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The interfacial reactions between liquid In-49Sn solder and Ni substrates at
temperatures ranging from 150°C to 450°C for 15 min to 240 min have been
investigated. The intermetallic compounds formed at the In-49Sn/Ni interfaces
are identified to be a ternary Ni33In20Sn47 phase using electron-probe micro-
analysis (EPMA) and x-ray diffraction (XRD) analyses. These interfacial in-
termetallics grow with increasing reaction time by a diffusion-controlled
mechanism. The activation energy calculated from the Arrhenius plot of reac-
tion constants is 56.57 kJ/mol.
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INTRODUCTION

The In-Sn solders possess the merits of low melt-
ing points, good ductility, and improved wettabil-
ity.1–4 Shimizu et al. have reported that In-based
solders reveal a longer fatigue life for flip-chip as-
sembly than traditional Pb-Sn solders.5 In addition,
the lower solubility of Au in In-Sn solders can pre-
vent the failure mode of gold embrittlement in ad-
vanced electronic packaging. Because of these ad-
vantages, pure In and eutectic In-49Sn solder have
also been commonly used for bonding recycled sput-
tering metallic targets to their backing plates. Dur-
ing the bonding process, liquid solder reacts with the
substrate to form intermetallic compounds at the
interface. The formation and growth kinetics of the
interfacial intermetallic phases is of vital impor-
tance to attaining bonding reliability. There have
been previous investigations on the intermetallic re-
actions of liquid In-49Sn solder with Cu and Ag sub-
strates. For In-49Sn(l)/Cu(s) reactions, a double layer
of intermetallic compounds #-Cu6(In0.46Sn0.54)5/"-
Cu3(In0.48Sn0.52) appeared at the interfaces in the
temperature range of 150°C and 450°C.6 Soldering
reactions between liquid In-49Sn and Ag substrates
at temperatures ranging from 200°C to 350°C re-
sulted in the formation of scallop-shaped Ag2In in-

termetallic compounds enveloped in a thin layer of
AgIn2 intermetallics.7

As reported in the literature, the intermetallic
phases formed during the liquid/solid interfacial re-
action between eutectic In-49Sn and Ni have been
identified by the x-ray diffraction (XRD) method.8,9

Chen and Lin8 reported that the intermetallics at
the In-49Sn/Ni-Cu-P interfaces after soldering reac-
tions were Ni2In3 and Ni10In27. They also noticed
that the Ni2In3 intermetallics tended to form at tem-
peratures lower than 275°C, while it was Ni10In27
that became the major reaction product at tempera-
tures higher than 275°C. In contrast, Huang and
Chen9 found a Ni3Sn4 intermetallic phase at the in-
terfaces of In-48Sn(l)/Ni(s) couples after soldering re-
actions at 160°C and 240°C. A discrepancy arises
from these two results: while the In element acted as
the reaction agent at the In-Sn(l)/Ni(s) solder inter-
faces in the former report,8 the Sn atoms were nev-
ertheless predominant for the latter case.9 It should
also be noted that no ternary intermetallic com-
pounds were found in the In-49Sn/Ni interfacial re-
actions by both research groups.8,9 However, a ter-
nary intermetallic compound Ni6InSn5 was reported
by Bhargava and Schubert to exist in a Ni-In-Sn
phase equilibrium system.10 The effort of this
present study is concerned with the clarification of
the intermetallic compounds formed during the in-
terfacial reactions between liquid In-49Sn solder(Received May 2, 2005; accepted August 30, 2005)
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and Ni substrates in a wide temperature range from
150°C to 450°C.

EXPERIMENTAL

The nickel substrates (8 mm × 12 mm × 0.8 mm)
were cut from a high-purity Ni plate (Ni-99.7%),
ground with SiC paper, and polished with 0.3-$m
Al2O3 powder. Eutectic In-49Sn solder was prepared
by vacuum melting and rolling into 0.5-mm-thick
foil. The In-49Sn solder foils were cleaned for inter-
facial reaction by immersing in a rosin mildly acti-
vated flux and then placed on the Ni substrates.
Soldering reactions proceeded at various tempera-
tures (between 150°C and 450°C) in an infrared fur-
nace under the vacuum of 10−3 torr. The soldering
time ranged from 15 min to 240 min. The infrared
furnace was equipped with water cycling for the
heating stage, thereby ensuring the specimens to
cool to room temperature in 10 sec after the solder-
ing reactions.

For metallographic observations, the specimens
were cross-sectioned, ground, and polished with 0.3-
$m Al2O3 powder. The morphology and growth ki-

netics of intermetallic compounds formed during the
soldering reactions were examined by a scanning
electron microscope. Their compositions were iden-
tified by an electron-probe microanalyzer (EPMA).
In order to confirm the intermetallic phase, the
specimens were selectively etched using a solution of
10 mL HF, 10 mL H2O2 and 40 mL water to dissolve
the residual solder. The exposed intermetallic com-
pounds were analyzed by an x-ray diffractometer.

The formation mechanism of the intermetallic
compounds during the liquid/solid interfacial reac-
tions was clarified through sputtering of the Ta thin
film on the partial surface of nickel substrate, which
acted as the diffusion barrier for In-49Sn/Ni reac-
tions. Hence, the original interface between In-49Sn
solder and Ni substrate could be marked.

RESULTS AND DISCUSSION

Figure 1 shows many cubic-shape intermetallic
compounds formed at the interfaces after soldering
reactions of the liquid In-49Sn with Ni substrates.
The intermetallic cubics grow with increasing reac-
tion time. At higher temperatures, an additional

Fig. 1. Typical morphology of intermetallic compounds formed during the interfacial reactions between liquid In-49Sn solders and Ni substrates:
(a) 250°C, 60 min; (b)250°C, 240 min; (c) 400°C, 60 min; and (d) 400°C, 240 min.
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continuous intermetallic layer appears between the
intermetallic cubics and Ni substrates, as revealed
in Fig. 1c and d. It can also be seen that a certain
amount of intermetallic cubics have detached them-
selves from the continuous intermetallic layer and
migrated toward the liquid In-49Sn solder matrix.
These intermetallic cubics coarsen with the increase
of reaction time, and this phenomenon is more obvi-
ous at a much higher temperature, as shown in
Fig. 1d.

Through selective etching of the In-49Sn solder
after interfacial reaction at 400°C for 135 min, the
continuous intermetallic layer now contains many
lengthened grains parallel aligned in the vertical di-
rection of the In-49Sn/Ni interface, as indicated in
Fig. 2. These lengthened intermetallic grains take
on the appearance of polygonal plates, which have
coarsened to equiaxial polyhedrons located at the
front of the intermetallic layer. Figure 3 further con-
firms the growth of polygonal plates in the continu-
ous intermetallic layer to coarse equiaxial polyhe-
drons after selective etching of the remaining In-
49Sn solder, which had reacted with Ni substrates
at 400°C. Through partial surface sputtering of the
Ta thin film on the Ni substrates, the original In-
49Sn/Ni interface can be marked and the migration
of the reaction front during the soldering process can
be observed. Figure 4 reveals the rearward move-
ment of the original In-49Sn/Ni interface as well as
the accompanying onward growth of the intermetal-
lic layer. It is evidenced that during the soldering
reactions the In and Sn atoms in In-49Sn have dif-
fused into the Ni substrates, leading to the forma-
tion of interfacial intermetallic compounds.

The EPMA has been used to analyze the chemical
compositions of the intermetallic cubics and continu-
ous intermetallic layers formed at various tempera-
tures between liquid In-49Sn solders and Ni sub-
strates. The results indicate that both types of the
intermetallic compounds possess compositions
(listed in Table I) similar to Ni33In20Sn47, which cor-

respond to the Ni(In0.3Sn0.7)2 phase. Since neither
the NiIn2 nor the NiSn2 phase exists in Ni-In and
Ni-Sn binary equilibrium diagrams, the intermetal-
lic compound Ni33In20Sn47 should be a ternary

Fig. 2. Morphology of interfacial intermetallics after In-49Sn/Ni sol-
dering reactions at 400°C for 135 min (the remaining In-49Sn solder
has been selectively etched).

Fig. 3. Intermetallic compounds at the soldered In-49Sn/Ni inter-
faces after selectively etching out the remaining In-49Sn solders: (a)
400°C, 60 min; and (b) 400°C, 240 min.

Fig. 4. Migration of the reaction fronts of Intermetallic compounds
during the In-49Sn/Ni soldering reactions at 400°C for 240 min (the
original In-49Sn/Ni interface was marked with Ta thin film).
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phase in the Ni-In-Sn equilibrium system. In or-
der to confirm such a ternary intermetallic phase,
an alloy with the same composition (at.%) as
Ni33In20Sn47 has been melted. Figure 5 shows that
the x-ray diffraction peaks for the intermetallic com-
pounds at In-49Sn(l)/Ni(s)-reacted interfaces are
quite consistent with those for the synthetically
melted Ni33In20Sn47 alloy. For comparison purposes,
the peaks of Ni2In3 and Ni10In27 taken from XRD
Handbook are also listed in Fig. 5, which are in dis-
agreement with those of the intermetallics in our
study. A slight increase of the In content in the
Ni(In,Sn)2 phase can also be seen in Table I, accom-
panied by the slight decrease of the Sn content as
the soldering temperature climbs from 150°C to
450°C.

The thickness (X) of the intermetallic compounds
formed during the interfacial reactions between liq-
uid In-49Sn solder and Ni substrates is measured
and plotted versus the square root of time (t) in Fig.
6. The results give a parabolic relation for the inter-
metallic growth, implying that the reaction is diffu-
sion controlled. The reaction constants (Kp " X/t1/2)
are calculated and plotted in an Arrhenius diagram
in Fig. 7. From the slope of the Arrhenius plot in

Fig. 7, the activation energy is determined to be
56.57 kJ/mol.

CONCLUSIONS
During the soldering reactions of In-49Sn with Ni

substrates at temperatures ranging from 150°C to
450°C for 15 min to 240 min, cubic-shape interme-
tallics are formed at the interfaces. At higher solder-
ing temperatures, an additional continuous inter-
metallic layer appears between the intermetallic
cubics and Ni substrates. The EPMA indicates a
similar composition of Ni33In20Sn47 for both the in-
termetallic cubics and continuous intermetallic
layer. The XRD analyses confirm the existence of
such a ternary intermetallic compound at the In-
49Sn(l)/Ni(s) interfaces. The interfacial intermetal-
lics grow in a parabolic relation to the soldering
time, which implies that the reaction is diffusion
controlled. In this case, the growth kinetics yields an
activation energy of 56.57 kJ/mol.

Table I. Chemical Compositions (At.%) of the
Intermetallic Compounds Formed during
the In-49Sn(l)/Ni(s) Interfacial Reactions

at Various Temperatures

Temperature Ni In Sn

450°C 33.1 21.4 45.5
400°C 32.9 21.1 46.1
350°C 33.4 19.9 46.7
300°C 34.2 18.4 47.4
250°C 32.9 18.2 48.8
200°C 33.0 18.4 48.6
150°C 33.6 18.6 47.8

Fig. 5. XRD peaks of a ternary Ni33In20Sn47 alloy and the interfacial
intermetallic compounds formed during the In-49Sn/Ni soldering re-
actions at 250°C and 350°C (the peaks of Ni2In3 and Ni10In27 are
taken from the XRD Handbook for comparison).

Fig. 6. The growth thickness (X) of the intermetallic compounds
formed during the In-49Sn(l)/Ni(s) interfacial reactions at various tem-
peratures as a function of the square root of reaction time (t1/2).

Fig. 7. Arrhenius plot of the reactions constant (Kp = X/t1/2) for the
growth of intermetallic compounds during the interfacial reactions
between liquid In-49Sn solder and Ni substrates.
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