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ABSTRACT

Particle strengthening was studied in Sn-xSb (x = 0.5-3.0 wt. %). Tensile deformation behavior of Sn-2.5 wt.%
Sb is investigated at temperature ranging (298 - 343K) and under different constant loads ranging (5.1 - 14.0
MPa). The microstructure characteristics of the tested alloys have been obtained using x-ray diffraction.
Morphological studies using optical microscope have been investigated to obtain correlation between the
microstructure and mechanical behavior of the alloys. The improved strength is attributed to the uniform
distribution of the SnSb intermetallic compound (IMC) inside B-Sn matrix. Based on the obtained stress
exponent (n) and activation energy (Q), it is proposed that the dominant deformation mechanism is
dislocation climb over the whole temperature range used.
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1. INTRODUCTION

Owing to the realization of the harmful effect of Lead (Pb) and Pb-containing alloys on the environment and
human health, many Pb-free solder alloys (LFS) have been developed to replace Sn-Pb solders in electronic
applications [1]. In last decade, Au-20 wt.% Sn is considered as the best solder alloy for applications in
optoelectronic packaging, because of its high creep resistance, wetabillity, and good reliability [2]. This solder
alloy is expensive and has high melting temperature (280 °C) which could damage the properties of optical
fibers and optoelectronics such as lasers, light emitting devices, photo detectors, or waveguide devices [3,4].
Now many numbers of (LFS) such as Sn-Zn, Sn-Cu, Sn-Ag and Sn-Au have been developed. Recently Sn-Sb
solder alloys are consider as an attractive candidate of (LFS) when compared to Sn-Au [5-8]. The interest on
the near pertiectic SnSb (LFS) have received considerable attention for high temperature electronic application
specially on step soldering technology, optical devise packing and flip — chip packaging, etc. [9-11]. SnSb near
peritectic compositions have advantages of better room temperature creep resistance, ductility, higher
microstructure stability and superior tensile strength compared with SnPb solder [12-17]. The creep studies of
SnSb alloys have received a great deal attention [18-23]. The knowledge of creep behavior of SnSb alloy
under long term mechanical loading is essential for evaluation of their severe life time [10]. The aim of the
present work is concerned with the effect of Sb content and working temperature on the microstructure
development and creep properties of Sn-Sb solder alloys.

2. EXPERIMENTAL PROCEDURE

The Sn- x Sb (where, x = 0.5 — 3.0wt. %) were prepared from Sn and Sb elements with purity 99.99% and
melted in high purity clean graphite crucible. The ingot solder was cast in iron mold to produce rode-like with
diameter of 10 mm. The ingots were cold drawn to wire samples of 0.7 mm diameters. To obtain samples
containing fully precipitated phases, the samples were homogenized at 433K for 48 hours and slowly cooled
to room temperature. The alloy samples were annealed at 423K for two hours and slowly cooled to room
temperature with a cooling rate of 0.1 degree/min. Creep test of samples was carried out by using a
computerized tensile creep testing machine [24]. The microstructure of samples were observed by optical
microscope (Nikon XN — Japan) after a mechanical polishing using a sand paper followed by an abrasive - free
micro cloth until a bright surface is obtained. Etching with a solution of 10% HCI, 40% Ethyl alcohol and 50%
HNOs; at room temperature for 120 sec, followed immediately by washing in a rapid running water and dried
by filter paper. Samples were analyzed by x-ray diffraction (XRD) using Philips X’ Pert (MPD) goniometer
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PW3050/00 with graphite monochromatic using Cu-K, target and Ni filter operated at (40 K.V.) and (30 mA) to
give radiation of wavelength (A = 0.15406 nm) was used in 26 rang (25-85)).

2.1. Effect of Sb-element wt. %.

In this research, Sn-xSb with different Sb contents (x = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 wt. %) were studied using creep
test machine at constant applied stress 11.7 MPa and at room temperature. The diameter of the grain size of
each composition was measured using a special scale photographed by digital camera fitted in the optical
microscope.

2.2. Effect of working temperatures

Creep tests were performed on Sn-2.5wt.%Sb alloys at working temperature range (298 -343K) and under
different constant loads ranging (5.1 - 14.0 MPa). The temperatures were monitored using a thermocouple in
contacting with the specimens within an accuracy of 1°C.

3. RESULTS AND DISCUSSIONS
3.1 Microstructures
3.1.1 X-ray diffraction analysis

3.1.1a) Effect of xSb wt.% content on the microstructure

Fig. 1(a) shows the XRD profile of the Sn-xSb (x = 0.5 - 3.0 wt%) solders crept at room temperature (298K)
and under constant applied stress (11.7 MPa). Intense peaks of B-Sn rich phase besides some profiles of SnSb
IMCs have been observed. It is well known that the SnSb (IMCs) are formed in the [B-Sn matrix during
solidification [25].
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Figure 1(a): X-ray diffraction patterns for Sn-xSb (x = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 wt.%) solder alloys crept
at room temperature (298K) and under constant applied stress (11.7 MPa).

It should be pointed out that the diffraction lines of SnSb IMCs appeared at low content (0.5%Sb) increased at
1.5% and 2.0% Sb alloys, then decreased at higher contents (2.5%, 3.0%Sb). Fig. 1(b,c) shows x-ray lattice
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parameters (a & ¢) of B-Sn rich phase as a function of Sb wt.%. It is obvious from the figure that the lattice
parameters are slightly changed except at 2.0 wt. %Sb composition.
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Figure 1(b, c): The lattice parameters (a & c) of B-Sn rich phase as a function of Sb wt.%

Fig. 1(d) shows the variation of peak height intensities of some crystallographic planes [(200), (211)] follow the
same behavior of lattice parameters. The apparent crystallite size (L) normal to (101) plane was calculated from
half maximum full width (HMFW-B) according to Sherrer equation [24].
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Figure 1 (d): The intensities of crystallographic planes [(200) & (211)] as a function of Sb wt.%

L=KA/Bcos® 1)
Where, K is the Sherrer parameter equal to (0.9) for (HMFW). The relation between crystallite size and Sb wt.%

is shown in fig.1(e). The results show an agreement with x-ray parameters. The significant change at 2.0 wt.%.
Sb can be attributed to the maximum cluster of SnSb intermetallic compound.
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Figure 1(e): The apparent crystallite size of (101) plain of solder alloy as a function of Sb wt.%.

3.1.1b) Effect of working temperatures on the microstructure

Fig.2(a) shows the XRD patterns of Sn-2.5wt.%Sb crept at 7.6 MPa and at five different working temperatures
ranged from (298-343 K).
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Figure 2(a): X-ray diffraction patterns for Sn-2.5wt.%Sb alloy crept at 7.6 MPa and at different working
temperatures.
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Fig. 2(b-c) shows that the lattice parameters (a & c) are slightly changed with temperature except at 323K.
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Figure 2 (b,c) : The lattice parameters (a & c) for Sn-2.5wt.%Sb alloy crept at 7.6 MPa as a function of
different working temperatures.

The intensities of the planes (101), (301) are illustrated in fig. 2(d). The crystallite size L normal to the (101)
plane as a function of working temperature is in agreement with the other x-ray parameters [Fig. 2(e)]. It can
be seen that the B-Sn matrix and SnSb phase are the main constitutes in the near peritectic solder alloy; the
results are in agreement with other reported references [26].
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Figure 2 (d,e): The intensities of the crystallographic planes [(101) & (301)] and the apparent crystallite
size of (101) plane of Sn-2.5wt.%Sb alloy as a function of working temperatures.

3.1.2 Morphological studies
Microstructure evaluation plays an important rule to explain the mechanical properties of SnSb alloys. Optical

microscope images of Sn-xSb solder alloys show decrease of the equiaxed grains from 116 pm to31um with
increasing the Sb wt.% except at 2.0wt.%Sb solder. The SnSb (IMC) is distributed inside B-Sn matrix as shown
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in fig. 3(a-f). Clustering of SnSb (IMC) developed at 1.5wt% Sb until 2.5wt.%Sb showing a maximum
aggregation at 2.0 wt.% Sb [fig.3 (c-e)].

Figure 3: OM microstructures of (a) Sn-0.5Sb, (b) Sn-1.0Sb (c) Sn-1.5Sb (d) Sn-2.0Sb (e) Sn-2.5Sb (f) Sn-
3.0Sb solder alloys respectively.
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Figure 3 (g): The relation between grain diameter (d) and strain rate as a function of Sb wt. %.
The average grain diameter and steady state strain rate are decreased with Sb wt.% except at 2.0 Sb wt.% as
shown in fig 3 (g), which are in agreement with all x-ray parameters.
3.2 Tensile properties
3.2.1. Effect of Sb-content (composition effect) on the creep behavior

Tensile creep tests for the six solders Sn-x wt.% Sb where (x= 0.5 - 3.0 wt. %) were carried out at room
temperature (298 K) under constant applied stress (11.7 MPa) are represented in fig. 4(a).
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Figure 4(a): Creep behavior of Sn-xSb, (x = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0) solder alloys crept at 11.7 MPa
and 298K.
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Among the alloys investigated, Sn-2.5wt.% Sb and Sn-3wt.% Sb exhibits the best creep resistance. Fig. 4(b)
illustrates the variation of min. creep rate as a function of Sb - content. The figure shows anomalous effect at
2.0wt.% Sb which is in agreement with x-ray parameters due to the maximum clustering of the SnSb (IMCs)
[fig. 3 (d)]. The correlation between creep properties and microstructure is very important as the creep
strength is dependent on the microstructure evolution which is in turn affected by alloy composition. The Sn
rich corner of Sn-Sb phase diagram is illustrated in fig.4(c) [26].
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Figure 4(b): The min. creep rate as a function of Sb wt.%.
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Figure 4(c): Sn-Sb equilibrium phase diagram [26].

3.2.2. Effect of working temperatures on the creep of Sn-2.5 wt.% Sb alloy.

Creep results for Sn-2.5wt.%Sb alloy were carried out at different temperature ranges (298 - 343K) and under
different constant applied stresses from (5.1 — 14.0 MPa). Fig.5 (a,b,c) shows creep results for Sn-2.5%Sb alloy
samples crept at 298, 313 and 343K (as examples). From the figures, it is noted that while stress and
temperature were increasing, the duration of time to fracture decreased. Moreover, the creep - strain curves
are regularly arranged with the increase of both temperature and stress.
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Figure 5 (a, b, c): Creep behavior of Sn-2.5wt.%Sb solder material at 298, 313 and 343K and different
applied stresses.

The slopes of linear parts of these curves known as steady state-strain rate (&;) are dependent on both

applied stresses and creep temperatures. Fig. 5(d) shows the dependence of the creep rate on time [as an
example at (T=343K)]. The three stages (transient, steady and fracture) are also illustrated. Fig. 5(e) represents
the relationship between strain and time for Sn- 2.5wt. % Sb alloy crept at 7.6 MPa (as an example) at different
working temperatures.
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Figure 5 (d,e): Creep rate - time relationship and creep behavior for the crept alloy at 7.6 MPa and
different working temperature.

3.3. Creep stress exponents and activation energies

Creep deformation mechanisms of Sn-2.5wt.%Sb solder is identified by two important parameters (n and Q).
The investigation of this alloy relating strain rate, temperature and activation energy with stress during creep
deformation is characterized using previous studies [24] indicated; that the dependence of steady state creep

rate &, on the applied stress (o) and temperature T can be expressed as:

gs=Ac"exp(—Q/RT) )

Where A is a complex constant depends on the material structural properties. Taking the natural logarithm on
both sides of equation (3), we get:-

Ings=INA+ninc—-Q/RT 3)

It is clear that at a given temperature the creep stress exponent (n) can be calculated by linear regression of
the experimental data. It is assumed that the deformation is dominant by one creep mechanism in the whole
stress range applied; therefore the stress exponent can be taken as a constant at any given temperature. Fig.

6(a) shows linear relationships between (In&;and In o) The relationship between the exponents (n) as a

function of working temperatures is shown in fig. 6(b).
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Figure 6 (a,b) : Relationships between In ¢, and In & and the relationship between n and T(K).

The relation (Ing; and ) is represented in fig. 7. The creep parameters of the present alloy at different

applied stresses (n, Q) values are varied from 3.9 to 6.4 and from 51.2 to 62.9 KJ/mol respectively. These values
are complied with the reported values of (Sn-Sb) which is controlled by dislocation climb [23, 27, 28].
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Figure 7: Linear relationships between (In s;and }{) for Sn-2.5wt.%Sb alloy crept at different applied

stresses

CONCLUSIONS

The following conclusions can be drawn from the present study:
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Creep strain tests conducted on Sn-xSb solder alloys, where (x = 0.5 - 3.0wt.%) were carried out under
constant applied stress (11.7 MPa) at room temperature (298 K). and on Sn-2.5wt.% Sb solder alloy under
different applied stresses (5.1 — 14.0MPa) at three working temperatures (298, 313 and 343 K), in order to
study the essential creep behavior of the solder bulk materials.

1) X-ray investigations of the crept samples with different compositions show the formation of SnSb
(IMCs) distributed throughout B-Sn matrix.

2) Anomalous change in the x-ray parameters is detected for Sn-2.0wt.% Sb composition which is
confirmed by the maximum clustering of the SnSb (IMCs) is shown in the optical micrographs. This is
confirmed by the changes in both grain size and steady state strain rate with Sb wt. %.

3) Morphological studies showed that $-Sn grain size decreased by increasing the Sb — content, whereas
SnSb (IMCs) start to cluster at 1.5wt.%Sb with a maximum values at 2.0wt.%Sb.

4) For Sn-2.5wt.% Sb samples crept under constant applied stress (7.6 MPa) and different working
temperatures, the x-ray parameters exhibits a peak at 323K.

5) Sn-2.5wt.% Sb and Sn-3.0wt.% Sb solder alloys exhibit the best creep resistance.

6) The creep stress exponent (n) and activation energy (Q) values calculated for Sn-2.5wt.%Sb lead free
solder alloy from the steady state creep region fall well within the scope of other published data,
where the proposed deformation mechanism is dislocation climb over the whole temperature range
investigated.
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