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a b s t r a c t

In this paper, effect of soldering time and temperature on formation of intermetallic compounds devel-
oped between Sn–0.3Ag–0.7Cu lead-free solder and copper substrate was investigated. Dip soldering was
performed at 250, 270, and 290 ◦C with soldering time of 5, 10, 15, and 20 s. Either �-Cu3Sn or �-Cu6Sn5
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intermetallic phase was found at the interface between the solder and the substrate depending on the
soldering condition, i.e., soldering time and soldering temperature. �-Cu3Sn was found only when the
substrate was soldered at 250 ◦C for 5 and 10 s. At other soldering conditions, only �-Cu6Sn5 was found
at the interfacial zone. Crystal structure of �-Cu3Sn intermetallic phase was orthorhombic, and it was
hexagonal structure for �-Cu6Sn5. Transformation of the intermetallic phases was also discussed.
echanical properties
icrostructure

. Introduction

The RoHS directive legislated by the European Union forces elec-
ronics industry to use Pb-free solders in an effort to reduce the
oxic substance. There are many Pb-free solders that are of interest
uch as, Sn–Ag, Sn–Cu, Sn–Zn, and Sn–Ag–Cu alloys. The Sn–Ag–Cu
amily of alloys is a very attractive candidate because of its advan-
ages in mechanical properties and its good soldering ability [1–4].
n–0.3Ag–0.7Cu solder is a low-Ag lead-free solder alloy in the SAC
amily. This solder possesses a major advantage in that it provides
thinner brittle Ag3Sn intermetallic layer during soldering process
ue to its low-Ag content [5,6]. Moreover, cost of Sn–0.3Ag–0.7Cu
older is relatively low in the SAC family as a result of its low-Ag
ontent.

There are many soldering processes have been used to make
oldered joints such as hand soldering, dip soldering, and wave sol-
ering [7]. During a soldering process, molten solder reacts with the
ubstrate, and intermetallic compounds are formed at the interfa-
ial zone between the solder and the substrate. Understanding of

ormation of the intermetallic phases during the soldering process
s very important because the intermetallic compounds formed at
he interface play an important role to reliability of the soldered
oint during its service period [8]. Mechanical properties of the
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intermetallic phases directly affect fatigue life, shear strength, and
tensile strength of the soldered joint [9–11].

In this paper, effect of soldering time and temperature
on formation of intermetallic compounds developed between
Sn–0.3Ag–0.7Cu lead-free solder and copper substrate was studied.
Dip soldering was used to generate chemical reactions between the
solder and the substrate. Microstructure of the intermetallic phases
formed in the interfacial zone was examined and also discussed in
this study.

2. Experimental procedures

In this experiment, Sn–0.3Ag–0.7Cu solder was melt in a graphite crucible at
a selected temperature, and then a copper sheet was dipped into the molten sol-
der for a certain time to generate chemical reaction. The melting temperature of
Sn–0.3Ag–0.7Cu solder was 226 ◦C. The copper sheet was 99.99% in purity, and it
was cleaned using a mixture of hydrochloric acid and distilled water. The cleaned
copper sheet was then rinsed with ethanol, and dried in air before dipping in a flux.
The flux was Almit flux RC-15SH RMA (15%). The copper sheet was then dipped into
the molten solder. Dipping times used in this experiment were 5, 10, 15, and 20 s, and
dipping temperatures were 250, 270, and 290 ◦C. The soldered specimen was cut,
polished, and then etched using a solution of ethanol, nitric acid, and hydrochloric
acid to reveal its microstructure.

A scanning electron microscope (SEM) was employed to examine microstruc-
ture of the interfacial zone. The SEM used in this study was JEOL model JSM-5800LV.
An energy dispersive spectrometry (EDS) was used to determine chemical com-
position of the intermetallic phases. The EDS employed was JEOL model Link ISIS

Series 300. SEM images obtained at 10,000× was also used to measured thickness
of the intermetallic phases using Image-Pro Express software. Crystal structure of
the intermetallic phases was examined using an X-ray diffractometer (XRD). The
XRD used for this examination was Bruker model D8-Discover. Referring to Fig. 1,
the thickness of intermetallic phase (t) was measured by summing up each area of
intermetallic phase (Ai) and then divided by the length L. This can be expressed as
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Fig. 1. Thickness measurement method.
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Table 1
Intermetallic phases presented at various soldering conditions.

Soldering time (s) Soldering temperature (◦C)

250 270 290

5 Cu3Sn Cu6Sn5 Cu6Sn5
Fig. 2. Interfacial zone of soldered joint.

q. (1). Image-Pro Express software was used in this measurement.

=
∑

Ai

L
(1)

. Results and discussion
From SEM and EDS examinations, a single layer of intermetallic
ompound (IMC) was observed between solder and Cu substrate
s shown in Fig. 2. Two types of intermetallic phases found at the

Fig. 3. Phase diagram betw
10 Cu3Sn Cu6Sn5 Cu6Sn5

15 Cu6Sn5 Cu6Sn5 Cu6Sn5

20 Cu6Sn5 Cu6Sn5 Cu6Sn5

interfacial zone of the soldered joints were Cu3Sn, and Cu6Sn5. The
intermetallic phases presented at the interface depended on the
soldering condition, i.e., soldering time, and soldering temperature.
Table 1 represents intermetallic phases found at various soldering
conditions in this study. Cu3Sn was found only when the copper
sheet has been soldered at 250 ◦C for 5 and 10 s, while Cu6Sn5 was
found at other soldering conditions. After soldering, Kirkendall void
was not found at the interfacial zone.

From XRD analysis, Cu3Sn found at both soldering conditions
was �-Cu3Sn possessing orthorhombic lattice structure while all
Cu6Sn5 found in this study was �-Cu6Sn5 having hexagonal lat-
tice structure. According to the phase diagram between Cu and Sn
as shown in Fig. 3, �-Cu6Sn5 is the intermetallic compound found
at a higher temperature. However, �′-Cu6Sn5 intermetallic phase
arranging monoclinic structure which is the low-temperature
Cu6Sn5 phase was not found in this study. This indicated that �-
Cu6Sn5 does not transform to �′-Cu6Sn5 during the cooling period
of the soldered joint.

At a certain soldering temperature, thickness of intermetallic
layers found at the interfacial zone tended to increase with solder-
ing time as shown in Table 2. Similarly, at the same soldering time,
thickness of intermetallic layer increased with soldering temper-
ature. The increase of intermetallic layers in both cases is due to
diffusional growth of these intermetallic phases during the solder-
ing process. The growth of the intermetallic compound layer with
soldering time and soldering temperature is illustrated in Fig. 4.
In this study, Cu3Sn was found only when the copper sheet has
been soldered at 250 ◦C for 5 and 10 s while Cu6Sn5 was found at
higher soldering temperatures and longer soldering times. Since
Cu3Sn has a lower Gibbs free energy of formation than that of

een Cu and Sn [12].
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Fig. 4. Intermetallic compound

u6Sn5 [13,14], therefore; Cu3Sn is easier to form at a low energy

evel because of this reason. In addition, at the soldering tem-
erature of 250 ◦C, Cu3Sn transformed to Cu6Sn5 after 10 s of the
oldering time. It was reported that Cu3Sn could dissolute itself
o be Cu6Sn5, and it also could react with Sn atoms to be Cu6Sn5
15,16]. The transformation equations from Cu3Sn to Cu6Sn5 stated

able 2
hickness of intermetallic phases at various soldering conditions.

Soldering
temperature
(◦C)

Soldering
time (s)

Intermetallic
compounds

Thickness
(�m)

250 5 Cu3Sn 2.07
10 Cu3Sn 2.12
15 Cu6Sn5 2.11
20 Cu6Sn5 1.97

270 5 Cu6Sn5 1.33
10 Cu6Sn5 1.64
15 Cu6Sn5 1.76
20 Cu6Sn5 1.92

290 5 Cu6Sn5 1.93
10 Cu6Sn5 2.02
15 Cu6Sn5 2.16
20 Cu6Sn5 2.35
at various soldering conditions.

in the literature are shown as Eqs. (2) and (3). These two reac-
tions drove the transformation of Cu3Sn to Cu6Sn5 as found at the
previously mentioned soldering conditions.

5Cu3Sn → 9Cu + Cu6Sn5 (2)

2Cu3Sn + 3Sn → Cu6Sn5 (3)

It is recalled that Cu3Sn and Cu6Sn5 found in this study possessed
orthorhombic and hexagonal lattice structure, respectively. It is
well known that mechanical properties of materials also depend
on their lattice structure. Different lattice structure possesses dif-
ferent number of slip systems, and consequently reveals different
mechanical properties [17]. This implies that mechanical proper-
ties of soldered joint between Sn–0.3Ag–0.7Cu solder and copper
substrate tends to change with soldering condition because of the
occurrence of different intermetallic phases at the interface. Gen-
erally, Cu3Sn provides a less reliable soldered joint when diffusion
of Cu and Sn atoms takes place in the joint because the Kirk-

endall voids will form at the interface between Cu3Sn layer and
Cu substrate, and these voids could lead to a brittle fracture of the
joint while Cu6Sn5 does not induce the Kirkendall voids formation
[18–22]. Therefore, based on the reliability of the joint, Cu6Sn5 is
preferred to Cu3Sn. However, it was found from this study that
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he preferred intermetallic phase Cu6Sn5 occurred at the interfa-
ial zone only when soldered with a higher energy, and it is well
nown that soldering with a higher energy could damage the elec-
ronics devices and circuit board. Moreover, it should be noted that
u6Sn5 could also develop to Cu3Sn if the joint is used under service
ondition like a thermal aging [18–22].

. Summary

Effect of soldering condition on formation of intermetallic com-
ounds developed between Sn–0.3Ag–0.7Cu lead-free solder and
opper substrate was investigated in this study. Either �-Cu3Sn or
-Cu6Sn5 intermetallic phase was found at the interface between

he solder and the substrate depending on the soldering condi-
ion, i.e., soldering time and soldering temperature. �-Cu3Sn was
ound only at a lower soldering energy when the substrate was sol-
ered at 250 ◦C for 5 and 10 s. At other soldering conditions, only
-Cu6Sn5 was found at the interfacial zone. Crystal structure of �-
u3Sn intermetallic phase was orthorhombic, and it was hexagonal
tructure for �-Cu6Sn5. In addition, �-Cu3Sn was able to transform
o be �-Cu6Sn5 at certain soldering conditions.
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