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a b s t r a c t

The melt-spinning processes of binary Sn–10 wt.% Sb and ternary Sn–10 wt.% Sb–In were analyzed using
X-ray diffractometer and differential thermal analysis (DTA). The results showed that supersaturated
solid solution and new intermetallic compound In3Sn were produced during melt-spinning technique not
found under equilibrium conditions. It is also found that a small amount of In addition significantly lowers
the melting point of the Sn–10 wt.% Sb alloy and reduce the crystal size to ≈60 nm. Also, tin–antimony
eywords:
older
oldering
ead free
lectronic applications
echanical properties

solder doped with In exhibits good mechanical properties, Vickers hardness and mechanical strength
due to refined microstructure. This work was performed to study the influence of rapid solidification and
indium addition on structure and properties of tin–antimony based alloys.

© 2009 Elsevier B.V. All rights reserved.
hermal properties

. Introduction

Sn–Sb is one of the materials considered for replacing lead con-
aining alloys for soldering in electronic packaging. The relatively
igh melting point of Sn–Sb alloy makes it suitable for high tem-
erature applications. The antimony has the effect of imparting
trength and hardness to the alloy. Formation of the intermetal-
ic compound SbSn is possible at these levels of Sb. This phase
as a cubic structure with a high hardness. To become a viable

ead-free solder alternative for electronics assembly use, it is con-
idered essential for this candidate solder to meet the following
riteria: melting temperature, similar to Sn–Pb solders, particularly
3Sn–37Pb solder; adequate wetting properties to metallization
sed in electronics industry; physical properties no poorer then
hose of Sn–Pb solder; good fatigue resistance; relatively non-toxic
nd low cost. The modification in tin–antimony alloys have been
tudied [1]. They found that the results obtained by rapid cooling,
ompared with the slow cooling, greatly affects the structure and

roperties of Sn–Sb alloys. It leads to a much finer-grained structure
nd therefore, gives rather better mechanical strength. It also leads
o the formation of new phases, not found under equilibrium condi-
ions. Investigation of the temperature dependence of the electrical
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resistivity (�–T) of Sn–Sb alloys is carried out, using the DC four-
probe method [2]. Tin–antimony alloys have been studied by many
investigators [3,4]. However, papers on Sn–Sb alloys [5–8] seldom
concentrate on temperature induced structural behavior of Sn–Sb
melts. Moreover, according to Sn–Sb phase diagram (Fig. 1 [9]),
there are two intermediate phases and extended solid solutions.
Tensile, creep, and the automated ball indentation (ABI) tests on
Sn–5Sb solder for mechanical property evaluation [10].

The aim of this work is to study the effects of the solidification
rate and the small additions of indium on the mechanical, structure,
thermal and the electrical properties of the Sn–10 wt.% Sb alloy.

2. Experimental

Five alloys of compositions Sn–10 wt.% Sb, Sn–10 wt.% Sb–0.5In, Sn–10 wt.%
Sb–1.0 wt.% In, Sn–10 wt.% Sb–1.5 wt.% In and Sn–10 wt.% Sb–2.0 wt.% In have been
produced by a single copper roller melt-spinning technique. Required quantities of
the used metals were weighed out and melted in a porcelain crucible. After the alloys
were molten, the melt was thoroughly agitated to effect homogenization. The casting
was done in air at a melt temperature of 600 ◦C. The speed of the copper wheel was
fixed at 2900 rpm; which corresponds to a linear speed of 30.4 m/s. X-ray diffraction
(XRD) analysis is carried out with a Shimadzu-X-ray diffractometer (DX-30), using

Cu K� radiation with Ni filter (� = 0.154056 nm). Differential thermal analysis (DTA)
is carried out in a Shimazu DT-50 with a heating rate 10 K/min. The measurement
of resistivity is carried out by the double bridge method. The Vickers microhardness
number (Hv) is measured using the FM-7 microhardness tester. The elastic moduli of
melt-spun ribbons were examined in an air atmosphere with a dynamic resonance
method.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:rizk1969@yahoo.co.uk
dx.doi.org/10.1016/j.jallcom.2009.02.013
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Fig. 1. The XRD patterns of as-quenched melt-spun: (a) Sn90Sb10, (b) Sn89.5Sb10In0.5, (c) Sn89Sb10In1.0, (d) Sn88.5Sb10In1.5 and (e) Sn88Sb10In2.0 alloys.
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. Results and discussion
.1. Structure

Fig. 1 shows the XRD patterns for as-quenched melt-spun rib-
ons of all compositions Sn90−xSb10Inx (x ≥ 0). The structure of

Fig. 2. Differential thermal analysis (DTA) of all melt-spun alloys: (a) Sn90Sb10, (
mpounds 480 (2009) 334–339

Sn–10 wt.% Sb alloy Fig. 1a contains SnSb embedded in the Sn

matrix at 2� = 29.10, 41.65 and 60.36. For Sn–10 wt.% Sb–0.5 wt.%
In alloy Fig. 1b, the number of peaks and intensity due to SnSb
increases at 2� = 29.19, 41.92, 51.81 and 60.55, Also, the pattern con-
tains two peaks for In3Sn at 2� = 79.49 and 89.43. Also, Fig. 1c–e
show that presence of SnSb and In3Sn phases which is not normally

b) Sn89.5Sb10In0.5, (c) Sn89Sb10In1.0, (d) Sn88.5Sb10In1.5 and (e) Sn88Sb10In2.0.
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Fig. 2. (Cont

Table 1
The details of the XRD analysis.

System Phase designation Crystal system Crystal size
(nm)

Sn90Sb10 SbSn Rhombohedral (Hex) 160.5
Sn Body centered tetragonal 182.8

Sn89.5Sb10In0.5 SbSn Rhombohedral (Hex) 130.4
Sn Body centered tetragonal 140.3
In3Sn Tetragonal 130.2

Sn89Sb10In1.0 SbSn Rhombohedral (Hex) 118.5
Sn Body centered tetragonal 120.2
In3Sn Tetragonal 118.5

Sn88.5Sb10In1.5 SbSn Rhombohedral (Hex) 88.5
Sn Body centered tetragonal 110.2
In3Sn Tetragonal 86.5

Sn88Sb10In2.0 SbSn Rhombohedral (Hex) 60.3
Sn Body centered tetragonal 56.5
In3Sn Tetragonal 66.5

Table 2
Thermal analysis.

Alloy Tm (◦C) �Hf (kJ/g) Pasty range (

Sn–10Sb 240 56.95 20.81
Sn–10Sb–0.5In 238 73.63 22.46
Sn–10Sb–1.0In 237 51.36 22.31
Sn–10Sb–1.5In 235 73.57 29.59
Sn–10Sb–2In 233 49.40 22.22
inued ).

obtained under equilibrium conditions. The In3Sn compound has
�-tetragonal structure. The details of the XRD analysis are shown
in Table 1.

3.2. Thermal analysis

The DTA curves obtained for the five alloys during heating with
heating rate 10 K/min are shown in Fig. 2. The figure for all prepared
alloys Sn90−xSb10Inx (x ≥ 0) shows a single endothermic peak corre-
sponding to the melting reaction. From this figure the melting point
(Tm), solidus temperature (Ts), liquidus temperature (Tl), enthalpy

of fusion (�Hf) and pasty range of these alloys were calculated
and presented in Table 2. The melting point decreases continuously
with indium content up to 233 ◦C at 2 wt.% In. This reduction may
be attributed to the decrease of the crystalline size, as observed
in the work of Peter et al. [11]. The enthalpy of fusion is higher

◦C) Solidus temperature (◦C) Liquidus temperature (◦C)

232.44 253.25
230.25 252.71
227.64 249.95
224.90 254.49
225.91 248.13
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Fig. 3. The variation of Hv with indium content.

Table 3
Vickers microhardness (Hv) and yield stress (�y) of all prepared alloys.

Alloy Hv (MPa) �y (MPa)

Sn–10Sb 203.16 67.83
Sn–10Sb–0.5In 216.66 72.22
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Table 4
Electrical resistivity at room temperature of all prepared alloys with and without
indium.

Alloy � (�� cm)

Sn–10Sb 26.25 ± 2.1
Sn–10Sb–0.5In 27.55 ± 1.7

strength (�c,y = Hv/3) are shown in Table 5. It is found that the ten-

T
M

A

S
S
S
S
S

n–10Sb–1.0In 236.27 78.75
n–10Sb–1.5In 253.92 84.64
n–10Sb–2In 313.72 104.57

alue for 0.5 and 1.5 wt.% indium, may be due to the indium addi-
ion and presence of intermetallic compounds. The pasty range (the
olidus–liquidus distance), which is the range between the solidus
nd liquidus temperatures, for the eutectic alloy is equal to zero,
hile for the other alloys exhibits a positive increase up to 29.59 ◦C.

he solder in this range of temperature is a semi-solid and has prop-
rties different from the solid or the liquid phases. This behavior
eads to the solder left-off during solidification. In order to avoid
his problem it is preferable to use a solder with very narrow pasty
ange.

.3. Hardness indentation

Fig. 3 shows the variation of microhardness Hv with Indium con-
ent for constant applied load 10 gf dwell time 5 s. For Sn–10Sb, Hv

as the lowest value 203.49 MPa. After addition, the indium at 0.5,

.0, 1.5 and 2.0 wt.%, the Hv increases up to reach 313.72 MPa at 2.0-
t.% Indium. This is attributed to the presence of more intermetallic

ompounds such as SnSb and In3Sn and refinement the crystal size.
lso, this behavior can be explained in terms of the alloy struc-

ure and resulting properties. With this relatively high amount of

able 5
echanical properties of Sn90−xSb10Inx melt-spun alloys.

lloy Young’s modulus E (GPa) Shear modulus G (GPa) Bulk mod

n–10Sb 52.25 19.49 54.42
n–10Sb–0.5In 58.78 21.73 61.22
n–10Sb–1.0In 59.89 22.34 62.38
n–10Sb–1.5In 62.64 23.37 65.25
n–10Sb–2In 65.22 24.33 67.93
Sn–10Sb–1.0In 29.33 ± 1.5
Sn–10Sb–1.5In 30.25 ± 1.6
Sn–10Sb–2In 32.37 ± 1.8

antimony, a large amount of the hard SbSn phase is likely present.
These SbSn cubes can act as crack initiation sites and eventually
lead to failures. Therefore, the high strength which the high anti-
mony content imparts may prove to be too stiff for microelectronics
applications where compliance to shear stresses is a requirement.
Table 3 shows the Hv and yield stress (�y) for more the as-quenched
melt-spun Sn90−xSb10Inx alloys.

3.4. Electrical properties

In microelectronic devices the solder serves as an electrical
interconnection. Therefore, in most microelectronic applications
the resistivity of the solder interconnects should be so thin that
it does not affect the functionality of the circuit. The electri-
cal resistivity (�) of as-quenched melt-spun alloys is measured
at room temperature and the results are shown in Table 4. The
increase in the resistivity after addition indium up to 2 wt.% is
due to the formation of SnSb and In3Sn intermetallic compound
which acts hard inclusions in the soft matrix and rate of cooling
[12].

3.5. Mechanical properties

The strength of the material is limited by the atomic bonding
forces, which are reflected macroscopically by the elastic constants.
Table 5 shows the values of the elastic moduli and Lame’s constant
of all prepared alloys calculated from the resonance curve obtained
by the dynamic resonance circuit after determination of the reso-
nance frequency. It shows an increase of the Elastic modulus to the
maximum value of 55 GPa at 2 wt.% In. It is due to presence of hard
intermetallic compounds, which act as hard inclusions in the soft
matrix.

Values of Shear modulus (G), Bulk modulus (B) and Lame’s con-
stant (�) were calculated using standard equations:

G = E

2(1 + �)
B = E

3(1 − 2�)
, and � = �E

(1 + �)(1 − 2�)

The tensile fracture strength (�f), tensile fracture strain (εt,f = �f/E),
compressive yield strain (εc,y = Hv/3E) and compressive yield
sile fracture strength, compressive yield strength increasing with
Indium content. This may be due to high performance metal alloys
are never single phase but generally consists of a matrix inter-
spersed by areas of second phase material or intermetallic phases
such as SnSb or In3Sn.

ulus B (GPa) Lame’s constant � (GPa) �f (GPa) εc,y (10−3) εt,f

41.42 10.21 1.29 0.195
46.60 10.84 1.22 0.184
47.78 10.94 1.31 0.182
49.66 11.19 1.35 0.178
51.71 11.42 1.60 0.175
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. Conclusions

From previous studies it is concluded that:

Rapid solidification and the addition of In to Sn–10 wt.% Sb lead to
the formation the intermetallic compound In3Sn which is not nor-
mally obtained under equilibrium conditions. Also, the addition
of indium to Sn–10 wt.% Sb alloy increases the hardness, elastic
moduli; yield stress and delay the fracture strength by refine the
effective crystal size to about 60 nm at 2 wt.% In. Also, the melting

points and pasty range of these solders are desirable by compari-
son with Pb–Sn solder alloys. On the other hand adding indium to
the binary alloy (Sn–10 wt.% Sb) causes increase in electrical resis-
tivity due to formation of intermetallic compound In3Sn and SnSb
which act as scattering centers for conduction electrons.
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