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Complete enforcement of the new propagation of lead-free solders needed detailed knowledge and
comprehension of their mechanical attitude. In the present study transient and steady-state creep tests,
microstructure and characteristic of Sn-9Zn lead free solders and Sn-9Zn-2In ternary alloys were
studied under different five applied stresses ranging from ranged from 3.62 to 11.22 MPa and in the
temperature range from 323K to 403K. It is obvious that the addition of Indium to the Sn-9Zn binary
system lead to a reducing of the melting point, therefore, the Sn-9Z-2In solder material shows maximum
ductility (strain) and well-behaved mechanical realization than that of eutectic Sn-9Zn commercial
solder. Microstructural analysis revealed that the ternary alloys are more ﬁne and refining than binary
due to existence of γ-InSn4. The activation energy of transient creeps have been found to be 20.16 - 26.32
and 16.80 - 22.44 kJ mol−1 in the low and high temperature regions for Sn-9Zn binary and Sn-9Z-2In
ternary alloys respectively. The steady state creep was studied in the same temperature range under
same loads. The strain rate sensitivity parameter (m) has been found to elevate by elevating the applied
temperature and stresses. The activation energies of steady state creep of the alloy have been found to be
26.31-30.82 and 23.36 -27.13 kJ mol−1 in the low and high temperature regions for Sn-9Zn binary and
Sn-9Z-2In ternary alloys, respectively.
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Introduction
Conventional Sn-Pb solders have been extensively
utilized as the common materials for electronic
packaging, since they have a low melting point, of
low cost and good wettability [1]. Regardless of all
of these characteristics, scientific efforts have been
made to replace these toxic Pb-based solders, used
in the packaging operation of electronic devices,
by non-toxic solders. Numerous studies have been
conducted to develop new Pb-free solders [2,3].
New solders should be of a minimum material
cost, excellent wettability, accepted melting
temperature, perfect mechanical and electrical
properties, high corrosion resistance and
acceptability for health and circumference [4].

Numerous types of binary and ternary Sn-based
lead-free solders such as; Sn-Zn, Sn-Ag, Sn-Zn-In,
have been progressively used in the electronic
packaging industry [5-7].
Binary or ternary Sn-based lead-free alloys are
actually accepted as substituents to Pb-solders [8].
Amongst these binary alloys, the Sn-Zn system is
the most hopeful substituent due to its excellent
ductility, creep resistance and thermal resistance
[9,10]. Numerous researches have been conducted
on adding a third element, such as In to the Sn-Zn
solder [11] to achieve the required properties. The
selected samples for solders are stringent and
perform a significant role in solder joint reliability
[12].
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Many types of Sn-based lead-free solders such as
Sn-Ag, Sn-Cu, Sn-Ag-Cu and Sn-Zn have been
progressively used in the electronic packaging
industry [13,14]. Amongst them the Sn-Zn solder
has been suggested as one of the most promising
substituents for lead-containing solder for wave,
dip, and iron soldering processes [15].
Among the lead-free solders, eutectic or near
eutectic Sn-Zn solder is regarded as a suitable
replacement for Sn-Pb solders because its melting
temperature (471 K) is near to that of Sn-Pb
eutectic alloy (456 K), and can offer better
mechanical properties with overall cost
effectiveness [16,17]. Different other universal
alloying element, Zn is effective both chemically
and metallurgically. In spite of the fact that Zn in
Sn-Zn samples can be easily oxidized to form
corrosion products (e.g., Zn oxide/hydroxide and
ZnCl2), which leads to poor wettability and
reduces the reliability of solder joints, certain SnZn composition region can act as a sacriﬁcial
anode with a perfect anticorrosive feature for the
ferrous base mineral. Even if this is true, some
accelerated tests to determine whether the solder
structure can help improving Sn-Zn lead-free
solders in confirmed special enforcement are still
needed [18,19].
According to Sn-Zn binary phase diagrams
depicted in Fig.(15) [20], the tendency of liquidus
bar in the near-eutectic point (hypoeutectic region)
is totally minimum, i.e., the decrees in Zn content
near Sn-9Zn will not impulse much increase in the
equilibrium liquidus temperature. Therefore, it is
possible to reduce the adverse effect of Zn by
lowering its concentration, while mostly keeping
its beneﬁt of generating the eutectic melting point.
It indicates that the price excess and oxidation
softness of Zn connected depending on lead-free
soldering can be decreased. While there have been
some reports of the inﬂuence of Zn concentration
on Sn-Zn alloys, the study of creep manner has
been limited. Wei et al. [16] have examined the
non equilibrium melting and wetting manner of a
spectrum of Sn-Zn alloys (2.5-9Zn) and organize
that while Sn-6.5Zn posses the same manner as
the eutectic Sn-9Zn in melting, it has safely
preferable wettability to Cu than Sn-9Zn. They
also suggested that using Sn-6.5Zn as a lead-

Arab J. Nucl. Sci. & Applic. Vol. 51, No. 3 (2018)

free solder would be further helpful than using
Sn-9Zn [21].
The present paper aims to explore the effects of
few quantity of In on the microstructure and creep
properties of Sn-9Zn binary lead-free solder alloys.
It is obvious that the additions of Indium alloy to
the Sn-9Zn binary lead to a reducing of the melting
point to 460.9 K [22 ], therefore, the Sn-9Z-2In
solder material exhibits a higher ductility and wellbehaved mechanical performance than those of
eutectic Sn-9Zn commercial solder. Hopefully,
these small element additions can play a positive
role in the improvement of the overall mechanical
properties of the Sn-9Sn based alloys. The 2In
additions have been reported to improve the
microstructure of Sn-9Sn alloys as well as their
strength and ductility.
Experimental Procedures
Sn-9Zn binary, Sn-9Zn-2In ternary solder
alloys were prepared from Sn, Zn, and In
(purity 99.99%) as raw materials by vacuum
melting. The samples were derived into
wires. In this study, the wires were annealed
at 140 0C for 2 h and then slowly cooled to
room temperature at a cooling rate Tˈ= 2x10-2
K/sec. After this heat processing, the samples
were annealed at room temperature for 7 days
before testing. This process allowed a little
quantity of grain growth and grain
stabilization
to
occur
[23].
The
microstructure of the samples was studied
using X-ray diffraction and SEM. Creep
deformation were performed on annealed
wire samples of 0.8 mm diameter and 5 cm
standard length.
The samples were tested at five temperature
range at under different stresses ranging from
ranged from 3.62 to 11.22 MPa, using a
classical type creep machine. The accuracy of
temperature measurement is of the order ±1
K. Strain measurements were done with an
accuracy of ±1x10-2. The used chamber
temperature could be spotted by utilized a
thermocouple touching with specimen. Table
(1) list the true chemical compositions of the
tested samples used Energy-dispersive X-ray
spectroscopy
(EDX)
used
in
this
investigation. A solution of 2%HCl,
3%HNO3 and 95%(vol.%) ethyl alcohol was
prepared and used to etch the samples.
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Phase identity of the used samples achieved
out by X-ray diffractometry (XRD) at 40 KV
and 20 mA using Cu Kα radiation with
diffraction angles (2θ) from 20.99◦ to 99.99◦
and a stationary scanning speed of 1◦ /min.
The solder ingots were then mechanically
machined into all wire samples.
Table (1): Actual compositions of the experimental
alloys, wt.%.
Experimental
Sn
Zn
In
alloys
Sn-9Zn

91

9

0

Sn-9Zn-2In

89

9

2

Results and Discussion
Transient stage
The transient creep interval is commonly described
by Friadel’s equation (24-26):
εtr = βt

n

(1)

Where εtr and t are the transient creep strain, and
time, β and n are (transient creep parameters)
constants relying on the experimental test
conditions.
Isothermal creep curves for the two tested alloy
were studied under five applied stresses ranged
from 3.62 to 11.22 MPa at five different working
temperatures as seen Fig.1a-e. The gradation of
creep curves with regard to the temperature display
a acute rising in behavior particularly at high
temperatures
Isothermal creep curves for the two tested alloy
were studied at two different temperature 323K
and 403K and fixed applied stresses equal 11.22
MPa as seen in Fig.(2), it is seen that the ternary
alloys is more superplastic than the binary at the
two tested temperature.
In the present paper the relation between lnεtr and
lnt gives straight lines as shown in Fig.(3a-e).

lnβ = (lnt2 εtr1 –lnt1εtr2)/lnt2-lnt1

(2)

It was found that n rises with rising deformation
temperature and stresses see Fig.(4). The
parameter β was rising with rising temperature and
rising the applied stress as seen Fig.(5).
Fig.(6,7) illustrates the relation between
lnεtr and 1000/T at low temperature for
Sn-9Zn eutectic and Sn-9Zn-2In alloys
for five different applied stresses.
The relation between coefficient β and strain rate
of the steady state creep (ε˙St) written in the
equation (27).
(3)
β = β 0 (ε˙st)γ
Where, β 0 and γ are constants depend on the
experimental conditions.
Steady-state creep stage
For steady state the current examination shows that
creep tests are extra sensitive to the divergence of
the samples structure, this may reflect the
influence of Zn-atom on the behaviour of the
samples see Fig.(1).
Steady state creep test were performed especially
on Sn-9Zn lead free solders and Sn-9Zn-2In
ternary alloys. The samples were examined in the
temperature range from 323 to 403K under
stationary five applied stresses.
The steady-state strain rate ε˙st of the examined
samples is calculated from the slopes of the linear
parts of the acquired creep curves represented in
Fig.(1a-e). It rises with rising both the T and ϭ
(stress) as shown in Fig.(8).
Strain
rate
sensitivity
parameter 𝑚𝑚 =
𝜕𝜕 ln 𝜎𝜎/𝜕𝜕 ln 𝜀𝜀𝑠𝑠𝑠𝑠 was calculated from the inclination
of the straight lines of lnϭ and lnε˙st see Fig.(9).
The activation energy of steady creep at stable load
was studied utilize the following formula [24,26].

Q = R(∂ ln ε st / ∂ (1 / T ))

(4)
where T and R are temperature (Kelvin), and the
gas constant, respectively.

The exponent n was determined from the slope
relate lnεtr and lnt, while the parameter β was
calculated from the intercepts at lnt = 0:
Arab J. Nucl. Sci. & Applic. Vol. 51, No. 3 (2018)
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Fig.1a: Isothermal Creep Curves at 323 K, at different applied stresses for Sn–9Zn eutectic
and Sn-9Zn-2In alloys

Fig.1b: Isothermal Creep Curves at 343 K, at different applied stresses for Sn–9Zn eutectic
and Sn-9Zn-2In alloys
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Fig.1c: Isothermal Creep Curves at 363 K, at different applied stresses for Sn–9Zn eutectic
and Sn-9Zn-2In alloys

Fig.1d: Isothermal Creep Curves at 383 K, at different applied stresses for Sn–9Zn eutectic
and Sn-9Zn-2In alloys
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Fig.1e: Isothermal Creep Curves at 403 K, at different applied stresses for Sn–9Zn eutectic
and Sn-9Zn-2In alloys

Fig.(2): Comparison on creep curves at 323 K and 403 K, at stresses 3.62 and 11.22 MPa for Sn-9Zn eutectic and Sn9Zn-2In ternary alloys
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Fig. (3a): Relation between lnε tr and lnt for Sn-9Zn eutectic and Sn-9Zn-2In alloys,
at 323K and different stresses

Fig. (3b): Relation between lnε tr and lnt for Sn-9Zn eutectic and Sn-9Zn-2In alloys,
at 343K and different stresses
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Fig.(3c): Relation between lnε tr and lnt for Sn-9Zn eutectic and Sn-9Zn-2In alloys,
at 363K and different stresses

Fig. (3e): Relation between lnε tr and lnt for Sn-9Zn eutectic and Sn-9Zn-2In alloys,
at 403K and different stresses
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Fig.(4): The dependence of the parameters, n, on the working temperature at different applied stresses for Sn-9Zn eutectic
and Sn-9Zn-2 I n alloys

Fig(5): The dependence of the parameters, β on the working temperature at different applied stresses for Sn-9Zn eutectic
and Sn-9Zn-2 I n alloys
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Fig.(6): The relation between Lnε tr and 1000/T at different applied stresses for Sn-9Zn eutectic
and Sn-9Zn-2In alloys at low Temp

Fig.(7): The relation between Lnε tr and 1000/T at different applied stresses for Sn-9Zn eutectic
and Sn-9Zn-2 I n alloys at high Temp
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Fig.(8): Steady-state strain rate ε˙st as a function of creep temperature for Sn-9Zn eutectic
and Sn-9Zn-2 I n alloys

Fig.(9): Strain rate–stress relationship for Sn-9Zn eutectic and Sn-9Zn-2In alloys.
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Moreover, the acquired results verify the equation
of steady state creep [24,28,29].

σ 
ε ⋅st = c 
d

1

m

Q
exp 
 kT 

(5)

where m = 0.5 for dislocation ascent over grain
boundaries [30] therefore, it is considered here that
the higher elongation is attributed to the
dislocation motion results in GBS and contained it
during the deformation.
Creep is believe as a thermally stimulate process to
make up energy losses which may happened as a
result of the presence of definite defects and their
interaction with the stress-induced non resonant
bowing of dislocation segments [26]. This
consideration is consistent with the increasing
value of the total creep strain (εtot ) and the
corresponding activation energy Q obtained at
higher working temperature and stress see Eq(4).
ε.tot = A σ m exp {-Q/RT}

(6)

With ε.tot the total strain rate (= total creep strain εtot
/ fracture time tf ).
The exponent n was found to have values ranging
from 0.428 to 1.094 for Sn-9Zn binary alloy, and
from 0.6 to 1.33 for Sn-9Zn-2In ternary alloys. It
was found that n increases with increasing
deformation temperature and applied stresses for
both alloys as shown in Fig.(4), the parameter β
was found to raise with rising temperature and
applied stress as shown in Fig(5), it was found to
exhibit values ranging from -11.46 to -4.93 for Sn9Zn binary alloy, and from -14.17 to -6.68 for Sn9Zn-2In ternary alloys as written in Table(1).

The transient creep is existence to be clear subject
on the working temperature. The temperature
dependence of the evaluated amount of n and β
shows a sole transformation temperature below
363 K. The strengthen in creep of the alloys above
363 K as spotted from the difference of the
parameters n and β below and above this
temperature might be due to the increased mutual
solubility of the ingredients phases above 363 K.
The spotted increase in n andβ, could be because
of the variations in the microstructure of the phase
due to the changes in their quantitative proportions
[26].
The activation enthalpy of the transient creep Qtr
was calculated using the following equation [31]:
εtr = ε0 + tn exp{-Qtr/KT}

(7)

where ε0 is the instantaneous strain.
These results yield activation enthalpies of 20.16
and 26.32 KJ/mole for Sn-9Zn eutectic in low and
high temperature regions. The activation enthalpies
for Sn-9Zn-2In alloys were 16.8 and 22.44
KJ/mole in low and high temperature regions as
shown in Table1. It is clear that activation
enthalpies for Sn-9Zn binary alloys are more than
ternary Sn-9Zn-2In alloys in low and high
temperature regions because of ternary alloys are
more reﬁne in grain size and superplastic than
binary alloys. The activation enthalpies, point that
the transient creep in the down temperature zone is
controlled by dislocation intersection, while at
elevation temperatures, creep is concerted by grain
boundary sliding [26].

Table (2): Comparison of the transient creep characteristics of the tested alloys
Materials
n
β
Q
Sn-9Zn
Sn-9Zn-2In

0.428 : 1.094
0.60 : 1.33

The steady-state strain rate έst of the tested
samples is calculated from the slopes of
the linear parts of the obtained creep
Arab J. Nucl. Sci. & Applic. Vol. 51, No. 3 (2018)

-11.46 : -4.93
-14.17 : -6.68

20.16 : 26.32
16.8 : 22.44

curves Fig.(1a-e). It rises with rising the
temperature and stress in two alloys as
shown in Fig.(8). It can be seen that at the
same test properties the Sn-9Zn-2In alloy
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showed higher strain rate ε´st compared with that
of the Sn-9Zn one. It can be shown that each curve
is described by three particular regions: (I)
primary, (II) secondary or steady state, and (III)
tertiary. Since the temperature and pressure are
stable, the difference in creep rates, ε˙, proposes a
basic variation in the internal structure of the alloy
during time. The strain ε and strain rate ε˙ are, in
general, lower for Sn-9Zn eutectic samples than
for Sn-9Zn-2In samples in spite of the applied
stress, because of reﬁne the grain size of the
ternary. Such differences in the creep behaviour
may be related to the difference in the grain size
between the two alloys. This result, together with
the fact that no temperature dependence of strain at
the low creep rate, proposes that the creep manner
is highly influenced by the In addition.
Furthermore, the gained low creep rates are not
influenced by the creep weakening factor of
dynamic recrystallization [32].
The differences in creep rate, ε˙, propose a
requisite variation in the internal resistance stress
of the used sample during time. This proposes that
the hardening of the matrix was recovered at once
and fixed at a widened distortion rate [33].
The variation of the transient creep parameter lnσ,
(where σ is the stress) with the steady state creep
lnεˈst for different applied stresses for Sn-9Zn
eutectic and Sn-9Zn-2In alloys is represented in
Fig.(9). The value of strain rate sensitivity
parameter m estimated from the slopes of these
straight lines, and was found to have values
ranging from 0.24 to 0.364 for Sn-9Zn binary
alloy, and from 0.314 to 0.532 for Sn-9Zn-2 In
ternary alloys as shown in Fig.(10). It is shown that
the value of m for Sn-9Zn-2 I n ternary alloys is
higher than that of Sn-9Zn binary alloy,
interpreting that the sensitivity parameter m for
both alloys is temperature dependent. The excess
of strain rate sensitivity parameter with
temperature is in conformity the result of the
alloys. The amount of m shows that the
commanding mechanism in the low temperature
region is dislocation glide, while in the high
temperature region the dominating mechanism is
dislocation climb [34].
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Fig.(10): Strain rate sensitivity parameter m as a function
of creep temperature Sn-9Zn eutectic and Sn-9Zn-2In
alloys

It is commonly well recognized that the inner
structure of an alloy domination and modifies the
nature and mode of interaction of the existing
disorder and the alloy composition. So, the
extreme significant conclusion of the creep tests is
the enormous reliance of the creep parameters on
the micro-structural changes as well as the mix
element [24].
On the basis of this statement, the difference in the
strengths between the constituent phases can cause
simultaneous change in the internal stress.
The activation energy of steady creep at fixed
stresses was estimated using equation (4). The
activation energy of steady state creep was
calculated from the relation between lnε.st and
1000/T at low and high temperature for Sn-9Zn
eutectic and Sn-9Zn-2In alloys for five different
applied stresses. The activation energies for the
binary eutectic and ternary alloys have been found
to be 26.31:30.82 and 23.36: 27.13 kJ mol−1 in
the low and high temperature zone, respectively
see Fig.(11,12); it is clear that activation
enthalpies for Sn-9Zn binary alloys are more than

ternary Sn-9Zn-2In alloys in low and high
temperature regions see Table (3).
Arab J. Nucl. Sci. & Applic. Vol. 51, No. 3 (2018)
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Fig.(11): The relation between Lnε tr and 1000/T at different applied stresses for Sn-9Zn eutectic
and Sn-9Zn-2 I n alloys at low Temp.

Fig.(12): The relation between Lnε tr and 1000/T at different applied stresses for Sn-9Zn eutectic
and Sn-9Zn-2 I n alloys at low Temp.

Table (3): Comparing of the steady state creep features of the tested alloys

Materials
Sn-9Zn
Sn-9Zn-2In

(m)
0.24 : 0.364
0.314 : 0.532

Arab J. Nucl. Sci. & Applic. Vol. 51, No. 3 (2018)

ε´st
5.52*10-7 : 1.39*10-5
3.29*10-6 : 2.36*10-5

Q
26.31 : 30.82
23.36 : 27.13
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Fig.(13) represented the OM photograph of the two
alloys in Fig.(13a), a typical eutectic Sn-9Zn
microstructure composed of light gray areas of
Sn5Zn8 IMCs and dark network-like eutectic
regions of β -Sn grain boundaries. In Fig.(13b), the
appropriate content of In in the Sn-9Zn solder
results in signiﬁcant increase in ductility
and was found to be enhancing the plasticity of the
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ternary alloys, this behaviour was attributed to
refine the coarse needle-like Zn-rich phase and
formation of intermetallic compounds (IMCs) and,
γ -In Sn4 which improve the microstructure of
the alloy. Consequently, the mechanical properties
of Sn-9Zn-2In solder may be enhanced.

Fig.(13) illustrates the OM images of the two alloys in Fig.13a, a typical eutectic Sn-9Zn microstructure composed
of light gray areas of Sn5 Zn8 IMCs and dark network-like eutectic regions of β -Sn grain boundaries. In Fig.13b,
the OM images become refine and formation of intermetallic compounds (IMCs) and, γ -In Sn4 happen; which
improve the microstructure of the alloy

Fig.(14) displays the XRD scans of the deformed
Sn-9Zn and Sn-9Zn-2In experimental alloys. In
general, all the as-cast experimental alloys are
mainly composed of β-Sn phase and precipitated
Sn5Zn8 phase. However, the alloys containing In
exhibited additional IMCs such as γ -In Sn4 and, β In3 Sn. It is obvious that the Sn-9Zn alloy has two
types of precipitates having various morphologies.
The first one has a fixed network and the second
has an isolated very fine particles-like shape.

According to the XRD the continuous precipitates
are β-sn, phases while the fine particle precipitates
are Sn5Zn8 IMCs. It is remarkable to note from
Fig. (14b) that with adding 2In to the Sn-9Zn
alloy, the morphology of the Sn5Zn8 phase in the
alloy gradually changes from coarse precipitates to
a relatively fine shape γ -In Sn4.

Arab J. Nucl. Sci. & Applic. Vol. 51, No. 3 (2018)
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Fig.(14a): XRD x-ray diffraction analysis for Sn-9Zn binary alloy are mainly composed of β-Sn
phase and precipitated Sn5Zn 8 phase and; b, for Sn-9Zn-2In ternary alloys containing In
exhibited additional IMCs such as β-In3Sn and γ -In Sn4

Fig.(15) shows Phase diagram of Sn-9Zn binary eutectic
alloys. Energy-dispersive X-ray spectroscopy (EDX), is
an analytical technique used for the elemental
analysis or chemical characterization of a sample. It
relies on an interaction of some source of Xray excitation and a sample. EDX pattern for the tested
alloy is shown in Fig.(16). Using EDX test, the true
chemical structure of the tested samples is lists in Table
(1)

Fig.15: Phase diagram for Sn-9Zn binary system
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Fig.(16): Energy-dispersive X-ray spectroscopy ( EDX)

Conclusion
The major conclusions to be drawn from this work
may be outlined as follows:
1. The transient creep parameters n and β have a
high temperature reliance represent by an
activation energy in supported dislocation
intersection and grain boundary sliding, the creep
parameters n and β have more values for ternary
alloys than binary alloys, while activation energy
of ternary alloys is less than the binary alloys.
2. The as-cast microstructures of Sn-9Zn test
solder is characterized by separate course eutectic
regions (Sn and Zn) and primary β-Sn dendrites.
Addition of 2In to the Sn-9Zn solders results in
signiﬁcant increase in ductility and was found to
be enhancing the plasticity of the ternary alloys;
this behaviour was attributed to refine the coarse
needle-like Zn-rich phase and formation of
intermetallic compounds (IMCs) and, γ -In Sn4
and β-In3Sn; which improve the microstructure of
the alloy. Consequently, the mechanical properties
of Sn-9Zn-2In solder may be enhanced.
3. With the addition of 2Ti into Sn-9Zn solder,
considerable perfection in creep is refinement. i.e.
ternary alloy is more in elongation than binary.
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