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ABSTRACT 

The influence of 1wt% Sb2O3 nanoparticles addition on the microstructure and mechanical properties of        

Sn-3wt% Bi solder alloy has been investigated. X-ray diffraction (XRD) and scanning electron microscope 

(SEM) were utilized to observe the microstructure of Sn-Bi solder (alloy A) and Sn-Bi-Sb2O3 composite solder 

(alloy B). The mechanical properties of both alloys were characterized by using Vickers microhardness tests 

over the range of aging temperature 300-363 K. Experimental results indicated the hardness values of alloy B 

are higher than in alloy A. Furthermore, the hardness of both alloys decreased as the aging temperature 

increased exhibiting maxima at 333K. Values of stress exponent were found to be in the range of 7 to 18 for 

both alloys. The average values of the activation energy of both alloys A and B was found to be 68 and 74 

kJ/mol respectively.  

KEYWORDS: Sn-Bi Based Solders; Sb2O3 Nanoparticles; Microstructure; Hardness 

I. INTRODUCTION 

A global movement away from using lead in the manufacture of industrial parts had led researchers to 

develop new lead-free solders [1–3]. Sn–Bi solders can be considered as an alternative candidate for 

lead-free solder materials. The advantages of Sn–Bi solders include low melting point which enables 

lower soldering temperature, superior creep resistance, low thermal expansion coefficient, good 

wettability, and low cost [4].                    

Several authors have examined the microstructure evolution and mechanical characteristics of non 

eutectic Sn–Bi solder alloy. The effect of testing temperature and grain size on the creep 

characteristics of Sn–3wt% Bi alloy has been investigated [5]. It was found that increasing grain size 

in the temperature range 303–333 K leads to a significant improvement in the creep resistance. The 

mean activation energy values for both transient and steady state creep stages ranged from 67 to 72 

kJ/mol. These values indicated that the dominant creep mechanism is the grain-boundary sliding. 

Mitlin et al. [6] studied the influence of Bi content on the steady state creep characteristics of Sn–Bi 

alloys. They concluded that increasing Bi concentration enhances the creep strength of Sn–Bi alloys. 

Mahmudi et al. [7] performed indentation creep experiments at room temperature on Sn–Bi alloys 

with different Bi concentrations.  Results showed that the creep rate decreased with increasing Bi 

concentration, leading to an improvement in the creep resistance in more concentrated alloys. More 

recently, Lai and Ye [8] investigated the microstructure evolution and mechanical characteristics of 

Sn–xBi (x = 10, 20, 25, and 35) solder alloys. The microstructure of Sn–10Bi and Sn–20Bi solder was 

constituted by Bi particle and -Sn phase while the microstructure of Sn–25Bi and Sn–35Bi solder 
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was consisted of eutectic phase and -Sn phase. The Sn–20Bi solder showed the highest ultimate 

tensile load (UTL) in notch tensile test among all solders tested.  

Indentation creep tests have been performed at room temperature to study the effect of cooling rate on 

the microstructure and creep characteristics of the cast Sn-Bi solder alloys [9]. The stress exponents 

were found to be 14.5 and 9.5 for quenched and slowly cooled conditions respectively. The creep 

characteristics of Sn-5wt% Bi alloy have been investigated over the range of temperature 305-373 K 

under constant applied stresses [10]. The variation in the creep parameters with temperature indicated 

one transition point at 340 K. The activation energy values of the steady state creep were found to be 

62 and 87 kJ/mol before and after the transition temperature respectively.                                   

One attractive viable approach to enhance the properties of the solder is to create a composite solder 

by the addition of second reinforcing particles to the solder matrix. Examples of such reinforcements 

are fine oxide particles, intermetallic, metallic powders, or carbon fibers [11–14]. Lee et al. [15] 

investigated the effect of nanosized SiC particles addition on the mechanical characteristics and 

microstructure of eutectic Sn-58wt% Bi alloy. Results showed that adding SiC nanoparticles 

improved the shear strength of the binary alloy. This was ascribed to fine-grained microstructure and 

strengthening effect by nanosized SiC particles. Effects of different weight percent of nanosized 

graphite particles on spreadability, microstructure, and mechanical properties of Sn-Bi solder were 

systematically studied [16]. It was demonstrated that the microstructure of Sn-Bi-graphite composite 

solder is refined gradually with increasing the concentration of nanosized graphite particles. 

Moreover, Sn-Bi-0.07wt% graphite composite solder has a better creep resistance than Sn-Bi solder. 

According to the reviewed literature, no attempts have been reported to reinforce the lead-free Sn-Bi 

solder alloy using Sb2O3 nanoparticles as reinforcement. Consequently, the present study is devoted to 

study the effect of nanosized Sb2O3 particles addition on the microstructure and mechanical 

characteristics of the Sn-3wt% Bi solder alloy. 

II. EXPERIMENTAL PROCEDURES 

2.1 Materials  
Sn-3wt% Bi solder alloy (alloy A) and Sn-3wt% Bi-1wt% Sb2O3 composite solder alloy (alloy B) 

were prepared from Sn (99.99%), Bi (99.99%), and nano Sb2O3 (50-100 nm: 99.99%) (Sigma-

Aldrich) by vacuum melting. The starting raw materials were melted and mixed in high purity 

graphite crucibles under Ar atmosphere at a temperature of 623 K. The molten alloys were cast into a 

steel mold to prepare the chill cast ingots. After solidification, the cast ingots of diameter 10mm were 

homogenized at 423 K for 24 h and slowly cooled to room temperature. The ingots were cut into 

10mm  10mm  1mm slices for mechanical measurements and microstructure characterization. The 

slices of two alloys were aged at different temperatures ranging from 300 to 363 K for 2 h followed 

by quenching into ice water at 273 K.  

 

2.2 Microstructural characterization 
The slices used for microstructural analysis were ground and polished according to standard 

metallographic techniques. To reveal the grain boundaries of the slices, a solution of 4ml HNO3 and 

96 ml C2H5OH was used as an etchant. A JEOL JSM-6360LV SEM operated at 20 kV equipped with 

an energy dispersive X-ray spectrometry (EDX) system was used to examine the microstructure of the 

slices. X-ray diffraction (XRD) is widely used for phase identification of unknown crystalline 

materials. The phases were identified using an X-ray diffractometer (CuK, Shimadzu LabXRD-

6000) operated at 30 mA and 40 kV at diffraction angle 2θ from 20 to 90. 

  

2.3 Mechanical properties measurements 
Hardness measurements were performed on the metallographically polished surface of samples using 

a Vickers Shimadzu microhardness tester to characterize the mechanical properties of the two alloys 

A and B. Vickers microhardness values (Hv) were computed from the following expression [17]: 

 

d
F

Hv 28545.1                                                                                                 (1) 
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where F is the applied load in kg and d is the average indentation diagonal length in mm. The 

hardness values (Hv) were measured using a Vickers indenter at 10, 50, and 100 g loads for dwell 

times 10, 30, 40, and 60 s. Ten readings of different indentations were examined on the flat and 

polished surface of the samples. The mean value of the different measurements was used as the 

hardness value of each sample. 

 

III. RESULTS AND DISCUSSION 
 
The variation of hardness values, Hv, with aging temperature, T, at different dwell times under 

constant applied loads of 10, 50, and 100 g for both solder alloys is presented in Fig. 1. It is clear that: 

i. the hardness values, Hv, decreased with increasing the applied load and/or the dwell time. 

ii. under the same test conditions, the hardness values of alloy A are smaller than in alloy B. 

iii. the hardness values decreased gradually with increasing aging temperature exhibiting abrupt 

increase at about 333 K.  

The variation of Hv with aging temperature, as shown in Fig. 1, can be attributed to the formation or 

dissolution of the Bi-rich phase and the presence of dispersive nanosized Sb2O3 particles. In the aging 

temperature range 300-363 K, the two alloys show temperature regions. The first region is below 333 

K and the second region is above this temperature. The binary phase diagram of SnBi system is 

shown in Fig. 2. It is a simple eutectic system without any intermetallic compound [18]. There is a 

significant solid solubility of Bi in Sn, up to 21wt% Bi, at the eutectic temperature of 139 C (412 K). 

The liquidus temperature decreases with increasing Bi concentration from  232°C (505 K) for pure 

Sn to 139 °C at the eutectic Sn-57wt% Bi. The corresponding concentration of the SnBi alloy 

examined in the present study is displayed as the vertical line in the binary phase diagram.  During 

solidification process, the Sn-rich phase would form first from the liquid and then Bi solid solute 

atoms precipitates at or near the grain boundaries of Sn matrix. In the first range of aging temperature 

below 333 K, the decline in hardness values with increasing temperature for both alloy A and B at all 

dwell times and applied loads could be explained as being due to the coarsening process of Bi atoms 

to form Bi-rich phase. Thus, the interaction between Bi solute atoms and dislocations will be lowered 

leading to the observed decrease in the hardness values for both alloys. These results agree well with 

those previously reported by Al-Ganainy et al. [10] who stated that the creep parameters increased 

with increasing temperature from 305 to 328 K for Sn–5wt% Bi alloy. 

The anomalous behavior in the hardness values at 333 K can be ascribed to the dissolution of Bi-rich 

phase in the -Sn matrix this transformation temperature (333 K). According to the binary phase 

diagram (Fig. 2), when the aging temperature increases up to 333 K the Bi-rich phase ejects Bi atoms 

and converts to Sn-rich phase. Consequently, the Bi atoms will move towards grain boundaries of Sn-

matrix and pin mobile dislocations [19]. This limits the grain boundary movement and enhances the 

hardness of the two alloys. This explanation is strongly supported by both SEM and EDX. The SEM 

images and the corresponding EDX spectra of both alloys A and B heated at 333 K are presented in 

Fig. 3a and b respectively. From Fig.3, it is clearly seen that the gray matrix is the Sn-rich phase, and 

the white precipitates on the grain boundaries are pure Bi particles. This is in good agreement with the 

structure reported by Mahmudi et al. [7]. According to the EDX spectra, the alloy A was found to 

contain Sn and Bi, while the alloy B was found to contain Sn, Bi, O, and Sb. In order to observe the 

uniform distribution of nanosized Sb2O3 particles inside the -Sn matrix, SEM micrograph of alloy B 

was taken at a high magnification (Fig. 4). As it is clearly seen, the Sb2O3 nanoparticles are uniformly 

distributed in the Sn-Bi-Sb2O3 composite solder (alloy B) without aggregation. 

During the entire second range of aging temperature (333-363 K), the decrease in the hardness values 

(Fig. 1) could be due to the dissolving of the Bi solute atoms in the -Sn matrix (see Fig. 5). The 

dissolving process lowers the interaction between dislocations and Bi atoms. Accordingly, it is easier 

for the dislocations to breakaway from the pinning centers that act as barriers leading to the softening 

behavior [20]. Moreover, the higher aging temperature, the higher is the grain size obtained (Fig. 5). 

When the grain size increases, the barriers for dislocations movement decrease which eventually leads 

to the decrease in the hardness values. 

Comparing the hardness values of the two alloys A and B under the same test conditions, it could be 

observed that these values are higher in alloy B than in alloy A (Fig. 1). Comparing the micrographs 
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presented in Fig. 3 (a and b), it could be seen that the microstructure in both alloys is the same but the 

number of fine Bi particles is different. 

 
Fig. 1 Hardness versus aging temperature plot for a) alloy A and, b) alloy B at different dwell times and applied 

loads. 

              
Fig. 2 The binary phase diagram of Sn-Bi alloy showing the concentration evaluated in this study. 
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Fig. 3 SEM images (left) and the corresponding EDX spectrum (right) of a) alloy A, and b) alloy B aged at 333 

K showing the precipitation of fine Bi particles at the grain boundaries of Sn-rich phase. 

 

 
Fig. 4  SEM image showing the distribution of Sb2O3 nanoparticles within the Sn-matrix in the alloy B. 
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Fig. 5  SEM images of a) alloy A, and b) alloy B aged at 353 K showing the dissolving of fine Bi particles. 

 
It is clear that the Bi particles are less dense in alloy A than in alloy B which may account for the 

higher values of hardness in alloy B than in alloy A. This could be rendered as being due to the 

presence of Sb2O3 nanoparticles which may act as the nucleation sites for the Bi particles. This is in 

accord with the previous work of Chang et al. [12] who found that the addition of nanosized TiO2 

particles to Sn-Ag-Cu solder alloy increases its hardness. Moreover, the enhanced hardness values of 

alloy B are in a fair agreement with the classical theory of dispersion strengthening created by the 

addition of Sb2O3 nanoparticles [21]. These nanosized Sb2O3 particles act as potential pinning centers 

for the dislocations motion and grain boundaries. The increase in hardness values in the case of alloy 

B with the addition of Sb2O3 reinforcements was expected due to the grain refinement of the alloy B 

compared with those of alloy A. Close examination of a number of SEM micrographs in both alloys 

(Figs 3 and 5) indicated that relatively finer grains in the case of Sn-Bi-Sb2O3 composite solder (alloy 

B) when compared to that of Sn-Bi solder (alloy A). The fine-grained microstructure possesses a large 

grain boundary area resulting in high interface energy; consequently, the hardness values increased 

[22]. Furthermore, nanoparticles can act as pinning sites which inhibited the mobility of dislocations 

that concentrated around grain boundaries [23]. Similar trends are also found in other solder alloys 

[13,15,24]. 

The morphological (SEM and EDX) analysis is well confirmed by the XRD results. Figure 6 exhibits 

the profiles of XRD patterns of the two alloys A and B at different aging temperatures. The pattern of 

alloy A (Fig. 6a) indicates two phases, namely; Sn-rich phase (-Sn matrix) and Bi-rich phase which 

matched with JCDPS cards No. 4-0673 for Sn and No. 85-1331 for Bi. No peaks related to inter-

metallic phase between Sn and Bi are observed. The pattern of alloy B    (Fig. 6b) is characterized by 

the presence of the same two phases plus two additional peaks for Bi-rich phase and Sb2O3 

nanoparticles. The crystalline phase of antimony oxide (Sb2O3) was identified by comparing with 

JCPDS card No. 71-0383. This means that the Sb2O3 nanoparticles were successfully blended with the 

alloy A. The most interesting feature of XRD patterns presented in Fig. 6 is that the relative 

intensities of the diffraction peaks distinctive for Bi particles in alloy B (Sb2O3 containing) are higher 

than that in alloy A. For both alloys A and B, the intensities of these peaks significantly decreased 

with increasing the aging temperature exhibiting maxima at 333 K. Moreover, Bi particles diffraction 

peaks are completely disappeared at 363K for alloy A (Fig. 6a) while there is a little appearance for 

them in alloy B (Fig. 6b). XRD data can be used to determine the average crystallite size, , and 

lattice strain, ε, for the Sn-rich phase using the following equation [25]: 





 )sin2(1cos

                                                                                                          (2) 

where  is the wavelength of radiation used, θ is the Bragg angle and β is the full-width at half-

maximum (FWHM) measured in radian. The plots of (βcos) versus (sin) are straight lines. The 

half of slope of these straight lines gives the lattice strain, ε. The reciprocal of intercepts on the 

(βcos) axis gives the average crystallite size, . The dislocation density () is defined as the length 

of dislocation lines per unit volume of the crystal and calculated by using the formula [26]: 
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1


                                      (3) 

The aging temperature dependence of the average crystallite size, , lattice strain, ε, and the 

dislocation density, , for both alloys is depicted in Fig. 7. It can be directly observed that the lattice 

strain and dislocation density decreased with increasing aging temperature exhibiting maxima at 333 

K while the average crystallite size followed the opposite behavior with an increase in aging 

temperature. This can be attributed to the annihilation of lattice imperfections such as dislocations and 

the reduction of total grain boundary area per unit volume during heating. 

 
Fig. 6  X-ray diffraction patterns for a) alloy A, and b) alloy B at different aging temperatures. 

 

 
Fig. 7  Aging temperature dependence of a) average crystallite size, b) lattice strain, and c) dislocation density 

for both alloys A and B. 

 

One can observe that the lattice strain, η, and dislocation density, , of  Sn-rich phase for alloy B are 

higher than that in alloy A. This increment can be referred to the presence of Sb2O3 nanoparticles 

which generates additional impurity defects in alloy B. Moreover, the relationship between the 

dislocation density and the hardness evaluation in metals and alloys was previously investigated [27]. 
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It has been reported [28] that increasing of dislocations density and the mutual interactions between 

them increase the hardness. This explains the observed increase in hardness values, Hv, and 

dislocation density, , for alloy B with the addition of Sb2O3 nanoparticles.  

According to Sargent and Ashby model [29], the stress exponent, n, in the steady state indentation 

creep can be evaluated from the slopes of the straight lines relating ln Hv and ln t (t is dwell time in 

seconds) at different constant aging temperatures. The slope of these lines is (-1/n) from which the 

stress exponent, n was determined. The variation in the stress exponent, n, with aging temperature, T, 

is depicted in Fig. 8. The n values of both alloys ranging from 7 to 18. The stress exponent values can 

be used to determine the type of deformation mechanism. It was reported [30] that Harper-Dorn 

dislocation creep or Coble diffusional creep is associated with n values around 1. The viscous glide of 

dislocations rate controlling mechanism leads to n values close to 3. When the stress exponent is 

ranging from 5-7, dislocation climb creep is thought to be the rate controlling mechanism. 

Anomalously high stress exponent values have been noted in composite alloys [31]. Many authors 

[32-34] postulated that the reinforcement particles in the composite alloys served as effective barriers 

for dislocations movement and gave rise to the high stress exponent values obtained in this work. 

These results are in good agreement with the work of Mahmudi et al. [7] who found that the stress 

exponent of Sn-5wt% Bi solder alloy ranging from 9 to 15 at room temperature.  

 
Fig. 8  Aging temperature dependence of the stress exponent, n, for a) alloy A, and b) alloy B at different 

applied loads. 

 

The energy activating the indentation creep process, Qc, in the present work has been determined from 

the relation [31,35]: 

                                                                                                                                                        

                                                                                                                                                               (4) 

 

where R is the universal gas constant, t1 and t2 are dwell times to reach a given hardness value at 

temperatures T1 and T2, respectively. The activation energy of  both alloys was evaluated from the 

slopes of the straight lines relating log t versus (1/RT) at constant hardness values (Fig. 9). Table 1 

demonstrated the values of activation energy for both alloys. The mean values of the activation energy 

was found to be  68 and 74 kJ/mol for the two alloys A and B respectively. From Fig. 9 and Table 1, 

it can be seen that the average value of activation energy for alloy A is smaller than in alloy B. This 

could be attributed to the refining effect of nanosized Sb2O3 particles which is associated with the 

formation of large number of second-phase particles (obstacles) in the alloy B that needs higher 

energies than in alloy A. Knowledge of the activation energy enables the identification of the 

mechanisms controlling the deformation process.  

An examination of the existing literature on creep mechanisms of Sn and Sn-based alloys showed 

significant discrepancies in the activation energy and stress exponent. Mitlin et al. [6] reported that the 

 
   21
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activation energy of pure Sn fell in the range between 49 and 107 kJ/mol at low and high temperature 

creep respectively. 

 

 
Fig. 9 Representative relationship between log t versus (1/RT) at applied load of 10 g for a) alloy A, and b) alloy B. 

 

Table 1  Values of activation energy obtained for both alloys A and B at different applied loads. 

Loads (gm) 
Activation energy ( kJ/mol) 

Alloy A Alloy B 

10 75 

at Hv = 20 kg/mm2 

78 

at Hv = 20 kg/mm2 

50 65.8 

at Hv = 18 kg/mm2 

75.7 

at Hv = 18 kg/mm2 

100 63.3 

at Hv = 17 kg/mm2 

68 

at Hv = 17 kg/mm2 

average 68 74 

 

Dislocation climb controlled by lattice diffusion is an operative mechanism at the high temperature 

creep while dislocation climb controlled   by core diffusion process is the rate controlling mechanism 

at low temperature creep. Mathew et al. [36] calculated the activation energy of lattice self-diffusion 

of pure Sn and it found to be 66 kJ/mol. Previous studies on the creep deformation on Sn–Bi solder 

alloys revealed that the activation energy fell in the range between 83 and 91 kJ/mol [37-39]. In the 

present study, the average activation energy values estimated in the two alloys A and B is 

comparable to the activation energy of 66 kJ/mol for the lattice self-diffusion of Sn [36,40].  

IV. CONCLUSIONS  

Influence of nanosized Sb2O3 particles addition on the microstructure and mechanical characteristics 

of Sn–3wt% Bi solder alloy was investigated in this study. Results showed that Sb2O3 nanoparticles 

addition enhances the hardness behavior of Sn–Bi solder. It was observed that the hardness values 

decreased gradually with the increase in aging temperature exhibiting maxima at 333 K. The stress 

exponent values ranging from 7 to 18 for both alloys. The mean activation energy values of both 

alloys A and B was found to be comparable to the activation energy for lattice self-diffusion of Sn. 
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