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The microstructure and microhardness of Sn-xAg and Sn-xCu solders were
investigated as functions of alloy composition and cooling rate. The Ag com-
positions examined varied from 0.5 wt.% to 3.5 wt.%, while Cu varied from
0.5 wt.% to 2.0 wt.%. Three cooling rates were employed during solidification:
0.02�C/s (furnace cooling), about 10�C/s (air cooling), and 100�C/s or higher
(rapid solidification). Sn grain size and orientation were observed by cross-
polarization light microscopy and electron-backscattering diffraction (EBSD)
techniques. The microhardness was measured to correlate the mechanical
properties with alloy compositions and cooling rates. From this study, it was
found that both alloy composition and cooling rate can significantly affect the
Sn grain size and hardness in Sn-rich solders. The critical factors that affect
the microstructure–property relationships of Sn-rich solders are discussed,
including grain size, crystal orientation, dendrite cells, twin boundaries, and
intermetallic compounds (IMC).
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INTRODUCTION

Sn-based, near-eutectic binary or ternary solder
alloys are promising Pb-free candidates to replace
Pb-containing solders in microelectronic packaging
applications. The leading candidates include
Sn-0.7Cu, Sn-3.5Ag, and Sn-3.8Ag-0.7Cu (all in
wt.% unless specified otherwise). From the exten-
sive research on Pb-free solders, the near-eutectic
ternary Sn-Ag-Cu (SAC) solder alloys are recog-
nized as the most promising candidate for surface-
mounting (SMT) card assembly such as ball grid
array (BGA) solder joints.1–4 However, the near-
eutectic Sn-Ag-Cu solder composition has not been
accepted for C4 flip-chip interconnect application
due to its high modulus and high yield strength.

Another challenge with the near-eutectic Sn-Ag-Cu
composition is the difficulty of producing solder
bumps at fine pitch by a conventional wafer bumping
method such as electroplating, although it is possible
by the new emerging technologies such as C4NP5 or
ball placement.6 For coarse-pitch applications, the
solder paste screening technique is popularly used
for bumping both wafer and substrate.

To mitigate the concerns of the near-eutectic ter-
nary Sn-Ag-Cu solders, Sn-Ag or Sn-Cu binary
systems, especially with a low Ag and/or Cu content,
have been investigated to produce low modulus and
more ductile solder joints.7,8 However, reducing the
alloying content in the binary and ternary Sn-based
solders would significantly affect their microstruc-
ture and properties.

Since most Sn-rich solders contain more than
95 wt.% Sn, various physical, chemical, and(Received April 11, 2008; accepted August 14, 2008;

published online September 10, 2008)

Journal of ELECTRONIC MATERIALS, Vol. 38, No. 2, 2009 Special Issue Paper

DOI: 10.1007/s11664-008-0545-x
� 2008 TMS

257



mechanical properties of Sn-rich solders are pre-
dominantly affected by the properties of pure Sn.
Different from Pb, which has an isotropic crystal of
the face-centered cubic structure, Sn has a highly
anisotropic crystal structure of body-centered
tetragonal (bct). In the reported research, the same
anisotropic properties as pure Sn were observed in
the near-eutectic Sn-Ag-Cu solder, which affect the
mechanical property of solder joints.9,10

Lehman et al.11 reported that a few large Sn
grains in BGA-size solder joints were observed in
pure Sn, while the cyclic twinning structure was
observed in near-eutectic ternary Sn-Ag-Cu and fine
twinning structures were observed in near-eutectic
binary Sn-Ag solders. However, it is not well
understood how the alloying elements Ag and Cu
affect the Sn grain structure and its associated
mechanical properties.

In this study, the microstructure of low-Ag- or low-
Cu-content solders is systematically investigated in
terms of alloy composition and cooling rate. In
addition, the effects of other minor alloying elements
such as Ni or Zn are also investigated. To correlate
the microstructure and grain orientation with the
mechanical properties of Sn-rich solders, the mi-
crohardness of the corresponding solders is also
evaluated in terms of alloy content and cooling rate.

EXPERIMENTAL

Sn-xAg (x: 0 wt.%, 0.5 wt.%, 1.0 wt.%, and
1.8 wt.%; 380 lm diameter), Sn-3.5Ag (720 lm),
Sn-xCu (x: 0.5 wt.%, 1.0 wt.%, 1.5 wt.%, and
2.0 wt.%; 380 lm), Sn-1.8Ag-0.15Ni (380 lm), and
Sn-3.8Ag-0.7Cu-0.7Zn (850 lm) solder balls, com-
mercially produced, were used in this study. The
Sn-0.5Ag-1.0Cu solder ball (480 lm) was produced
in our laboratory. As-received solder balls were
rapidly quenched at a rate of ‡100�C/s during their
production by the supplier. The as-received solder
balls were first reflowed at 250�C for 10 min in a
vacuum oven and then cooled either in air (�10�C/s)
or in furnace (�0.02�C/s). Because the melting
temperature of the solder alloys is about 230�C, all
solders were melted at 250�C.

The solder balls were cross-sectioned, fine-
polished, and examined with an optical microscope
under both bright-field and cross-polarized imaging
conditions. Cross-polarized images revealed Sn
grain structures, while bright-field images exhibited
the b-Sn dendrites, intermetallic compound (IMC)
particles, and their network structure. Different
polishing techniques were employed for different
imaging conditions. A well-polished, flat surface is
required for cross-polarization images and EBSD
study, while a slightly etched surface is used for
bright-field images to detect the IMC phases. The
optical cross-polarization imaging technique has
been demonstrated to be a useful tool to evaluate
the Sn grain size and to correlate with the results
from EBSD work on grain orientation.12 For the

analysis of fine microstructures, the back-scattered
(BS) electron mode of scanning electron microscopy
(SEM) was used. Compositional analyses of the
phases were also conducted with energy-dispersive
x-ray spectroscopy (EDS) in an SEM.

For the thermodynamic calculations (binary
phase diagrams and solubility calculations), the
Thermo-Calc software developed at the Royal
Institute of Technology, Stockholm, Sweden was
used.13 The reported binary parameters of Sn-Ag,
Sn-Cu, and Sn-Ni were used in this study14–16; and
the microhardness tests were performed using a 5 g
force and a 5 s dwell time on the cross-sectioned
surface of the solder balls. The Vickers hardness
number (VHN) was reported as an average value by
measuring 15 indentations or more.

RESULTS AND DISCUSSION

Microstructure of Sn-Ag solders

Figure 1 shows a collection of cross-polarized
images of Sn-Ag solders as a function of Ag compo-
sition and cooling rate. Pure Sn exhibits one to three
large grains in 380-lm-diameter balls, independent
of cooling rate. However, when Ag is added, a fine-
grained microstructure is observed. The grain
structure becomes very fine, especially with fast
cooling. In the rapidly quenched, as-received
Sn-0.5Ag solder balls, about 50% of the balls have
one to three large grains like pure Sn, and the
remaining 50% have the fine structure as shown in
Fig. 2. As the Ag content increases, the microstruc-
ture becomes finer and the ratio of the samples
having the fine structure increases. For the quen-
ched Sn-1.8Ag, over 90% have the fine structure.
The similar fine structure of Sn-Ag was already
reported by Lehman et al.11 and Telang et al.17 for an
Ag content of 1.65 wt.% to 3.0 wt.% (near eutectic).

In slow cooling (air and furnace cooling), rela-
tively large grains are observed in Sn-Ag solders,
although some fine structure is still observed.
Almost all samples have large grains. However,
compared with pure Sn, the grain size is somewhat
smaller in the case of low-Ag solders.

Figure 2 shows cross-polarized images of high-Ag,
eutectic Sn-3.5Ag balls (720 lm) solidified at three
different cooling rates. These microstructures show
a mixture of large and fine grains regardless of the
cooling rate. Comparing Figs. 1 (low Ag) and 2
(near-eutectic Ag), it is evident that the micro-
structure of low-Ag solders is sensitive to the cooling
rate and Ag composition, but that of the high-Ag
eutectic solder is not. The variations in microstruc-
ture appear to be independent of ball size.

The EBSD technique was employed to identify the
crystal orientation of the fine structure of the Sn-Ag
solder. Figure 3 shows an EBSD image taken from
an area of 70 lm 9 140 lm from the cross-sectioned
surface of a rapidly quenched Sn-0.5Ag sample.
Comparing the images in Fig. 3a (optical) and 3b
(EBSD) it is noted that b-Sn cell boundaries do not
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always match the grain boundaries. Several Sn
dendrite cells can have the same crystal orientation
to form one grain structure, showing as one color
contrast in both the cross-polarized and EBSD
images. From Fig. 3b, it is surprising to find that all
grains have only three colors. From Fig. 3c, the
crystal orientations are concentrated to three dif-
ferent points on the pole figure and inverse pole
figure from the whole scanned area. In other words,
there are only three crystal orientations in the fine-
grain-appearing scanned area. The misorientation
between two similar colors is smaller than 10 deg,
and the misorientation between two different colors
is about 60 deg. Therefore, as shown in Fig. 3d, the
misorientation data are concentrated on low angles
below 10 deg and near 60 deg. This is in good
agreement with the report by Telang et al.,17 for
Sn-1.63Ag cooled at �0.3�C/s.

The EBSD image of the fine-grained Sn-Ag sol-
der reveals the cyclic twin structure with each
grain rotated around the [100] axis of the Sn
crystal by about 60 deg, and with the [100] axes of
all the Sn crystals aligned in just one direction.
The cyclic twinning of Sn-Ag-Cu solder was
reported to consist of six twin regions turning on
the [100] axis about 60 deg in one whole BGA
solder ball. The faced regions of the same crystal
direction were called a ‘‘beach-ball structure.’’9,11

However, the cyclic twinning structure of Sn-Ag
solders observed in this study is very fine (below
20 lm in average size) and repetitive across the
entire area of a solder ball.

As shown in the Sn-rich side of the Sn-Ag binary
phase diagram (Fig. 4) the eutectic composition of
Sn-Ag is about 3.7 wt.% Ag, and three Ag contents
examined in this study are depicted as the vertical

Fig. 1. Cross-polarized images of Sn-Ag solder balls (380 lm diameter) as a function of cooling rate and Ag composition (0 wt.%, 0.5 wt.%,
1.0 wt.%, and 1.8 wt.%).

Fig. 2. Cross-polarized images of Sn-3.5Ag solder balls (720 lm diameter): (a) quenched, (b) air cooled, and (c) furnace cooled.
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lines: 0.5Ag, 1.0Ag, and 1.8Ag. During cooling
after the reflow at 250�C, the b-Sn phase would form
first from the liquid, and then the Ag3Sn phase

precipitates along Sn dendrite cell boundaries. In
our experiment, the microstructure of Sn-Ag solders
was found to be highly sensitive to the cooling rate.
As shown in Fig. 5, Sn dendrite boundaries are
continuously decorated with an Ag-rich phase or
Ag3Sn particles with slow cooling (air cooled and
furnace cooled), but the precipitation of an Ag-rich
phase along the cell boundaries is not continuous in
the rapidly cooled sample. This suggests that much
more Ag solutes than predicted by the equilibrium
phase diagram are supersaturated in the fast-cooled
Sn matrix.

Table I shows the solubility of Cu, Ni, and Ag in
Sn thermodynamically calculated using the litera-
ture information.14–16 Ag has the largest solubility
in Sn among the three elements. At a reflow tem-
perature of 250�C, Ag has a solubility of 5.03 wt.%
in the molten Sn. When slowly solidified, Ag atoms
would exist as Ag3Sn and solute atoms in the Sn
matrix. For fast cooling, more Ag solute atoms can
be frozen in the Sn matrix. This would facilitate
the formation of the fine cyclic twins observed in
Sn-Ag solders.

Fig. 3. EBSD data of Sn-0.5Ag quenched: (a) optical image, (b) EBSD image, (c) pole figure and inverse pole figure, and (d) misorientation graph.

Fig. 4. The Sn-rich region of the calculated binary Sn-Ag phase
diagram.

Fig. 5. Optical images of Sn-1.0Ag: (a) quenched, (b) air-cooled, and (c) furnace-cooled.
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Microstructure of Sn-Cu Solders

To compare the alloying effects of Ag versus Cu in
Sn-rich solders, the microstructure of Sn-Cu solders
was also investigated by changing the Cu content
from 0.5 wt.% to 2.0 wt.%. Figure 6 shows a collec-
tion of cross-polarized images of Sn-Cu solders in
terms of Cu composition and cooling rate. Low-Cu
(0.5 wt.% and 1.0 wt.%) solders have one or two
large Sn grains independent of the cooling rate. This
situation is similar to the case of pure Sn, as shown
in Fig. 1. However, the Sn grain structure of high-
Cu (1.5 wt.% and 2.0 wt.%) solder is sensitive to the
cooling rate. Large Sn grains are observed in the
quenched samples, small grains (below 20 lm in
average size) in the air-cooled, and a mixture of large
and small grains in the furnace-cooled samples.

An EBSD experiment was conducted with the
Sn-2.0Cu air-cooled sample with relatively small
grains to obtain information about grain orienta-
tion. Since large Cu6Sn5 IMC particles raise the

noise level in EBSD data, a smaller area
(�60 lm 9 60 lm) is scanned to avoid large IMCs.
Figure 7 shows the EBSD result from two solder
balls. Comparing the EBSD color contrasts and the
point distribution in the pole and inverse-pole
figures, a variety of crystal orientations are noted.
The misorientations between neighboring grains
are distributed over a wide range of 0 deg to 95 deg,
as shown in Fig. 7d. From the misorientation data
and Sn crystal images of each grain, the fine
microstructure of the Sn-2.0Cu (air cooled) is
regarded as the general grain structure, not the
twinning structure as observed in Sn-Ag (Fig. 3).

In contrast to the fine twin structure observed in
quenched Sn-Ag solders, the rapidly quenched
Sn-Cu solders have large Sn grains regardless of the
Cu content, as shown in Fig. 6. For the air-cooled
and furnace-cooled samples, there is a trend for
grain size reduction when the Cu content increases.
In addition, the grains of the furnace-cooled samples
are expected to become even coarser, resulting in
somewhat larger grains than in the air-cooled
samples. To compare the microstructural changes
due to cooling rate, the microstructure of Sn-2.0Cu
was examined by SEM and optical microscopy, as
shown in Fig. 8. For rapid cooling (Fig. 8a), very
fine Cu6Sn5 precipitates were uniformly distributed
in the whole area. This yielded a large Sn grain
structure after rapid cooling. In the air-cooled and
furnace-cooled samples of Sn-2.0Cu (Fig. 8b and c),
the large primary Cu6Sn5 phase is observed, as
expected from the Sn-Cu binary phase diagram

Table I. Solubility of Ag, Cu, and Ni in Sn

Temperature
(�C), Phase

Solubility in Sn (wt.%)

Cu Ni Ag

300, Liquid 2.28 0.30 8.30
250, Liquid 1.23 0.198 5.03
200, b-Sn 0.00347 0.000935 0.052
50, b-Sn 0.0000379 0.00000352 0.002

Fig. 6. Cross-polarized images of Sn-Cu solder balls (380 lm diameter) as a function of cooling rate and Cu composition (0.5 wt.%, 1.0 wt.%,
1.5 wt.%, and 2.0 wt.%).
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(Fig. 9). The large Cu6Sn5 phase that formed prior
to b-Sn solidification could provide the additional
nucleation sites for b-Sn dendrite cells. This could
lead to various Sn crystal orientations, producing
small Sn grains. In the furnace-cooled sample
(Fig. 8c), b-Sn and IMC particles were further
coarsened during solidification. Therefore, the Sn
grain size with furnace cooling is somewhat larger
than with air cooling.

The composition of the Sn-Ag-Cu solder having
a ‘‘beach-ball’’ twinning structure was reported
previously to be near eutectic.9,11 In our investiga-
tion, the ‘‘beach-ball’’ twinning structure was also
observed in a low-Ag Sn-0.5Ag-1.0Cu solder, as
shown in Fig. 10. This phenomenon could be
understood by combining the effects of Ag and Cu
alloying additions to pure Sn as discussed earlier. In
the study of the Sn-Ag system, it is shown that Ag
addition to Sn promotes the formation of fine
cyclic twinning. In the Sn-Cu system, it is also

Fig. 7. EBSD data of Sn-2.0Cu, air-cooled: (a) optical image, (b) EBSD image, (c) pole figure and inverse pole figure, and (d) misorientation graph.

Fig. 8. SEM and optical images of Sn-2.0Cu (a) quenched, (b) air-cooled, and (c) furnace-cooled.

Fig. 9. The Sn-rich region of the calculated binary Sn-Cu phase
diagram.
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demonstrated that Cu addition has a propensity to
form large grains. These two trends combined could
lead to a large cyclic ‘‘beach-ball’’ twinning like that
shown in Fig. 10.

Effects of Minor Alloying Elements

Similar to Cu or Ag, a minor addition of Ni or Zn
is shown to significantly affect the microstructure of

Sn-rich solders. When 0.15 wt.% of Ni is added to
Sn-Ag, the Sn grains become larger, as shown in
Fig. 11a, as compared with the fine grain structure,
shown in Fig. 1, of air-cooled Sn-1.8Ag. Similarly,
when 0.7 wt.% of Zn is added to Sn-Ag-Cu, Sn
grains become larger, as shown in Fig. 11b. These
results could be explained by the undercooling effect
of minor alloying elements during Sn solidification.
If Ni or Zn is added to solder, the undercooling
becomes smaller and consequently the microstruc-
ture (both Sn dendrite cells and eutectic structure)
becomes coarser.18–20 More specific results about
the effects of minor elements on microstructure will
be discussed in future publications.

Microhardness of Sn-Ag and Sn-Cu Solders

Microhardness tests were conducted to find the
relationship between the microstructure and
mechanical properties of the low-Ag and low-Cu,
Sn-rich solders. Figure 12 shows the microhardness
data of (a) Sn-Ag and (b) Sn-Cu solders as functions
of alloy composition and cooling rate. Sn-Cu solders
follow a general structure–property relationship,
with higher hardness for greater alloying additions
and faster cooling. However, Sn-Ag solders do not

Fig. 10. Cross-polarized image of Sn-0.5Ag-1.0Cu, air-cooled
(480 lm diameter).

Fig. 12. Microhardness data of (a) Sn-Ag and (b) Sn-Cu solders.

Fig. 11. Cross-polarized images of (a) Sn-1.8Ag-0.15Ni (380 lm diameter) and (b) Sn-3.8Ag-0.7Cu-0.7Zn (850 lm diameter), air cooled.
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follow this relation in terms of cooling rate; the
air-cooled samples were harder than the rapidly
quenched samples, as shown in Fig. 12a. Sn-Ag
quenched samples have the fine twin structure and
Sn-Ag air-cooled samples have a relatively coarse
microstructure, as revealed by the cross-polarized
images in Fig. 1. Generally, the metals and alloys
having a finer grain structure possess a higher yield
strength and/or higher hardness owing to the grain
boundary strengthening mechanism (known as the
Hall-Petch relationship). However, the fine twin
structure observed in Sn-Ag solders does not seem
to contribute to the hardening of Sn-rich solders.

In search for a better correlation of the microh-
ardness data with the microstructure, the distribu-
tion of IMC particles in Sn-1.0Ag was examined in
bright-field images, as shown in Fig. 5. Due to the
rapid solidification, the Ag-rich phase is not fully
segregated along Sn dendrite cell boundaries in the
quenched sample (Fig. 5a), while in the air-cooled
sample the Ag3Sn phase is continuously precipi-
tated along the Sn cell boundaries, forming a con-
tinuous network of eutectic region (Fig. 5b). The
continuous IMC network in the air-cooled Sn-1.0Ag
sample is attributed to its higher hardness value
than the rapidly quenched one. In the furnace-
cooled sample (Fig. 5c) coarsening of the Ag3Sn
phase as well as Sn dendrite cells are responsible
for the lower hardness values for the range of Ag
content examined. From this observation, it is con-
cluded that the microhardness values are better
correlated with the characteristics and distribution
of IMC particles (quantity, size) rather than
with the Sn grain or twin size revealed in cross-
polarizing images. Similar correlations between the
hardness value and IMC characteristics are also
exhibited by Sn-Cu solders.

The hardness of Sn-Ag or Sn-Cu solders generally
increases as the content of Ag or Cu increases, as
shown in Fig. 12. However, the hardness of Sn-Cu
air-cooled solders increases until 0.15 wt.% Cu,
after which a hardness drop is noted for Sn-2.0Cu.

This hardness drop could be explained by confirm-
ing the presence of the large primary Cu6Sn5 in the
Sn-2.0Cu air-cooled sample, as shown in Fig. 8b. In
the furnace-cooled Sn-Cu solders, since most of the
Cu atoms are precipitated as large phases of
Cu6Sn5, the microhardness does not significantly
increase as the Cu content increases.

Comparing the trends for increasing hardness in
Sn-Ag and Sn-Cu, it is evident (by comparing the
same amount of Ag or Cu addition at the same
cooling rate) that the addition of Cu to Sn has a
greater effect on hardness than does the addition of
Ag. This can be due to two reasons. First, the vol-
ume fraction of Cu6Sn5, formed at 220�C, just below
the eutectic temperature, is estimated to be always
larger than that of Ag3Sn for the same wt.% of Cu or
Ag, as shown graphically in Fig. 13. The second
reason is that the bulk hardness of Cu6Sn5

(�4.5 GPa) is much higher than that of Ag3Sn
(�1.5 GPa).21 Therefore, for the same amount of Ag
or Cu, Sn-Cu solders are expected to be harder than
Sn-Ag, assuming each IMC system has similar size
and distribution characteristics.

CONCLUSIONS

The microstructure and mechanical properties of
Pb-free Sn-rich solders were found to be strongly
affected by alloying elements and cooling rate. The
microstructure of Sn-rich solders consists of Sn
dendrite cells, twin boundaries, and IMC particles,
mostly precipitated along the cell boundaries. The
EBSD study reveals fine cyclic twinning structures
in Sn-Ag and the presence of general grain bound-
aries in Sn-Cu solders. The higher propensity to
form cyclic twins in Sn-Ag over that in pure Sn and
Sn-Cu could be explained by the higher solubility of
Ag in Sn. The beach-ball-shaped twinning structure
observed in Sn-Ag-Cu solder balls could be
explained by the combined effects of Ag addition,
promoting the fine cyclic twinning structure, and of
the Cu addition, favoring the large grains. The
addition of Cu to Sn is more effective than Ag
addition in hardening of Sn-rich solders for the
same wt.%, largely owing to their respective IMCs
(Cu6Sn5 versus Ag3Sn). The microhardness of
Sn-rich solders with low Ag or Cu alloying elements
is found to be better correlated with the character-
istics of IMC particles (type, size, and distribution)
than with the grain or twin structure. Twin
boundaries exhibit no significant hardening effect.
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