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a b s t r a c t

The intermetallic compounds (IMC) in the solder and at the interface of Sn–3.0Ag–0.5Cu (SAC)/Cu and
Sn–3.0Ag–0.3Cu–0.05Cr (SACC)/Cu joints were investigated after isothermal aging at 150 ◦C for 0, 168
and 500 h. Different shaped Ag3Sn phases were found near the IMC layer of the latter joint. Interestingly,
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fine rod-shaped and branch-like Ag3Sn were detected near the interface after soldering and long Ag3Sn
changed into shorter rods and small particles during aging. It is investigated that the Cr addition and ther-
mal aging have effect on the evolution of Ag3Sn morphologies and it is controlled by interfacial diffusion.
Energy minimization theory and the redistribution of elements are used to explain the morphological
evolution of Ag3Sn. Small Ag3Sn particles were also found on the IMC layer after aging, unlike the large
Ag3Sn at that of SAC/Cu joints. In conclusion, a favorable morphology of the joint interface leads to better

CC/C
ntermetallic compounds (IMC) bonding properties for SA

. Introduction

Solder plays a crucial role in the assembly and interconnection
f electronic products. As a joint material, solder provides elec-
ronic, thermal and mechanical continuity [1]. Primarily, it should
et the substrate and provide good adhesion. With the inevitable

rend to implement lead-free soldering due to environmental and
ealth concerns, soldering reactions have been extensively studied
uring the last few decades [2–4]. The core issue is the formation
nd growth of intermetallic compounds (IMC) between the solder
nd the substrate.

Due to its good mechanical properties, adequate wetting
haracteristics as well as the comparable melting temperature,
n–3.0Ag–0.5Cu (SAC) solder alloy has become one of the most
mportant candidates replacing lead-tin solder. Concerning the

icrostructure of SAC solder, it is a mixture of Sn and IMC, such
s Ag3Sn and Cu6Sn5. The survey literature [5] showed that three
ypes of Ag3Sn compounds during solidification at different cool-

ng rates are found to be particle-like, needle-like and plate-like.
he mechanical properties of solder will be anisotropic when the
MC dispersion in Sn matrix is inhomogeneous [3]. If large Ag3Sn
lates form at the stress concentration region, cracks can initiate

∗ Corresponding authors at: School of Materials Science and Engineering, Shang-
ai University, Shanghai 200072, China. Tel.: +86 021 56331377; fax: +86 021
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u joints against thermal aging than that for SAC/Cu.
© 2011 Elsevier B.V. All rights reserved.

and propagate along the interface between the Ag3Sn and the sol-
der, which deteriorate the reliability of solder joint. Kim et al. [4]
reported that the formation of large Ag3Sn could be attributed to
the solder composition and there was little effect from substrates.
They observed large Ag3Sn for high Ag content solder joints, the
shapes of which were dendrite-like and hopper crystal-like plates.
The formation sites of large Ag3Sn plates were at the top of the
interfacial reaction layer and the voids.

However, fine Ag3Sn precipitates can pin the grain boundaries in
the solder, stabilize the microstructure and strengthen the matrix
[6]. Ag3Sn particles could be evenly distributed among the eutectic
or along the Sn-rich phase boundary in SnAgCu systems [7]. Dur-
ing high-temperature aging, Ag3Sn with a large aspect ratio would
experience the process of breakdown and surface spheroidization
to form smaller aspect ratio Ag3Sn [8,9]. Interestingly, nano-Ag3Sn
particles were discovered on the surface of IMC, and the existence
of these particles would decrease the interfacial energy and hamper
the growth of Cu6Sn5 IMC layer [10–12]. Obviously, it is of interests
to understand the morphological evolution of Ag3Sn in lead-free
solder joints, especially near the IMC layer during reflow soldering
and isothermal aging.

Our previous study [13] found that the trace of Cr addition
observably reduced the growth rate of IMC layer and affected

its shape at the interface of Sn–3.0Ag–0.3Cu–0.05Cr (SACC)/Cu
joint. Meanwhile, short rod-shaped and small Ag3Sn particles
were present near the IMC layer of SACC/Cu joint, which might
evolve from the long Ag3Sn during aging. It is anticipated that the
microstructural evolution significantly influences the reliability of

dx.doi.org/10.1016/j.jallcom.2011.03.134
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wxc1028@staff.shu.edu.cn
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Fig. 1. SEM images of SAC/Cu (a) and

older joints. Therefore, to provide useful information for reliability
valuations of solder joints, the present work focuses on the evo-
ution of Ag3Sn and discusses the evolution mechanism as well as
he effect of the evolution on the growth of the IMC layer and the

echanical properties.

. Experimental procedures

SAC solder used in this study was the commercial solder alloy. SACC solder
lloy was prepared independently. Alloys used for smelt were pure Sn (99.9%), Ag
99.99%), Cu (99.99%), and Cr (99.99%). The master alloy Sn–2.0Cr was prepared
tilizing the vacuum arc furnace for 30 min at ∼1500 ◦C in high vacuum condition
f 1.33 × 10−5 Pa. Then according to the designed composition, Sn–2.0Cr, Ag, Cu,
nd Sn were sealed into the vacuum quartz tube, which was put into the resistance
urnace for 2 h at 1100 ◦C. Lastly, the alloy was reheated for 1 h at 300 ◦C and cooled
n air.

Solder joint was prepared using the Simulation Preparation Device of Solder
oint. For the substrate, pure copper bars were used and their both ends were pol-
shed to remove the surface oxide layer. After fluxing with Kester®Tacky flux, a piece
f solder with a diameter of 6 mm and a thickness of 2 mm was emplaced into the
hin clearance of the mating surfaces of two copper samples [14]. Subsequently,
he whole setting was heated in a temperature-controlled furnace set at 260 ± 5 ◦C
eeping soldering for 5 min, and then cooled in air. The samples were gently pushed
owards each other to obtain a good joint.

After joining, the specimens were annealed at 150 ◦C for 0, 168 and 500 h
n an oven. Afterwards, the specimens were cut by electric discharge machining
EDM) and cold mounted in epoxy. To analyze the appearance and evolu-
ion of the IMC, they were mechanically ground, polished and etched with a
4%C2H5OH + 4%HNO3 + 2%HCl (in vol.%) solution. The microstructure of IMC was
bserved by means of an Apollo 300 Thermal Field Emission scanning electron
icroscope (SEM), and the composition was examined by energy dispersive spec-

roscopy (EDS). The presence of Cr in the solder was detected by transmission
lectron microscopy (TEM, JSM-2010F) with electron diffraction (ED). A plate sam-
le with a thickness of 1 mm was cut from solder ingot, and ground to about 60 �m.
inally, a disc with a diameter of 3 mm was cut and thinned by an ion-miller for TEM.
o study the mechanical properties of solder joints, tensile test was carried out at
oom temperature at a strain rate of 6.7 × 10−4 s−1 by a CMT5305 tensile tester.

. Results and discussion

.1. Microstructure in solder joints

The microstructures of SAC/Cu and SACC/Cu joints after reflow
oldering are shown in Fig. 1. The reaction layer on Cu substrate is
he scallop-type Cu6Sn5 phase in both joints. Besides the interfacial
MC, large IMC can be also seen in the solder. For the SAC/Cu joint,
arge Cu6Sn5 were distributed in the solder, and large needle-like
g3Sn formed at the interface of IMC layer. They can be harmful
o mechanical integrity of solder joints. In addition, the elongated
late-like Ag3Sn phases were also present and seen edge-on in SAC
older, as shown in Fig. 1(a). For the SACC/Cu joint, there were also
ong Cu6Sn5 IMC in the solder, but no large Ag3Sn was observed at
he interface, comparing with that for SAC. Plate-like Ag3Sn were
/Cu (b) joints after reflow soldering.

also distributed in the solder and they formed the eutectics together
with �-Sn, as shown in Fig. 1(b).

Moreover, a few Sn-rich particles containing Cr, Ag and Cu were
formed in SACC/Cu joints, as identified by EDS shown in Fig. 2(a).
They couldn’t be dissolved in the etching solution, with the struc-
ture to be confirmed. The particular particles containing Cr were
also found in SACC solder as marked by “1”, “2” and “3” in Fig. 2(b),
but the content of each element was different from that in SACC/Cu
joints. According to the EDS analysis results, the contents of Cr and
Cu contained in the particle were increased, while the content of
Ag was decreased in SACC/Cu joints, comparing with that in the
solder. The content transformation may attribute to the wetting
reaction during soldering, which will be illuminated below. Since
Cr is almost immiscible with other atoms in this solder joint at room
temperature, it may precipitate in the form of particles when the
concentration is high enough. To some extent, this assumption is
in accord with that Cr dispersed in the solder can pin the boundary
and retard the growth of Ag3Sn and Cu6Sn5 compounds, suggested
by Zhang et al. [15], although it has not been detected in present
work.

3.2. The Ag3Sn evolution

From the observation of the changes in the microstructure
between Fig. 3(a) and (b), it is clear that the large aspect ratio Ag3Sn
plates break up and change into a small aspect ratio (a more circular
cross-section) during aging. This is similar to the Ag3Sn evolution in
SAC/Cu joints, as shown in Fig. 3(c) and (d), which is in good agree-
ment with that in SnAgCu and SnAg solder reported by Allen et al.
[8] and Shen et al. [9]. They suggested that there were two main
mechanisms in the microstructural evolution: plate breakdown
due to boundary splitting or a Rayleigh instability and coarsening,
and possibly cylinderization of small aspect ratio plates, as well.
According to their findings, the breakdown portion is controlled by
the interfacial diffusion of tin.

Meanwhile, in present work, some finer Ag3Sn particles were
found rod-shaped and branch-like near the IMC layer of the
SACC/Cu joint after soldering, as shown in Fig. 4(a). This can be
attributed to the Cr addition and the redistribution of elements
with respect to that in the SAC/Cu joint. It is known that the Ag
solubility in Cu6Sn5 and the Cu solubility in Ag3Sn are quite small.
Likewise for the Cu and Ag solubility in �-Sn in SAC solder [16].
However, in SACC solder, Ag and a small amount of Cu also dis-

tribute in some sites which contain Cr in Sn matrix, as described
above. During wetting reaction, when temperature increases, the
original structure may tend to be unstable. As Cu atoms diffuse into
the molten solder, a mass of Sn atoms diffuse to the interface, a few
Cu atoms enter the original structure, and Ag atoms migrate to form
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Fig. 2. (a) SEM image of the particle containing Cr in the SACC/Cu joint after reflow soldering; (b) TEM photograph of SACC solder, and EDS analyses of the particles indicated
by arrows, respectively.

Fig. 3. SEM images of SACC/Cu: (a) as-soldered; (b) after aging for 500 h at 150 ◦C and SAC/Cu joints: (c) as-soldered; (d) after aging for 500 h at 150 ◦C.
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During aging at 150 ◦C, the vibrational energy and diffusion coeffi-
cient of atoms increase, so do vacancies in solder matrix. Although
the extremely small solid solubility of Ag in �-Sn limits its diffu-
sion, a mass of defects (e.g. dislocations and vacancies) at the phase
Fig. 4. Morphologies of Ag3Sn near the SACC/Cu interface: (a) a

ner Ag3Sn due to the higher affinity between Sn and Ag. Thus, the
ree energy of the whole system is reduced. It seems that the parti-
les with the presence of Cr promote the nucleation of Ag3Sn near
he IMC layer, which may be due to lowering the standard free
nergy of the Ag3Sn formation or providing more heterogeneous
ucleation. This hypothesis needs further study and confirmation.

During thermal aging at 150 ◦C, morphologies of Ag3Sn near the
nterfacial layer of SACC/Cu joint were different at different stages,
s indicated by the arrows (Fig. 4). After isothermal aging for 168 h,
he long Ag3Sn with rough surface and different diameters along
he length (Fig. 4(a)) became short and the surface was relatively
mooth, as shown in Fig. 4(b). When the aging time extended to
00 h, much shorter Ag3Sn rods or small ellipsoidal Ag3Sn particles
ere found near the interface of IMC layer, as shown in Fig. 4(c). The

nds of Ag3Sn particles became rounded and some small particles
ere even found on the top of IMC layer. In the cases of SAC/Cu

oints, the morphology of Ag3Sn near the IMC interface has no such
bvious change as that in SACC/Cu joints. So it is expected that the
ddition of Cr has effect on the morphology change of Ag3Sn.

Zhu et al. [17] found that the large needle-shaped Ag3Sn were
efined into small particles and evenly distributed in Sn3.8Ag0.7Cu
older alloy after equal channel angle pressing process and long-
erm aging. Zeng et al. [18] also have reported that thin rod-shaped
g3Sn became shorter and coarser, and their ends became more
ounded in Sn3.5Ag2Bi alloy, due to the recrystallization after
bsorbing ample interfacial energy during indentation creep at
0 ◦C. They both applied external mechanical stress on the sol-
er alloy and a large number of excess vacancies were produced

t the phase interface under local static stress, which enhanced
he atomic diffusion along the interface. In addition, the interfa-
ial energy also increased during the pressing process. Thus, the
orphology evolution of Ag3Sn occurred. Allen et al. [8] also pro-

ided a detailed explanation for breakdown of plate-like Ag3Sn in
ered; (b) aging for 168 h at 150 ◦C; (c) aging for 500 h at 150 ◦C.

the solder alloy. However, in present work, without external stress
applied, the SACC/Cu joints were only treated by isothermal aging
at 150 ◦C, and the Ag3Sn particles near the IMC interface became
shorter and changed to small ellipsoidal particles spontaneously.

Since the driving force for spheroidization is the reduction of
total energy, to analyze the morphological evolution of these Ag3Sn
particles, a schematic diagram is present, as shown in Fig. 5. The
diameter of the original Ag3Sn along the length is not always the
same, which may lead to boundary and composition instability of
local sections. So it can be inferred that the diameter fluctuation
may lead to Rayleigh-type instability. From the data in Table 1
according to Ref. [8], it can be seen that the activation energies
for Sn and Ag volume diffusion are too high, so the interfacial
diffusion may be rate controlling mechanism for spheroidization.
Fig. 5. Schematic diagrams of evolution of Ag3Sn particles.
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Table 1
Literature values of activation energies for diffusion (D) of silver, copper, and tin
in tin, and the heats of solution (S) of silver and copper in tin. Also provided are
activation energies for grain boundary diffusion of silver and tin in tin.

Element In Q (kJ mol−1)

Ag Sn (c-axis) 55(D)
Ag Sn (a-axis) 77(D)
Sn Sn (c-axis) 107(D)
Sn Sn (a-axis) 123(D)
Ag Sn grain boundaries 28(D)

F
1

Sn Sn grain boundaries 40(D)
Ag Sn 26(S)

ig. 6. Cross-sectional SEM images of IMC layers of SAC/Cu joints: (a) as-soldered; (b) aft
68 h at 150 ◦C.
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interface enhance the diffusion of Ag atoms along the interface.
Table 1 shows the activation energy for diffusion of Ag along Sn
grain boundaries is 28 kJ mol−1, which is lower than that for Sn
(40 kJ mol−1). So it is possible to say that the spheroidization pro-
cess is controlled by the interfacial diffusion of Ag, though attempts
to measure data for diffusion of Ag and Sn along Ag3Sn/�-Sn inter-
faces meet with little success in this work.

Therefore, it is inferred that the Ag3Sn/�-Sn interface plays a
very important role in the morphological evolution of Ag3Sn. Ag

atoms may break away from the Ag3Sn lattice at the interface of
local sections with smaller diameter due to the interfacial tension.
Then, they diffuse along the Ag3Sn/�-Sn interface into the Sn lattice
and form new Ag3Sn, as revealed by the arrows in Fig. 5. Gradually,
the concave section may become deeper, break down and finally

er aging for 168 h at 150 ◦C and SACC/Cu joints: (c) as-soldered; (d) after aging for
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hrink into rounded ends of particles. Thus, the long Ag3Sn divides
nto several particles. The evolution process and the space between
he near-spherical particles depend on the interfacial tension and
iffusion coefficient. If the original Ag3Sn is long enough, it may
hange into a string of near-spherical particles (Fig. 5(a)); if the ratio
f length and diameter of Ag3Sn rod is appropriate, it may change
nto a spherical particle and a shorter rod, which may continue
o evolve (Fig. 5(b)). In conclusion, from the viewpoint of surface
ree energy, to minimize the interfacial free energy, the local sec-
ion of Ag3Sn with smaller diameter has to break down and shrink
nto near-spherical particles. So the total interfacial area becomes
maller and the entire system free energy reduces.

Moreover, the redistribution of elements during aging may also
romote the evolution of Ag3Sn. Atom diffusion is much faster at
50 ◦C than that at room temperature. As the interfacial reaction is
eakened due to the Cr addition, the excessive Sn at the interface is
ischarged into the matrix, resulting in uphill diffusion. The redis-
ribution of elements and diffusion may cause destruction of the
nterface balance of Ag3Sn. To reach new balance, the sharp corners
f Ag3Sn with small radius of curvature dissolve and shrink. Thus,
he long Ag3Sn changes to shorter and small ellipsoidal particles.

.3. The IMC layer and tensile properties of joints

Fig. 6 shows the cross-sectional images of the SAC/Cu and
ACC/Cu joint interfaces. A much clearer three-dimensional image
f scallop-type Cu6Sn5 is revealed in the SAC/Cu joint. The scal-
ops are separated by channels whose depth almost reaches the Cu
urface. And the plate-type Ag3Sn forms in the solder near the inter-
ace, as shown in Fig. 6(a). During the subsequent thermal aging, the
callops grow together, the channels disappear and the morphol-
gy of IMC growth is layer-type. By comparison, the scallops are
uch smaller in the SACC/Cu joint just after soldering. The mor-

hology of IMC growth is regular wave-shape and the thickness is
ven during thermal aging. The Ag3Sn IMC formed near the IMC
ayer are rod-shaped and branch-like, as shown in Figs. 6(d) and
(a).

The trace Cr addition observably affected the growth rate and
hape of IMC layer at the interface of solder joint, though scarcely
ffected the IMC composition. In our previous study [13], the dif-
usion coefficients of IMC layers at the interface of SACC/Cu and
AC/Cu joints were 3.90 × 10−18 m2 s−1 and 1.16 × 10−17 m2 s−1,
espectively. It should be noted that the IMC layer of the SACC/Cu
oint is extraordinarily thin after soldering. The reason for the fast
nterfacial reaction in SAC system is that Cu diffuses in Sn due to
igher composition gradient. So the activity of Sn is a decisive fac-
or governing the interfacial diffusion kinetics. Previous study [15]
uggested that Cr dispersed in the solder could pin the boundary
nd retard the growth of Ag3Sn and Cu6Sn5 compounds. Present
esearch indicates that the dispersion of Cr with Ag and Cu in Sn
atrix holds Sn atoms and reduces diffusion coefficient of Sn and

u. Furthermore, a portion of Cu atoms diffusing to the solder may
nter the sites with Cr, forming a new special phase to be identi-
ed. So the Cr in Sn matrix weakens the reaction rate of Sn and Cu,
educing the growth rate of the IMC layer. This may be the impor-
ant reason that a thin IMC layer forms in the SACC/Cu joint during
oldering.

It is well known that high bonding strength of the joint interface
argely depends on appropriate thickness of the IMC layer and mor-
hology of the interface. For as-soldered joints, the very thin IMC

ayer is the crucial factor in lower bonding strength of SACC/Cu joint

ompared with that of SAC/Cu whose scallop-type Cu6Sn5 IMC layer
mbedded in the solder matrix provides a higher bonding strength,
s shown in Fig. 7. After aging for 168 h at 150 ◦C, the wave-shaped
MC layer of SACC/Cu joint grows more slowly to an appropriate
hickness, maintaining a relative high bonding strength; the layer-
Fig. 8. Ag3Sn particles on the IMC layer of the SACC/Cu joint after aging for 500 h at
150 ◦C.

type IMC layer in SAC/Cu joint grows too fast, resulting in rapid
decline of strength (Fig. 7(b)).

After aging for 500 h at 150 ◦C, small Ag3Sn particles with the
size of about 1 �m were found on the IMC layer, as revealed in
Fig. 8. It is known that some Ag3Sn particles are embedded within
the Cu6Sn5 layer during long-term aging related to the depletion of
Sn close to the IMC layer in SnAg/Cu and SnAgCu/Cu joints [10,19].
Here, with much shorter aging time, the Ag3Sn particles seem to be
on the top of the IMC layer. According to Yu et al. [10], these particles
may be attributed to the growing up of smaller Ag3Sn by a ripening
process during aging. Because of the dispersion of Cr with Ag and
Cu in Sn matrix and the higher affinity between Sn and Ag, there
may be not only short-range order (SRO) Ag3Sn groups but also
medium-range order (MRO) Ag3Sn groups in the liquid solder at
the soldering temperature. So it can be deduced that smaller Ag3Sn
particles would form on the IMC layer in SACC/Cu joint during sol-
dering. Their existence can suppress the growth of IMC layer during
both soldering and aging, due to decreasing the surface energy of
the layer. That may be one of the reasons for the thinner wave-
shaped IMC layer, which greatly contributes to maintaining a better
strength for SACC/Cu joint during thermal aging, compared with
SAC/Cu, as Fig. 7(b) shows.

Forming shorter rod-shaped and near-spherical Ag3Sn particles,
the Ag3Sn evolution near IMC layer and the thinner wave-shaped
IMC layer make a great contribution to the strength and elongation
of joints against thermal aging. This can be confirmed by Fig. 7(a),
from which the tensile strength and elongation of SACC/Cu joints
are obviously superior to that of SAC/Cu after aging for 168 h and
500 h, though the property of the latter is higher just after soldering.
Consequently, the favorable morphology of joint interface leads to
better bonding properties for SACC/Cu joint than that for SAC/Cu
joint against thermal aging.

4. Conclusions

Different shaped Ag3Sn particles were found in the Sn matrix
and near the IMC layer in SACC/Cu joints after soldering and aging:

(1) Plate-like Ag3Sn were distributed in the solder matrix of joints,
while finer rod-shaped and branch-like Ag3Sn were present

near the interface of IMC layer after soldering. Cr present with
Ag and Cu in Sn matrix may promote the nucleation of Ag3Sn,
forming the finer Ag3Sn.

(2) Long Ag3Sn changed into shorter rods and small particles near
the interface during aging at 150 ◦C. Diffusion of Ag along the
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Ag3Sn/�-Sn interface and the redistribution of elements due to
slow growth of IMC layer may result in breakdown and shrink-
age of the local section of Ag3Sn with smaller diameter, forming
shorter rods and near-spherical Ag3Sn particles. In the evolu-
tion process, the interfacial free energy tends to minimize.

With the thinner wave-shaped IMC layer and smaller near-
pherical Ag3Sn particles, the favorable morphology of joint
nterface leads to better bonding properties for SACC/Cu joint than
hat for SAC/Cu against thermal aging.
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