PdSn4 phase, but having a
small amount PdSn3 phase. In Fig.
21B, elemental Pb, which was rejected
by the reaction between Pd and Sn, lo-
cated itself as “pockets” within the
IMC layer as well as between the IMC
layer and the Sn-Pb solder.
     These “liquid-state aging” experi-
ments provided critical data for deter-
mining the rate kinetics of reaction
layer development at the solder/Pd in-
terface. The data sets are shown in Fig.
22 for the Sn-Ag-Cu/Pd and Sn-Pb/Pd
couples (Refs. 15, 16). The Sn-Ag-
Cu/Pd data (Fig. 22A) is representative
of most high-Sn alloys whereby the
IMC layer experiences a fast, initial
growth rate that quickly levels off to a
steady-state thickness that increases
with solder temperature. The fact that
the IMC reaction layer remained less
than 5 m under all conditions implies
that Sn-Ag-Cu solder joints made to
Pd will not pose a reliability concern

over a process window represented by
these test parameters. 
     An altogether different response
was observed for the Sn-Pb/Pd system
— Fig. 22B. First, the ordinate scale is
nearly two orders of magnitude
greater than that of the Sn-Ag-Cu/Pd
plot in Fig. 22A, indicating a substan-
tially faster growth rate at the Sn-
Pb/Pd interface. Second, IMC layer de-
velopment did not show a consistent,
asymptotic effect as a function of sol-
dering time. Third, the reaction layer
thickness exhibited an unusual behav-
ior at 320°C (red oval) when it became
negligible for all time durations. Con-
currently, the nearly absent interface
reaction layer was accompanied by Pd-
Sn needles in the solder. This latter be-
havior poses an important reminder
that the nonequilibrium nature of in-
terfaces can give rise to unexpected
phenomenon. 
     The point was made earlier that sol-
derability must also consider sponta-
neous spreading by the molten filler
metal. A single printed wiring assem-
bly may have upward of 10,000 solder
joints, all of which must be formed
satisfactorily within a single, 45–90 s
soldering time, to be assured of a reli-
able product. Under these manufactur-
ing constraints, spontaneous spread-
ing is a critical property of the
solder/flux/base material system. 

Lastly, the soldering process re-
quires two contributing activities
within the wetting-and-spreading be-

havior of molten filler metal. This
point is illustrated in Fig. 23, begin-
ning with the placement of filler metal
in Fig. 23A (and the faying surfaces
coated with a suitable flux). The
spreading process is shown in Fig. 23B.
First, the molten solder must fill the
joint clearance, which includes an as-
sistance by capillary action. Secondly,
fillet formation requires that the
molten solder readily spread upward
over the base material surface. These
two activities are enhanced by follow-
ing a few simple design rules for the
base material structure(s) (Ref. 17).
For example, adding chamfers at sharp
corners (yellow arrow, Fig. 23) facili-
tates the flow of molten solder into
the gap. 

Summary
     Soldering technology has made
tremendous strides in the past half cen-
tury. It has supported the further
miniaturization and increased function-
ality of high-technology consumer elec-
tronics as well as opened many avenues
for the use of soldering in advanced
structural applications. Whether struc-
tural or electronic, all solder joints must
provide a necessary level of reliability
for the application.
     Solder joint reliability begins with
the selection of a proper solder filler
metal. Its solidus temperature must
provide a sufficient margin above the
maximum service temperature to pre-
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Fig. 21 — A — Reaction (IMC) layer is shown that formed between
the 95.5Sn3.9Ag0.6Cu (SnAgCu) solder and Pd base material.
The processing conditions were 350°C and 5 s. The inset image
identifies the location of the higher magnification picture. B — SEM
photograph shows the reaction layer that formed between 63Sn
37Pb (SnPb) solder (290°C) and Pd after an exposure of 5 s.
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vent softening or even melting that
would compromise the joint. The liq-
uidus temperature must be sufficiently
low to support wetting-and-spreading
activity during the soldering process
without thermal damage to the base
material(s). The solder composition is
also selected to have the optimum me-
chanical properties for the application.

The soldering process affects joint re-
liability. The flux and heating profile
support wetting and spreading by the
molten filler metal so that the latter fills
the joint clearance and completes for-
mation of the fillet. Base material and
surface finish dissolution can alter sol-
der composition, which together with
the interface reactions, will directly
impact the long-term mechanical per-
formance of the solder joint.
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Fig. 23 — Schematics show the joint clearance filling and fillet formation activities by
molten solder during wetting and spreading. A — Starting condition has a solder preform
at the opening to the joint clearance. B — Final joint configuration includes formation of a
fillet and the filling of the joint clearance. The yellow arrows indicate the location to place
a chamfer to facility solder flow into the joint clearance.
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Fig. 22 — Plots show the rate kinetics of reaction (IMC) layer growth as a function of exposure time and solder temperature for these two
solders on pure Pd: A — 95.5Sn3.9Ag0.6Cu (SnAgCu) alloy; B — 63Sn37Pb (SnPb) alloy. 
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