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Abstract 
The creep phenomenon is considered as one of the most important deforma-
tion mechanisms under working conditions. The present study has examined 
the microstructure and creep properties of Sn-9.0Zn-0.5Al solder alloy after 
adding a small amount of Antimony (Sb). Nominal compositions of Sb addi-
tions were chosen to be 0, 0.5, 1.0, and 1.5 wt.%. The minimum strain rate was 
reduced for the Sb containing solder alloy. The stress exponents, n, were 
found to be around 3.7 for all soldiers at 130˚C. The stress exponent increases 
as the temperature drops from 100˚C to 50˚C, except for the 1.0% Sb alloy, 
where n 5.3 - 6.1 at all the temperature range (T = 50˚C, 100˚C and 130˚C). 
The results reveal that the Sb-containing solder alloys have better creep resis-
tance with greater ductility than the Sb-free alloy due to solid solution streng-
thening, and intermetallic compound SnSb particle hardening. 
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1. Introduction 

Sn-9Zn eutectic alloy has been considered as one of the candidate that can be re-
placed the Sn-37Pb solder without increase of the operating temperature. Apart 
from its favorable melting temperature of solder alloys, Sn-9Zn alloy has better 
mechanical properties than the conventional Sn-Pb solders [1] [2] [3], and a 
lower cost than other Lead-free solders alloys [4] [5]. Whenever such alloys are 
used for many electronic applications, they are subjected to yield many prob-
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lems, such as, the tendency of oxidation and poor wetting ability [5]. Therefore, 
the researchers tried to add a third element to overcome the shortfalls of Sn-9Zn 
alloy. Consequently, it is necessary to understand how the oxidation resistance, 
wettability, corrosion, melting temperature, and mechanical properties are 
changed because of the third alloying element addition.  

For example, the third element suggesting adding to Sn-9Zn eutectic alloy are 
Ag [4] [5], Bi [6] [7], In [8], Al [9] [10] and Ce/La [11] [12]. For instance, 
McCormack and Jin [8] found that small additions of 5% In can improve the 
ductility of Sn-Zn base solders. It was found also that the wetting characteristics 
are improved when Ag is added [5] [13]. Moreover, Kim et al. [6] found that 
with increasing of additional Bi content, the melting temperature decreased 
from 198.4˚C to 186.1˚C. However, the alloys with a high Bi content need to be 
controlled because of the brittle nature of Bi and the strong tendency for segre-
gation [6] [14]. Chen and Li [15] reported that adding 1.0 wt.% Sb into 
Sn-Ag-Cu solder alloy could lower the activity of Sn by forming SnSb com-
pound. They proposed that SnSb particle might be initially formed and finally 
dispersed in the molten solder to increase the nucleation rate and refine the 
grain size. It is further found in tensile tests that mechanical properties are im-
proved when the solder matrix is evenly dispersed with intermetallic compound 
(IMC) and SbSn particles [15] [16] [17] [18] [19].  

Recently, our group reveled that adding a small amount of Sb to the Sn-9Zn- 
0.5Al system refined the bulky needles of Zn as well as β-Sn matrix. In addition, 
it improved strengthen by solid solution hardening mechanism [3]. In same 
time, it is known that under the conventional operating conditions, the solder 
joints are exposed to aggressive thermo-mechanical cycling (TMC), with im-
posed shear strain under high homologous temperatures TH (TH = T/Tm) [20]. 
Therefore, the creep phenomenon is considered as the most important deforma-
tion mechanism under working conditions. Additionally, the literatures have 
rare studies about the effect of Sb as an alloying element on the creep properties 
of Sn-Zn-Al solder system. Therefore, the present study focused on the effect of 
Sb alloying element on the reliability characteristics of Sn-9.0Zn-0.5Al solder al-
loy based on microstructural, and creep tensile properties. We have chosen small 
percentages of the Sb added to Sn-Zn-Al solder alloy to make a solid solution of 
Sb within Sn matrix, which enhanced the creep resistance and rapture time of 
our solder alloy [1] [3]. Within this scope, the creep tests were performed under 
constant applied stresses ranging from 15.6 to 29.3 MPa at constant tempera-
tures of 50˚C, 100˚C, and 130˚C. 

2. Experimental Work 

Table 1 shows the chemical compositions of solders used in this study. Each 
solder was made with pure Sn, Zn, Al and Sb (purity 99.99%). The constituent 
elements were melted in vacuum Pyrex tube and maintained at 150˚C above 
their respective melting point for 20 minutes, then cast into steel mold, and  
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Table 1. Compositions of the solder alloy (wt. %). 

Alloy abbreviation Sn Zn Al Sb 

Sn-9.0Zn-0.5Al SZA905 Bal. 9.02 0.51 0.00 

Sn-9.0Zn-0.5Al-0.5Sb SZA-0.5Sb Bal. 9.01 0.50 0.51 

Sn-9.0Zn-0.5Al-1.0Sb SZA-1.0Sb Bal. 9.02 0.52 1.03 

Sn-9.0Zn-0.5Al-1.5Sb SZA-1.5Sb Bal. 9.02 0.52 1.52 

 
air-cooled to the room temperature. The air-cooling is equivalent to that 
adopted in the particle reflow process in industry. The cooling rate estimated by 
using a thermocouple placed in the center of solder. The ingots were cold drawn 
to wire samples of 8 × 10−4 m in diameter and 5 × 10−2 m length. To obtain stabi-
lized microstructures, the alloy samples were aged at 130˚C for 3 hours, and then 
slow cooled to room temperature. The as-solidified microstructure of the solders 
was investigated using X-ray diffraction (Philips Analytical X-Ray PW3710) and 
Nikon optical microscope, where the grain sizes was estimated using a linear in-
tercept technique. Tensile creep tests were performed using homemade instru-
ment, the resulting strain recorded as a function of time under constant applied 
stresses ranging from 15.6 to 29.3 MPa at constant temperatures of 50˚C, 100˚C, 
and 130˚C. The accuracy of temperature measurement is of the order 1˚C. Strain 
measurements were done with an accuracy of 1 × 10−2 mm. 

3. Results and Discussion 
3.1. As-Solidified Microstructure 

Optical micrographs of specimens with varying x % Sb (x = 0, 0.5, 1.0 and 1.5) 
contents are presented in Figure 1. The bright-gray area and dark-gray area in 
Figure 1 denotes the primary β-Sn phase and eutectic (Sn + Zn) networks, re-
spectively. This result is consistent with binary-phase diagram of Sn-Zn, which 
shows a typical binary-eutectic phase diagram with no intermetallic compounds 
and limited solubility of the two elements in each phase [9]. Much coarser pri-
mary β-Sn grains can be found only in the Sn-9.0Zn-0.5Al (SZA905) alloy as 
shown in Figure 1(a). In addition, the microstructure of the Sb-free alloy is not 
uniform. The formation of fully individualized and spheroid grains occurred 
during solidification at cooling rate of 10˚C/s. Similar microstructures are ob-
served in some Lead-free solder alloys at earlier solidification rates of 12˚C/s and 
10˚C/s in studies [17]. Figures 1(b)-(d) show that the originally coarse β-Sn 
grains were refined which is due to the amount of Sb-addition in the 
Sn-9.0Zn-0.5%Al alloy. The addition of Sb promotes the formation of an 
equated array of grains with a wavy or curved phase boundaries. Figure 1(c) al-
so reveals that the reduction in the grain size is most effective as Sb content up to 
1.0%. Therefore, it is assumed from the microstructure that the amount of Sb 
dissolved in Sn rich phase varies depending on the Sn-9.0Zn-0.5Al-xSb solder 
composition. According to phase diagram analysis and work done by other  
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Figure 1. Optical images of the four solder alloys microstructure after annealing 
at 13˚C for 3 h of composition (a) Sn-9.0Zn-0.5Al, (b) Sn-9.0Zn-0.5Al-0.5Sb, (c) 
Sn-9.0Zn-0.5Al-1.0Sb, and (d) Sn-9.0Zn-0.5Al-1.5Sb. 

 
authors [2] [18] [21] [22] [23] [24], at a temperature above 234.8˚C, the presence 
of Sb in Sn-Zn eutectic seems to simulate the formation of SnSb intermetallic 
compound (IMC) in molten solder. The SnSb phase is a stable phase and exists 
in the form of small particles that are finally dispersed in the matrix phase [23], 
which offers preferred sites for nucleation, resulting in grain refining and uni-
form microstructure as reported in our previous work [3].  

The XRD micrographs for Sn-9.0Zn-0.5Al-x Sb% (x = 0.0, 0.5, 1.0 and 1.5 
wt %) lead free solder alloys are depicted in Figure 2. Presence of (200), (101), 
(211) and (321) peaks at 2θ values of 31.2˚, 33.6˚, 45.3˚, and 64.8˚ respectively, 
confirm the formation of body centered tetragonal (BCT) crystal structure of 
β-Sn for all investigated alloys. Meanwhile, the XRD patterns of Sb-containing 
alloys exhibited obviously decrement in intensity of (002) and (100) of Zn crys-
tallographic textures. The latter observation is detail discussed in our pervious 
article, which confirmed hypoeutectic composition is formed [3]. On other 
hand, no peaks of Al element were observed while SbSn IMC phase was detected 
as a small peak for 1.5 wt % Sb-content solder. That indicated the Sb atoms have 
successfully replaced the corresponding position of Sn atoms at BCT lattice sites 
for SZA-1.5 Sb lead free solder alloys [24]. 

3.2. Features of Creep Behavior 

Figures 3(a)-(c) show the results of creep test obtained for Sn-9.0Zn-0.5Al-xSb 
(x = 0.0%, 0.5%, 1.0%, and 1.5%) solder alloys. The samples were investigated at 
temperatures of 50˚C, 100˚C, and 130˚C under different constant stresses (15.6 - 
29.3 MPa). The trend in the creep curves at all levels of applied stresses and 
temperatures suggests a rapid transition from a little primary creep regime, to an 
extended period of constant strain rate with tertiary creep regime. This transition  
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Figure 2. XRD patterns for as-solidified solder alloys (a) Sn-9.0Zn- 
0.5Al, (b) Sn-9.0Zn-0.5Al-0.5Sb, (c) Sn-9.0Zn-0.5Al-1.0Sb and (d) 
Sn-9.0Zn-0.5Al-1.5Sb. 

 

 
Figure 3. Comparison of the creep behavior of the four solder alloys under different stress at (a) 50˚C, (b) 100˚C and (c) 130˚C. 
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is easier to observe in the plot of strain rate versus time that is presented in Fig-
ure 4(a) and Figure 4(b). The materials showed characteristics of secondary and 
tertiary creep after loading with very little primary creep. Since the stress and 
temperature are constants, the variation in creep strain rate suggests a basic 
change in the internal structure of the alloy during time. The strain hardening in 
the primary creep was rapidly recovered and balanced in the steady state stage. 
However, effects of Sb addition on the creep curves are also presented in Figures 
3-5. Additions of Sb not only reduced the strain rate but also increased the rapture  
 

 
Figure 4. Creep rate-time curve of the Sn-9.0Zn-0.5Al-x Sb% lead free solder alloys at (a) 
T = 50˚C and (b) T = 100˚C. 
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Figure 5. Normalized creep curve of Sn-9.0Zn-0.5Al-x Sb% at (a) T = 50˚C and (b) T = 
100˚C. 
 
time, and the significant effect was at Sb content 1.0%. 

The specific features of the creep for the four alloys at temperatures of 50 and 
100˚C are compared in Figure 5(a) and Figure 5(b), in which creep strain (ε) 
and time (t) are normalized with respect to the rupture strain (εf) and rupture 
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time (τf), respectively. At 50˚C, the fraction of the steady-state creep strain in-
creased against the rupture strain (εs/εf) because of Sb additions, and that effect 
was maximized at 1.0% Sb. Whereas increasing the temperature from 50˚C to 
100˚C resulted in decreasing the fraction (εs/εf) for the 1.0% Sb alloy and en-
hanced the creep resistance (i.e., lowered) which is associated with the dissolu-
tion of Sb rich β-Sn phase in the matrix [25].   

3.3. Stress Dependence of Minimum Creep Rate  

The minimum strain rate was measured as a function of stress and temperature 
from the linear portions of the creep curves for the four solder compositions. 
Stress exponents, n, were calculated from the power-law creep expression, minε�  
~σn, where minε�  is the minimum creep rate and σ is the applied stress. Log-Log 
plots of the minimum strain rate as a function of stress for the four solder alloys 
are given in Figures 6(a)-(d). The calculated values of n from the data in Figure 
6 are plotted versus temperature in Figure 7. The 1.0% Sb alloy showed the best  
 

 
Figure 6. Steady-state creep rate ε� , plotted against applied stresses, σ, at various temperatures, T, in double logarithmic scales of 
the four solder alloys. 
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Figure 7. Stress exponent, n, dependence of temperature for investigated 
solders alloys. 

 
creep resistance at all the temperature range, while the Sb-free alloy showed the 
worst one. The major anomaly in the data is in the temperature dependence of 
stress exponent. At 130˚C, n values were usually around 3.7 for all solder alloys 
except for 1.0% Sb specimens, which showed high n value of 5.3. The values of 
stress exponents for all solder alloys increase rapidly as the temperature decreas-
es from 100˚C to 50˚C, except the 1.0% Sb alloy which showed almost identical 
stress exponent of 5.3 - 6.1 at 50˚C and 100˚C, a range of significant technologi-
cal interest. 

It appears that the amount of Sb dissolved in the solution-strengthened matrix 
phase varies with different Sn-9.0Zn-0.5Al solder systems. It is assumed that the 
stable characteristics of mechanical properties resulted in the strengthening ef-
fect of the solute concentration [2] [18] [22]. Sb element has higher affinity to 
the constituent element of Sn in the Sn-Zn-Al-Sb quaternary system. It will re-
duce the activity of Sn by forming solid solution hardening and particle harden-
ing of Sb rich β-Sn phase, resulting in refinement of the grain size, and thus im-
proved the creep resistance as reported by Chen et al. [15]. However, the change 
in creep behavior with temperature is consistent with the observations of Song 
and Morris [21], Breen and Weertman [26], Suh et al. [27], and Poirie [28]. They 
noted significant changes in creep behavior of Sn-rich solders at about 100˚C. 
The data presented in Figure 7 show the range of stress exponent (n ~ 3.7 - 6.1) 
is comparable to that of Sn and Sn-rich solders, corresponding to climb-con- 
trolled creep (n~4 - 5) reported by Breen and Weertman [26] and Song and 
Morris [21]. Dislocation climb-controlled creep is generally described by a pow-
er law equation of the form [22] [31]: 

( ) ( )expnA Q RTε σ= −�                       (1) 

where A is a constant, R is the gas constant, n is the stress exponent and Q is the 
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activation energy. The apparent activation energy, Q, of the creep process was 
determined from Arrhenius plot ( logε�  versus 1/T), as shown in Figure 8, the 
values of, Q, for the process estimated to be 40 ± 2 kJ/mole for Sb-containing 
solders and Sb-free solder alloy as depicted in Figure 9, which are comparable to 
that reported for the pipe diffusion controlled climb of tin (43 - 46 kJ/mole) [29]  
 

 
Figure 8. Effect of temperature on the steady–state creep rate of the four solder 
alloys at: (a) σ = 17.55 MPa, and (b) σ = 19.50 MPa. 
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Figure 9. Activation energy dependence on the Sb content in Sn-8.9Zn-0.25Al 
solder alloys at different applied stress. 

 
[30] [31]. From this analysis, no evidence for different creep mechanisms oper-
ating in the high and low temperature range was found. For more confirmation, 
the observed change in creep rates, minε� , between the Sb-free solder and Sb- 
containing solders clearly indicates the dominance of climb dislocation mechan-
ism since diffusion creep would not be affected by the grain size in the present 
alloys. From these finding, one can seen that this low correlation between both 
the mechanical property data and the activation energies for the ternary Sn- 
9.0Zn-0.5Al and the quaternary ternary Sn-9.0Zn-0.5Al-xSb solder alloys leads 
to conclude that the crystallographic texture particularly in as-solidified solder 
plays an important role for determining the nature of creep deformation. This in 
turn, implies that the bulk inter-granular processes and dislocation movement 
are of high importance, particularly in the view of the main difference in the slip 
behavior of the constituent phases. 

4. Conclusions 

The main conclusions to be drawn from this study may be summarized as fol-
lows: 

1) The originally coarse β-Sn grains in the microstructure of Sn-9.0Zn-0.5Al 
solder alloy were refined and become uniform after Sb additions due to the so-
lute concentration and the finally dispersed SnSb particles in the matrix, which 
offer preferred sites for nucleation during solidification. 

2) The Sb-containing solders have better creep resistance and greater ductility 
than the Sn-9.0Zn-0.5Al solder alloy, and the effect was usually found to reduce 
and increase rupture time τf. 

3) The stress exponents were usually around 3.7 for all solders at 130˚C except 
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for 1.0 wt.% Sb addition, which showed 5.3, and have a temperature dependence. 
4) The activation energies for all compositions were estimated to be 40.2 

kJ/mol, confirming pipe diffusion controlled climb of β-Sn. 
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