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ABSTRACT

Here we investigate the effects (thermal, microstructural, and creep properties) of adding Sb2O3 nanoparticles

to a hypoeutectic Sn-5 wt% Bi solder alloy. The Sb2O3-containing solder alloy was prepared by mechani-

cally incorporating 0.5 wt% Sb2O3 nanoparticles into the Sn-5 wt% Bi solder alloy. The addition of nano-sized

Sb2O3 particles to the Sn–Bi solder alloy increases the melting temperature, but only slightly. The main phases

of the investigated solder alloys include the �-Sn and Bi-rich phases in addition to the crystalline phase of

Sb2O3 nanoparticles. No other intermetallic compounds were observed in the �-Sn matrix. The tensile creep

experiments have been carried out in the 303–363 K temperature interval under constant stresses rang-

ing from 5.1 to 7.64 MPa. The creep parameters of both solders increased gradually with increasing creep

temperature up to 333 K, after which they increased rapidly with relatively higher values. The creep param-

eters of the Sb2O3-containing solder alloys are smaller than that of Sb2O3-free solder alloys. The present

solder alloys exhibit class-M creep behavior. The calculated stress exponent values and activation energy

data for both solders could be related to dislocation climb through core diffusion as the dominant operating

mechanism.

KEYWORDS: Pb-Free Solder, Nanoparticle, Microstructure, Creep Properties.

1. INTRODUCTION
Recently, health and environmental issues about Pb toxi-
city have led to ban the use of Sn–Pb solder alloy in the
electronics industry.112 Among the many available Pb-free
solders, Sn–Bi solder is a promising candidate because of
its good mechanical properties, low melting temperature
(that enables lower soldering temperature), and low ther-
mal expansion coefficient.314

Several reports have documented the properties of Sn–
Bi solder alloys under various test conditions. Mahmudi
et al.5 studied the creep characteristics of Sn–Bi solders
using various Bi concentrations (1–5 wt%) using the long
time Vickers indentation technique. These authors con-
cluded that the creep strength improved with an increas-
ing Bi ratio due to the solid solution hardening effects of
the Bi-rich phase in the �-Sn matrix. Ye et al.6 investi-
gated the hardness and bending property of Sn–xBi solders
(x = 306, 7.25, 14.5, 29, and 58 wt%). The changes in
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hardness and bending property were explained considering
the variations in the volume fraction and morphology of
the Bi-rich phase within the �-Sn matrix. The creep prop-
erties of Sn–xBi solders (x = 1, 2, and 5 wt%) have been
studied using the conventional tensile creep tests, and the
creep strength was enhanced with the increase in the Bi
concentration.7

There are some drawbacks of Sn–Bi solders, such as
coarsening microstructure during thermal aging, which
would degrade the joining property of the Sn–Bi solders.819

Consequently, it is essential to discover how to improve
their brittleness and refine their microstructures. It is
well accepted10–12 that the addition of second reinforc-
ing nano-sized particles is a powerful method to promote
the creep resistance and mechanical features of solders
due to the microstructure modifications. The mechanical
characteristics and microstructure evolutions of eutectic
Sn-58 wt% Bi solder reinforced with nano-sized SiC parti-
cles have been investigated.13 The addition of SiC refined
the microstructure of �-Sn matrix and promoted the
shear strength of the binary eutectic solder. Yang et al.14

inspected the microstructural development and mechanical
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properties of Sn–58Bi solder reinforced with different con-
tents of BaTiO3 nanoparticles. These authors found that the
microstructure is refined with increasing BaTiO3 content
that provides heterogeneous nucleation sites in the matrix.
The best mechanical properties have been achieved at a
BaTiO3 concentration of 1 wt%. Lü et al.15 concluded that
the addition of Ag nanopowders to Sn–58Bi solder signif-
icantly improved the mechanical properties of the solder.
This behavior was ascribed to the effective refinement of
the microstructure of the �-Sn matrix and formation of
Ag3Sn intermetallic compound (IMC). Liu et al.16 exam-
ined the melting temperature of the Sn-58Bi solder rein-
forced with various concentrations of Y2O3 nanoparticles.
These authors also indicated that the melting temperatures
slightly increased with an increase in the ratio of Y2O3

nanoparticles. Ma et al.17 reported that the addition of
graphene nanosheets into the Sn–58Bi solder enhanced the
tensile properties, hardness, and creep characteristics.
Despite the above findings concerning the microstruc-

ture development and mechanical features of Sn–Bi sol-
der alloys, the correlations between the microstructure
development and mechanical properties of hypoeutectic
Sn-5 wt% Bi solder reinforced with nano-sized Sb2O3 par-
ticles have not been addressed in the literature. Therefore,
the present work is devoted to exploring the impact of
adding Sb2O3 nanoparticles to hypoeutectic Sn-5 wt% Bi
solder.

2. EXPERIMENTAL DETAILS

In this work, we used nominally spherical Sb2O3 nanopar-
ticles (99.98% purity) with an average particle size that
ranged from 20 to 100 nm. The spherical shape morphol-
ogy of Sb2O3 nanoparticles was confirmed by SEM inves-
tigation (Fig. 1(a)). Analysis of X-ray diffraction (XRD)
was carried out for phase identification of Sb2O3 nanopar-
ticles (Fig. 1(b)). It is worth noting that the nano-sized
Sb2O3 particles appeared in crystalline phases with sharp
peaks in accordance with JCPDS card No. 72-1854.
Commercially available pure Sn and Bi were used to

produce the Sn-5 wt% Bi solder (designated solder A). The
Sn-5 wt% Bi-0.5 wt% Sb2O3 solder (designated solder B)
was prepared by mechanically incorporating 0.5 wt% of
Sb2O3 nanoparticles into the Sn-5 wt% Bi master solder.
The solder B was remelted at 673 K for 30 min in an
electric resistance furnace under a protective argon atmo-
sphere, and then the melt was poured into a metal mold in
the air at 298 K (room temperature). The chemical compo-
sition of the prepared solders was analyzed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
(Table I). For tensile creep measurements, wires of 0.8 mm
gauge diameter and 50 mm gauge length machined from
the casting ingots were solution-heat-treated at 448 K for
2 h followed by water quenching into iced water at 273 K.
The temperature measurements accuracy was ±1 K.

(a)

(b)

Fig. 1. (a) SEM micrograph of the nano-sized Sb2O3 particles,
(b) X-ray diffraction spectra of the nano-sized Sb2O3 particles.

The tensile creep tests were done using an Instron
3360 Universal Testing Machine in the 303 to 363 K
temperature interval under constant stresses (from 5.1 to
7.64 MPa). The details of the tensile testing machine
are described elsewhere.18 The tensile creep measure-
ments were performed in the temperature region where
there is a single phase (solid solution of Bi in �-Sn
matrix).
To examine the microstructure of samples, they were

ground and polished following the typical steps carried out
for solder alloys. To reveal the grain boundaries, a solution
comprising of 4 ml HNO3 and 96 ml C2H5OH was used to
etch the samples for about 60 s. The as-cast microstructure
of these solders was studied by means of scanning electron
microscope (SEM, JSM-6360LV) equipped with an energy
dispersive spectroscope (EDS) operating at 20 kV. Phase
constitutions of the investigated soldiers were analyzed by
means of X-ray diffraction (XRD, Shimadzu D6000 with
Ni-filtered CuK� radiation (�= 105406 Å)).
To assess the melting characteristics of both solders,

differential scanning calorimetry (DSC) experiments have
been carried out using a TA Instruments-Q10 DSC appa-
ratus. Each sample of 10 mg was placed into an Al pan
and heated at a rate of 10 �C/min under the flow of N2

gas.

Table I. Chemical composition of the experimental solder alloys ana-
lyzed by an inductively coupled plasma atomic emission spectroscopy
(ICP-AES), wt.%.

Element content

Solder Bi Sb2O3 Sn

Sn–5Bi (solder A) 4.92 0 Bal.
Sn–5Bi–0.5Sb2O3 (solder B) 4.86 0.47 Bal.

2 Sci. Adv. Mater., 12, 1–10, 2020
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(a)

(b)

Fig. 2. XRD patterns of the as-cast (a) solder A and (b) solder B.

3. RESULTS AND DISCUSSION
3.1. Microstructure Observations

To identify the initial phases, the as-cast microstructure of
solders A and B was investigated by XRD at room temper-
ature (Fig. 2). It is worth noting that the microstructure of
solder A consists primarily of Bi-rich and Sn-rich phases
that are identified by comparison with JCDPS cards No.

(a) (b)

(c) (d)

Fig. 3. Microstructure and corresponding EDS spectra of (a) solder A, (b) solder B, (c) �-Sn phase, and (d) Bi-rich phase.

85-1331 and No. 4-0673, respectively (Fig. 2(a)). Mean-
while, the solder B exhibited an extra peak of Sb2O3 along
with peaks of Bi-rich and Sn-rich phases (Fig. 2(b)). The
crystalline phase of Sb2O3 was matched using JCPDS card
No. 72-1854. This implies that the nano-sized Sb2O3 par-
ticles were actually in solder B.
Two SEM images showing the as-cast microstructure of

solders A and B are presented in Figure 3. The main con-
stitutions are the Bi-rich phase (white phase) and the �-Sn
phase (dark gray phase). It is inferred that the precipitated
Bi particles were accumulated within the �-Sn matrix.
This microstructure is comparable to those reported previ-
ously in the literature.5 The EDS data confirmed that the
white phase is the Bi-rich phase, and the dark gray phase
is the �-Sn phase. It can be concluded from the compar-
ison of the micrographs in Figure 3 that the microstruc-
ture is identical, but the volume fraction of the Bi-rich
phase is varied. The volume fraction of fine Bi parti-
cles in the solder B is denser than that of solder A. This
might be ascribed to the presence of Sb2O3 nanoparti-
cles that provides more nucleation sites for the Bi par-
ticles. This is in line with the previous work of Yang
et al.,19 who found that the addition of Al particles to Sn–
Bi solder enhanced the precipitation of the Bi-rich phase.
Mokhtari and Nishikawa20 reported that the volume frac-
tion of the Bi-rich phase increased with increasing Sb con-
tent in the Sn–Bi–Sb solders. Mahmudi et al.21 studied
the microstructural development of Sn–2Bi solder rein-
forced with Ce and La as rare earth elements (REs). These
authors concluded that the volume fraction of the Bi-rich
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phase in the Sn–Bi solders containing 0.1 REs is higher
than that of the REs-free solders. A higher magnifica-
tion SEM micrograph of solder B reinforced with Sb2O3

nanoparticles is presented in Figure 4. It is evident that the
nano-sized Sb2O3 particles are homogenously distributed
without aggregation within the �-Sn matrix.

3.2. Thermal Analysis

Figure 5 displays the DSC curves of both solders dur-
ing heating at 10 �C/min. The melting characteristics were
collected and summarized in Table II. From Figure 5,
only one single sharp endothermic peak corresponding to
the melting reaction was noticed for each solder. During
the melting process of solders, no phase transition was
observed. Table II illustrates that the melting temperature
of solder A increases slightly from 230.4 �C to 230.6 �C
with the addition of Sb2O3. This observation is consis-
tent with other reports on Sn-based solders.10122123 Gain
et al.24125 reported that the addition of ZrO2 nanoparti-
cles to the Sn–Ag–Cu (SAC) solder shifted the melting
temperature from 217 �C to 217.3 �C, while the melt-
ing temperature of SAC solder bearing TiO2 nanoparti-
cles ranged from 217 to 217.6 �C. Yakymovych et al.26

reported that the melting peak of SAC solder reinforced
with nano-sized Co changed slightly by about 0.5 �C for
a Co addition of 0.6 wt%. El-Daly and Hammad27 con-
cluded that the addition of 1.5 wt% Ag to the Sn–9Zn
solder has little impact on the melting point, which is
less than 0.4 �C. This is possibly because the addition of
Sb2O3 nanoparticles to the Sn–Bi solder modifies the phys-
ical characteristics of grain boundary/interfacial properties
and alters the surface instability.28 The pasty range of two
solders varies from 8.9 to 9.2 �C, which is lower than
11 �C for the eutectic Sn–Pb solder. This small pasty range
can reduce the possibility of functional solder towards hot
tearing and porosity as a result of the influence of sol-
der shrinkage.29 For these reasons, the Sn–Bi solders rein-
forced with Sb2O3 nanoparticles have shown satisfactory
reliability.

Fig. 4. Typical SEM micrograph showing the distribution of Sb2O3

nanoparticles within the solder B.

(a)

(b)

Fig. 5. DSC results of (a) solder A and (b) solder B.

3.3. Creep Properties

Figure 6 shows representative creep curves of both solders
A and B crept in the temperature interval of 303–363 K
under constant stresses ranging from 5.1 to 7.64 MPa. It is
noteworthy that all creep curves show normal creep behav-
ior with three different phases: (i) transient creep stage
corresponds to a decay of the creep strain rate with time;
(ii) steady-state creep stage describes a quasi-constant
creep strain rate; and (iii) tertiary creep stage where the
creep strain rate accelerates to fracture.30 Inspection of
these sets of curves shows that the creep rate values are
shifted monotonically towards higher values with increas-
ing creep temperature, T , and/or applied stress, � . More-
over, the values of the creep strain rate of solder B are
smaller than that of solder A.

Table II. Solidus temperature (TS ), liquidus temperature (TL), melting
temperature (Tm) and pasty range (ãT ) of both solders A and B.

Tm TL Ts ãT

Solder (�C) (�C) (�C) (�C)

Solder A 230.4 233.7 224.8 8.9
Solder B 230.6 234.4 225.2 9.2

4 Sci. Adv. Mater., 12, 1–10, 2020
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(a)

(b)

Fig. 6. Representative creep curves for (a) solder A and (b) solder B under constant applied stresses as indicated. �o is the instantaneous creep at
time= 0.

The transient creep strain, �tr , can be described by the
power-law relationship:31132

�tr = �4ttr5
� (1)

where � and � are the transient creep parameters of the
material that depend on stress and temperature. ttr is the
transient creep time in seconds. At each creep tempera-
ture, the gradient of ln �tr /ln ttr plots gives the value of the

(a) (b)

Fig. 7. Dependence of the transient creep parameter, �, on the creep temperature, T , for (a) solder A and (b) solder B under different applied
stresses, � .

parameter �. The parameter � was evaluated by substitu-
tion in the equation:

�=
ln t2 ln�tr1− ln t1 ln �tr2

ln t2− ln t2
(2)

which is derived from Eq. (1). The creep temperature
dependence of both � and � parameters under various
applied stresses for both solders is shown in Figures 7
and 8, respectively. The values of steady-state creep rate,

Sci. Adv. Mater., 12, 1–10, 2020 5
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(a) (b)

Fig. 8. Dependence of the transient creep parameter, �, on the creep temperature, T , for (a) solder A and (b) solder B under different applied
stresses, � .

�́st , were estimated from the slopes of the linear parts of
the obtained creep curves presented in Figure 6. Figure 9
depicts the dependence of the �́st on the creep tempera-
ture under various applied stresses for both solders. From
Figures 7–9, it is seen that the values of the creep parame-
ters �, �, and �́st of both solders increased gradually with
increasing creep temperature up to 333 K, after which they
increased rapidly with relatively higher values.
The binary phase diagram of the Sn–Bi system shows

two equilibrium phases at room temperature: Sn-rich phase
(�-Sn) and Bi-rich phase (Fig. 10). The solid solubility of
Bi in the �-Sn matrix peaks (21 wt%) at 139 �C (eutectic
temperature). The dashed vertical line in Figure 10 repre-
sents the investigated composition of the solders studied
in the current work. During the solidification process, the
second phase (Bi solid solute atoms) will start to precipi-
tate from the solid solution phase. The final microstructure
is composed of finely dispersed Bi particles within the
�-Sn matrix. The gradual increase of the creep parame-
ters in the creep temperature interval of 303–333 K, under
different applied stresses for both solders A and B, could

(a) (b)

Fig. 9. Dependence of the steady state creep rate, �́st, on the creep temperature, T , for (a) solder A and (b) solder B under different applied
stresses, � .

be rendered as being due to the coarsening process of Bi
atoms to form a Bi-rich phase. Subsequently, the interac-
tion between the Bi solute atoms and the stress fields of
moving dislocations will be reduced, resulting in higher
creep parameters. Our experimental data agree with those
reported by Al-Ganainy and co-workers,33 who pointed
out that the values of creep parameters are enhanced
at creep temperatures ranging from 305 to 328 K. In
the creep temperature interval (333–363 K), the creep
parameters for both solders increased quickly with rel-
atively higher values. This trend could be explained in
view of the binary phase diagram of the Sn–Bi system
(Fig. 10). The solid solubility of Bi in the �-Sn-phase
is about 10 wt% at 373 K. The Bi atoms can, there-
fore, be completely dissolved at 333 K in the �-Sn-
phase. As the temperature rises from 333 to 363 K, all
Bi atoms are absorbed by the �-Sn-phase, which is con-
verted into the �-Sn-rich phase. Consequently, there will
be no Bi-rich phase, and thus, with increasing creep tem-
perature, the creep parameters of both solders increase
rapidly.

6 Sci. Adv. Mater., 12, 1–10, 2020
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Fig. 10. The binary phase diagram of Sn–Bi system showing the con-
centration evaluated in this study.

The enhancement of the creep parameters of both
solders with increasing applied stress at different creep
temperatures may be elucidated in view of the consecu-
tive mechanism. At the beginning of the creep test, the
deformed samples contain a large number of dislocations
that move across their glide planes. The movement of dis-
location segments is resisted by internal stress arising from
the Bi solute atoms. Thus, the segments will move only
when the applied stress on it overcomes the internal stress.
Increasing applied stress will provide the segments with
the energy needed to climb and surpass these obstacles.
Consequently, the creep parameters increase with increas-
ing applied stress.

Comparing the creep parameters of both solders under
the same test conditions, the creep parameters of solder
B are smaller than those of solder A. Our experimental
results agree with those reported by Yang et al.34 who
stated that the addition of nano-sized graphite reinforce-
ment to the Sn–Bi solder drastically improved the creep
resistance of the binary solder. During the solidification
process of solder B, the �-Sn matrix cannot be wetted
by nano-sized Sb2O3 particles because they are non-
reactive and non-coarsening and do not form intermetallic

(a) (b)

Fig. 11. A plot relating ln� versus 1000/T for (a) solder A and (b) solder B under different applied stresses, � .

compounds in the solder matrix. Therefore, the dispersed
Sb2O3 nanoparticles within the Sn-matrix impedes grain
boundary sliding and prevents the slipping of dislocations
resulting in better creep resistance of the solder B, which
agrees well with the dispersion strengthening theory.35 Our
observations are in line with those previously reported by
other investigators on different solders.10111136137

Determining the activation energy magnitude of the
creep process is a popular approach to determining the
mechanisms controlling the deformation process. To esti-
mate the transient activation energy, Qtr , the parameter �
was presumed to satisfy the Arrhenius-type form:32138

�= constant e−Qtr /RT (3)

where R is the universal gas constant, and T is the creep
temperature in Kelvin. The slopes of the isostress straight
lines relating ln� against (1000/T ) were computed, giv-
ing the Qtr for both solders (Fig. 11). For both solders,
the mean value of activation energy was found to be
∼74.5 kJ/mol.
It is well accepted39140 that the �́st shows a strong depen-

dence on the temperature of creep, T , and applied stress,
� . The �́st is related to the � by the simplified Dorn
power-law relationship:40

�́st = B�ne−Qst/RT (4)

where B is a constant, n is the stress exponent, and Qst

is energy activating the steady-state creep process. Pre-
suming that only one mechanism governs the deformation
behavior in the applied stress range, Eq. (4) yields:

ln �́st = lnB+n ln� −
Qst

RT
(5)

The n and Qst are calculated by a linear best fit of
Eq. (5) to the experimental creep data. Figure 12 depicts
a linear relationship between the �́st and the � (both
on logarithmic scales) for both solders at different creep

Sci. Adv. Mater., 12, 1–10, 2020 7
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(a) (b)

Fig. 12. Double-log plots of steady state creep rate, �́st, versus applied stress, � , for (a) solder A and (b) solder B at different creep temperatures, T .

temperatures. The slopes of the straight lines fitted to the
data give the n. The average value of n for both solders
was 5.1. This value of stress exponent is in excellent agree-
ment with the published creep results for Sn-based solders
earlier disclosed.217140 The values of Qst for both solders
could be estimated from the plot of ln �́st against 1000/T
(Fig. 13). For both solders A and B, the present results
gave mean values of 73.6 and 78.2 kJ mol−1, respectively.
A review of studies on the available creep data of Sn-
based solders in the solid solution range demonstrates a
broad range in published activation energies and stress
exponents.4141–43

It has been reported44 that the creep behavior of solid
solution materials can be categorized into two classes:
class I (also known as class A alloys type) and class II
(also known as class M metals type). Most solid solu-
tion alloys show class M behavior. Class A alloys have a
stress exponent of 3, which is found when solute atmo-
spheres from around dislocations, with solute/dislocation
interaction favored by large size differences between the
solute and solvent atoms. The creep rate is then controlled
by the rate at which the dislocations can move, dragging

(a) (b)

Fig. 13. A plot relating ln �́st versus 1000/T for (a) solder A and (b) solder B under different applied stresses, � .

their solute atmospheres (i.e., the creep rate depends on
the density of moving dislocations and their average veloc-
ity). Class A alloys do not display notable primary creep.
The rate-control mechanism is assumed to be the dislo-
cation climb when the stress exponent varies from 5 to 7
(class M metals). Since the creep properties of pure met-
als are essentially unaffected by the solute addition, no
change in creep mechanism is involved, although solute
atoms are present in the parent lattice. Class M met-
als typically display significant transient creep. Based on
the creep characteristics of Sn–Bi solders, Mitlin et al.7

classified the rate-controlling creep mechanisms into low
temperature creep behavior (T < 120 �C) and high tem-
perature creep behavior (T M 150 �C) with a transition
region in between. The climb of dislocations—controlled
by lattice diffusion with activation energy equal to the self-
diffusion activation energy of bulk Sn (105–109 kJ/mol)—
is the rate-controlling mechanism at high temperature
creep behavior.45 The climb of dislocations is dominated
by the core diffusion process when the activation energy
falls within the range of 30–70% of the self-diffusion
energy. Sn is the predominant creep mechanism at a

8 Sci. Adv. Mater., 12, 1–10, 2020
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low-temperature creep. In the present work, the activation
energies of both transient and steady-state creep for both
solders are around 0.68-times the activation energy of the
self-diffusion energy of pure Sn. Together with the n of
5.1, it is assumed that the dominant creep deformation
mechanism of both solders is dislocation climb through
core diffusion at low temperature creep.

4. CONCLUSIONS
1. The addition of Sb2O3 nanoparticles increases the melt-
ing point of solder A, but only slightly.
2. The microstructure of solder A is refined with the addi-
tion of nano-sized Sb2O3 particles. This could be attributed
to the presence of Sb2O3 nanoparticles, which provides
heterogeneous nucleation sites in the �-Sn matrix.
3. The values of creep parameters of both solders
increased slowly with creep temperature up to 333 K, after
which they increased quickly with relatively higher values.
4. Solder B has a better creep resistance than solder A.
5. The calculated values of stress exponent and activa-
tion energy of both solders could be related to dislocation
climb through core diffusion as the dominant operating
mechanism.

Acknowledgments: The authors extend their apprecia-
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program under grant number R.G.P. 1/60/39.
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