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a b s t r a c t

The present study was undertaken to investigate the influence of In metal addition to the eutectic
Sn–3.5Ag binary composition for use as a Pb-free solder. The resulting properties of the binary system
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were extended to the Sn-based ternary systems Sn–Ag3.5–8In and Sn–Ag3.5–16In (where the composi-
tion are in wt.%) solder. Creep property and the microhardness tests of the Sn–Ag–In alloys were studied.
The alloys showed the three creep stages. The activation energy for the steady state creep of the alloys
was found to have an average value of 0.34 and 0.42 eV respectively. This might be characterizes by vol-
ume self diffusion as the controlling mechanism. On the other hand, the microstructures of the as cast
alloys are reported as well. In addition the microstructure of the solder alloys before and after creep test
reep

icrostructure was investigated.

. Introduction

Lead metal free soldering alloys are an important issue in the
rotection against poisonous materials in the world environmen-
al safety. Soldering technology has become indispensable for the
nterconnection and packaging of virtually all electronic devices
nd circuits. The Sn–Ag binary eutectic solder is one possible
ead-free solder replacement for Sn–Pb. This alloy system is quite
mportant because it is generally recognized as the first choice
or lead-free solders. It is well characterized [1], and the eutec-
ic composition and temperature are Sn–3.5 wt.% Ag and 494 K,
espectively. It possesses good ductility and better creep and ther-
al resistance than Sn–Pb solders. Although Sn–Ag eutectic solder
elts at 494 K compared to 458 K of Sn–Pb eutectic solder, this may

e acceptable for high temperature applications [2]. The tin–silver
utectic alloy has already been used in electronics soldering to a
imited extent [3]. In addition, it is used for soldering of stainless
teel for food processing applications. The Sn–In and Sn–Ag inves-
igated solder alloys are already in practical use, but only in exactly
etermined conditions. Considering these, it could be expected that
g–In–Sn ternary system might be one among the proper substi-

utes for common solders [4].

Mechanical creep of a soldering material occurs more readily

hen elevated temperatures are involved. Since regions of inho-
ogeneous microstructural coarsening are known to be preferred

ites for creep cracks to initiate, one of the keys to improved

∗ Corresponding author. +20 2 1037 23604 (Mobile).
E-mail addresses: Samiadourgham@yahoo.com (S.E. Negm),

laabahgat@yahoo.com (A.A. Bahgat).
1 Girls Branch.

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.05.007
© 2010 Elsevier B.V. All rights reserved.

solder joint reliability is the ability to engineer and to stabilize
fine, uniform microstructures. Also at elevated temperature, the
mechanical properties of metals are a result of simultaneous pro-
cesses of strain hardening, due to plastic deformation, and the
softening effect of recovery and recrystallization [5].

The mechanical properties of binary alloys Sn–Ag, Sn–Sb and
Sn–Zn have been studied by the present group [1,6–8]. The present
motivation is to explore further the experimental findings made
by this group and to illuminate some light on the effect of indium
addition on these alloys soldering properties especially concern-
ing creep test. In the present analysis, the creep parameters under
the effect of five constant applied stresses were measured under
different working temperatures for the Sn-based solder alloys.
Furthermore, microhardness study was performed as well. The
microstructure of the original as cast alloys was studied micro-
graphically before and after creep test as well.

2. Experimental work

Two alloys samples of the compositions Sn–3.5Ag–8In and Sn–3.5Ag–16In in
weight percent were prepared from 99.99% spc-pure elements. They were formed
by melting the constituents in a Pyrex tube under a fluxing agent (Colophony) to
prevent the sample oxidation in air. The melting was carried out on a benzene flame
for more than 30 min while the tube was shaken to ensure homogenization of the
melt. After solidification, the tube was broken to obtain the alloy. The density of
the samples was measured by the displacement method using carbon tetrachloride
(CCl4) as the immersion liquid. The melting points of the alloys have been detected
by homemade computerized differential thermal analysis (DTA) measurements.

Microhardness [9] tests were conducted using a Vickers hardness type Shi-

madzu tester applying a load of 25 g for 10 s by a Vickers diamond pyramid. Grinding
and polishing were necessary to obtain polished, smooth and flat parallel surface
before indentation tester. The readings of different indentations were taken at room
temperature to obtain the mean value and the standard deviation was calculated.
The creep specimens on the other hand of the two compositions Sn–3.5Ag–8In
and Sn–3.5Ag–16In were swaged in the form of wires (diameter 0.66 mm) with
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Table 1
Calculated density of the pewter alloys.

Wt.% �cal. (g/cm3) �exp. (g/cm3)
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Sn–3.5Ag [1] 7.4 7.4
Sn–3.5Ag–8In 7.4 7.4
Sn–3.5Ag–16In 7.26 7.4

old work of approximately 94.5%. The wire samples were annealed for 1 h at
24 ± 2K. Following heat treatment, the samples were allowed to cool slowly to
oom temperature with a rate of ≈0.04 K s−1. Creep tests were carried out at differ-
nt temperatures in the range from 443 to 483 K under different applied stresses
anging from 5.1 to 6.6 MPa using a homemade computer assisted creep machine
1,6–8].

All samples (bulk, wires before and after creep test) were polished, etched
ith a solution of 3 ml HNO3–97 ml alcohol for about 5 s and washed by dis-

illed water. Microphotographical examination of the structural changes of the
pecimens after heat treatment, cold work and the creep test was done. Metallog-
aphy was performed using an optical microscope type (Carl Zeiss Jena) at different
agnifications.

. Results and discussion

The value of the bulk density was determined in the present
ork as given in Table 1, from which the porosity is determined to

e less than 0.01%, proving the efficiency of the present preparation
rocedure.

.1. Melting point

The thermal behavior of the solders was investigated using dif-
erential thermal analysis (DTA) at constant heating rate 10 ◦C/min.
t is shown that there is only one phase transformation observed
n the temperature range 303–533 K, namely the melting which is
ndicated by the endothermic peak. The melting points were con-
idered in support of probable industrial applications. Fig. 1 shows
hat the eutectic temperature decreases gradually with higher In

etal content. The eutectic temperature reaches about 473 K when
he In content is 16 wt.%.

The effect of In addition on the eutectic temperature of the
n–Ag binary system phase diagram reveals that the melting point
f Sn–Ag is depressed [10] with the addition of In. In addition the
elting range (temperature range between solidus and liquidus

oints according to DTA) is extended as indium metal addition. The

nset temperature (the onset point of heat absorption during heat-
ng) was reduced from 494 K (Sn–3.5Ag) to 488 K (Sn–3.5Ag–8In)
nd 473 K (Sn–3.5Ag–16In) as shown in Fig. 2. Therefore the addi-
ion of 16 wt.% indium metal to the binary alloy Sn–3.5Ag reduced

Fig. 1. DTA measurements of the Sn solder alloys.
Fig. 2. The effect of In on the eutectic temperature in the Sn–Ag phase diagram.

the working melting point to approach that of the common Sn–Pb
soldering alloy.

3.2. Microhardness

Microhardness value is to determine the hardness of individual
grains and characterize the mechanical properties of the solid state
surface. The results obtained for microhardness values at small load
(25 g) of the pure metals Sn, Ag, In, and the Sn solder alloys at
room temperature are shown in Table 2. As seen from the table,
the average hardness values decreases significantly with increasing
the amount of indium, indicating that the bonding force between
Ag and Sn is much stronger than that of indium and Ag or Sn. In
addition, such a decrease in hardness value is generally taken as
indicative of inhomogeneity of the system. Hence, the variation in
hardness is attributed to the structural changes of the matrix phase.

In a previous work [4] it was found that In addition to Sn–3.5Ag
resulted in a decrease of hardness and an increase of the thermal
stability of the solder alloy.

3.3. Creep results

Under usual operating conditions, the temperature of solder
joints in the microelectronic packages ranges between 298 and
373 K, which corresponds to quite a high homologous temperature
(0.6–0.8 Tm). In this temperature range, creep is the most important
deformation mechanism [11].
Isothermal creep test for Sn solder alloys (Sn–3.5Ag–8In and
Sn–3.5Ag–16In), initially annealed for 1 h at 324 ± 2 K is carried out
at five constant applied stresses (5.1, 5.8, 5.4, 6.2 and 6.6 MPa) and
five test temperatures (443, 453, 463, 473, and 483 K).

Table 2
Room temperature Vickers hardness number (in units of N/mm2) of the pure metals
and Sn solder alloys.

Type Samples (wt.%) HV. at R.T. (N/mm2)

Pure metals Sn 79.5
Ag 895.7
In 95

Alloys Sn–3.5Ag [1] 125
Sn–3.5Ag–8In 119
Sn–3.5Ag–16In 98
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ig. 3. Example of isothermal creep curves for Sn–3.5Ag–8In ternary alloy under
ifferent stresses and at 324 K annealing temperature for (1 h).

Generally, mechanical creep of a soldering material occurs more
eadily when elevated temperatures are involved. At elevated
emperature, the mechanical properties of metals are a result of
imultaneous processes of strain hardening, due to plastic defor-
ation, and the softening effect of recovery and recrystallization

7].
Figs. 3 and 4 show typical isothermal creep curves for the

n–3.5Ag–8In and Sn–3.5Ag–16In alloys at 443 K test temperature.
he creep behavior observed at low temperature has three char-
cteristic stages. A region of initial (unsteady) creep, in which the
ate of creep varies rapidly followed by a region in which the rate

f creep remains constant (steady state) creep and finally a third
egion in which the rate of creep increase rapidly which is followed
y failure, as shown in Figs. 5 and 6.

ig. 4. Example of isothermal creep curves for Sn–3.5Ag–16In ternary alloy under
ifferent stresses and 324 K annealing temperature for (1 h).
Fig. 5. Example creep rate curve for Sn–3.5Ag–8In ternary alloy showing differ-
ent stages of the creep behavior at 445 K and strees 5.4 MPa. A, the transient state
interval; B, the steady state interval; C, the tertiary state interval.

3.3.1. The steady state creep rate
The steady state creep rate ε̇s calculated from the slopes of the

linear regions of the creep curves, increases with increasing applied
stresses and test temperature. The variation in strain rates (creep
rates) is the result of changes in the internal structure of the mate-
rial with creep strain and time.

Furthermore the steady state creep time can be determined
from interval B for Sn–3.5Ag–8In and –3.5Ag–16In solder alloys
(Figs. 5 and 6). The tensile strength on the other hand of Sn alloys is
strongly influenced by strain rate similar to other lead-free solders
[12,13]. The relationship of stress–strain of Sn solder alloys is usu-
ally expressed by the following equation within the steady state
region (B):

ε̇s = A� n (1)

where A is a constant and n is the stress exponent. A plot of loga-
rithm of ε̇s versus the logarithm of � yields a straight curve with
slope (n) which determines the mechanism of creep deformation.
A commonly used equation by design engineers for stress and
temperature dependence of creep (strain) rate, especially in the
electronics industry, is the Norton power law [13]:

ε̇s = A�ne−Q /RT (2)

Fig. 6. Example creep rate curve for Sn–3.5Ag–16In ternary alloy showing differ-
ent stages of the creep behavior at 445 K and strees 5.4 MPa. A, the transient state
interval; B, the steady state interval; C, the tertiary state interval.
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Table 3
The stress exponent n for Sn solder alloys at different test temperature.

Sample Test temperature Exponent n (present) Load (MPa)

Sn–3.5Ag–8In

443 2.3 6.6
453 3.7 6.2
463 3.6 5.4
473 4 5.1
483 2 5

Sn–3.5Ag–16In

443 3.8 6.6
453 4.6 6.2
463 4.6 5.4
473 2.7 5.1
483 2 5
ig. 7. Double-log of minimum creep rate versus stress at different test temperature
or (Sn–3.5Ag–8In) ternary alloy.

here ε̇s is the steady state strain rate, A is a constant, � is the
tress, n is the stress exponent, Q is the activation energy, R is
he universal gas constant, and T is the absolute temperature. The
tress exponent (n) determines the type of deformation mecha-
ism (viscous glide, screw dislocation, climb mechanism, etc.). The
ransition from viscous glide (stress exponent n ≈ 3) to dislocation
limb (stress exponent n ≥ 4).

The relation between log ε̇s and log � according to Eq. (1) is
hown in Figs. 7 and 8 for Sn–3.5Ag–8In and Sn–3.5Ag–16In sol-
er alloys respectively. The values of ε̇s increased with increasing
he applied stress and/or the test temperature for both alloys. The

ncrease of ε̇s with increasing test temperature could be explained
n view of an easier motion of dislocations already existing, where
he thermal energy introduced facilitates the dislocation motion
y helping it to overcome the precipitates which act as barriers

ig. 8. Double-log of minimum creep rate versus stress at different test temperature
or (Sn–3.5Ag–16In) ternary alloy.
Fig. 9. Relation between ln ε̇s and 1/T (K−1) for (Sn–3.5Ag–8In) ternary alloy at
different applied stresses.

[14,15].
The values of the stress exponent n for Sn–3.5Ag–8In and

–3.5Ag–16In solder alloys (Figs. 7 and 8) depend mainly on the test
temperature with values between 2 and 4.6. In addition, the defor-
mation mechanisms in these alloys are viscous glide and dislocation
climb according to the value of n given in Table 3.

The activation energy of the steady state creep of the alloy
calculated according to Eq. (2) from the slopes of the relation
between ln ε̇s and 103/T is found to be linear for all applied stresses
for Sn–3.5Ag–8In and Sn–3.5Ag–16In solder alloys as shown in
Figs. 9 and 10 respectively. Tables 4a and 4b show the present

activation energy value of Sn–3.5Ag–In and Sn–3.5Ag–16In solder
alloys which were calculated from Figs. 8 and 9, is controlled by
volume self diffusion [16].

Table 4a
The activation energy from the steady state creep at different stresses for Sn solder
alloy.

Sample Stress (MPa) Activation
energy (ev)

Average activation
energy (ev)

Sn–3.5Ag–8In 6.6 0.26 0.34
6.2 0.44
5.4 0.44
5.1 0.46
5 0.23
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axis but the structure is less oriented before tensile deformation
(Figs. 11b and 12b).

As shown in Fig. 11b the micrograph after low-temperature
annealing at 324 K and after the creep test at stress of 5.4 MPa dif-

Table 4b
The activation energy from the steady state creep at different stresses for Sn solder
alloy.

Sample Stress (MPa) Activation
energy (ev)

Average activation
energy (ev)
ig. 10. Relation between ln ε̇s and 1/T (K−1) for (Sn–3.5Ag–16In) ternary alloy at
ifferent applied stresses.

The steady state creep activation energy of Sn–3.5 wt.%Ag alloy
ould be equal to either pure Sn (particularly in the case of rode-like
icrostructure), or being higher in case of dispersed intermetal-

ic. According to the data presented in the mechanical behavior of

n–3.5 wt.%Ag solder alloy is affected by Ag3Sn intermetallics pre-
ipitation [2]. From the discussion in Ref. [12] it is clear that due to
he presence of intermetallic precipitates, the activation energy for
n–3.5 wt.%Ag alloy creep should be higher than for pure Sn.

Fig. 11. Microstructure of Sn–3.5Ag–8In all

Fig. 12. Microstructure of Sn–3.5Ag–16In al
Compounds 503 (2010) 65–70 69

4. Microstructure

Sn–Ag alloys are being considered as one of the most favor-
able lead-free solder systems. In this respect numerous studies
have been devoted to the microstructure of Sn–Ag based alloys
[17–21]. Knowing that a nonequilibrium eutectic transformation
occurs during the solidification of Sn–Ag eutectic alloy and thus the
�-Sn dendrites and Sn–Ag3Sn eutectic coexist in the microstruc-
ture. Microstructure of SnAgIn was irregular, with fine Sn dendrites,
eutectic, and coarse structural regions.

Figs. 11 and 12 show the microstructure before and after creep
test with 94.5% cold work at annealing temperature 324 ±2 K for
1 h. The plastic deformation of the alloys is because of cold work
Figs. 11a and 12a of the Sn–3.5Ag–8In and Sn–3.5Ag–16In solder
alloys. The cold deformation fragmented the dendrites and ori-
ented them linearly. The effect of high degree of deformation after
creep test on the microstructure of the alloy, where the block size
is very large, is shown by more elongation of the grains than before
the creep test. The structure after creep contains AgIn-�, Ag3Sn
phase [22,23] and � Sn dendrites, which are aligned to the tensile
Sn–3.5Ag–16In 6.6 0.46 0.42
6.2 0.57
5.4 0.55
5.1 0.33
5 0.21

oy (a) before and (b) after creep test.

loy (a) before and (b) after creep test.
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ers in grain size from that in Fig. 11a, where deformation shows
onsiderable coarsening of the grains [24]. The density decrease of
he Sn–Ag intermetallic particles within the matrix is due to grain-
oundary segregation and/or dissolution of the SnAg intermetallic.

. Conclusion

Based on DTA curve, the information on characteristic peak tem-
eratures of investigated Sn–Ag–In alloys (with high percent of tin,
mall percent of silver and indium) were obtained. DTA curves indi-
ate that the beginning and the end of phase transformation are
oved to lower temperature by the increase of indium and constant

ilver content in the alloy.
Microhardness measurements on the pure Sn, Ag, In and

n–Ag–In alloys at small load were measured at room tempera-
ure. It is found that In addition to Sn–3.5Ag resulted in a decrease
f hardness and an increase of the thermal stability of the solder
lloy.

From steady state stage, the values of the stress exponent n is
overned by viscous glide and dislocation climb, where the n values
re in the range from 2 to 4.6. Values of activation energy of the
echanisms operating in the steady state stages were found in the

ange of 0.34 and 0.42 eV for the Sn–3.5Ag–8In and Sn–3.5Ag–16In
older alloys.

The microstructure of Sn–3.5Ag–8In and Sn–3.5Ag–16In alloys
fter creep test shows that block size is very large and the grain is
longated.
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