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Abstract 

In order to develop alloys as the substitute of Pb-based materials for shielding materials in detonating 

and explosive cords, the materials requirement was analyzed and Sn-Cu based alloys were selected 

as candidates for this purpose. Four alloys including Sn-0.3wt.%Cu, Sn-0.5wt.%Cu, Sn-0.7wt.%Cu, 

and Sn-1.0wt.%Cu were processed from melting, casting, rolling, and annealing. The microstructure 

and mechanical properties of the alloys were investigated under as-cast, as-rolled and as-annealed 

conditions. The results confirmed that Sn-Cu based alloys are the appropriate substitute of Pb-based 

alloys for the application of detonating and explosive cords. The advantages of Sn-Cu alloys include 

resource abundant, low materials cost, non-toxicity for health and environment, relatively high 

density for supplying sufficient impulse energy and momentum for penetration, acceptable 

mechanical properties, and easy in melting, casting, extrusion, rolling and drawings. The 

microstructure of hypoeutectic Sn-Cu alloys was characterized by Sn-Cu solution and Sn-Cu6Sn5 

eutectic phase. The annealing heat treatment was not able to modify the microstructure. The Sn-Cu 

based alloys with 0.3 to 1.0wt.%Cu offered the yield strength from 26.1 to 50.8MPa, ultimate tensile 

strength from 30.1 to 51.5MPa and elongation from 87.5 to 56.0%, which were comparable with the 

mechanical properties of the currently used Pb-based alloys. More importantly, Sn-Cu alloys 

exhibited strain softening under tensile stress, which was critically beneficial to the shielding 

manufacture and subsequent processing after assembly with high-energy explosive materials. 
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1. Introduction 

The applications of explosion have been very popular in numbers of engineering areas. As a critical 

part, the detonation cord is essential to detonate charges with a controlled pattern in a very reliable 

rate about 9000-12000 m/s [1]. This is particularly useful for demolitions when structural elements 

need to be destroyed in a specific order. Although a large number of different structures have been 

used in industry [2], the conventional cords are mainly used for energy transfer and the cord itself 

does not need to provide sufficient energy for explosion. Therefore, it is not applicable for the cases 

where the cord is required to release impulse energies in a specific direction during explosion [3]. On 

the other hand, the linear shaped charges are able to provide explosion energy along a specific 

direction, but the size and the function of shaped charges are not suitable for thin and long tubes to 

form a complex profile during explosion [4]. Therefore, to combine the structural advantages in 

detonating cords to achieve the function of linear shaped charges, the advancement in the purpose-

defined applications has enabled the development of explosive cords by altering the shielding 

materials in detonating cords (also called shock tube in some cases) [5, 6]. The challenges for this 

development are that the metallic shielding materials should meet the requirements in both 

manufacturing and function. 

The metallic shielding materials for detonating and explosive cords were conventionally made by 

pure Pb and/or Pb-based alloys. These are hazard materials according to EU regulations [7,8]. 

Therefore, the application of substitute materials is essential for industrial manufacturing. However, 

it is still lack of options for the commercially available alloys. In fact, it is still unclear for the detail 

requirements of materials performance in detonating and explosive cords. The fundamental 

understanding is quite limited from the scientific point of view. As such, the present study aims to 

assess the criteria of materials selection and to investigate the microstructure and the mechanical 

properties of Sn-Cu alloys through experimental excise from casting to rolling under as-cast, as-rolled 

and as-annealed conditions. Discussion is focused on the microstructural evolution and the 

relationship between microstructure and mechanical properties. 

2. Materials selection 

The standard explosive linear shielding material in use for years has included a high proportion of 

lead (90-96wt.%) together with antimony (4-10wt.%) [ 9 , 10 ]. The lead/antimony alloys are 

economical and provide the ease of manufacture and the reliability of performance in terms of low 

melt temperature, high density, efficient heat transfer of the encased explosive, and sufficient hoop 

strength to contain the explosive before function. The physical and mechanical properties of pure Pb 

and Pb-(1-12)wt.%Sb alloys are summarized in Table 1 [11,12][13, 14]. Because of the significant 
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difference in testing parameters and the inconsistency of mechanical properties from the different 

resources in Table 1 [15, 16][17, 18], the tensile properties of pure Pb and Pb-5wt.%Sb alloys were 

measured and the results are shown in Figure 1. The yield strength, ultimate tensile strength (UTS) 

and elongation is 12 MPa, 17 MPa and 76% for pure Pb, and 17 MPa, 27 MPa and 90% for the Pb-

5wt.%Sb alloy, respectively. This offers good references for the development of Pb-free alloys. 

To select the shielding materials for detonating and explosive cords, the materials used as liners in 

linear shaped charge can be a preferred option. In order to achieve the required function during 

explosion, a number of metals/alloys have been developed as liners of linear shaped charges [19]. 

The materials include Cu, Ni, Al, Ag and Au to form ductile jets, and Pb to form fluid jets. Ta, Mo 

and W can form coherent and ductile jets when properly designed [20, 21]. The copper based alloys 

such as Cu-(5, 10, 30)Zn, Cu-10Sn, Cu-(10, 30, 50, 70)Ni, Cu-72Ag, and other Cu-(28, 35, 50, 60)Ni-

(0, 5, 6, 8, 12)W, Cu-80W are also reported in literatures [22, 23]. These materials provide excellent 

mechanical properties and can form a deep penetration in the target due to their good ductility [24]. 

The disadvantages of these materials are the high melt temperature and strong work-hardening 

performance, which increases the complexity and difficulty in manufacture with high-energy 

explosive materials [25]. 

Generally, the efficiency of explosion in the cords depends on the detonation properties of the 

explosive materials and the response of surrounding mass [26]. This is because the processes of 

fracture and fragmentation of the cord are strongly dependent on the parameters of the detonation and 

the dynamic response of shielding materials [27]. The detonation properties of explosive materials 

consist of the explosion pressure, its time history, and the total energy delivered to the shielding 

materials [28]. These are not in the range of the present study. However, the response of cord mass 

to such time varying high-amplitude stresses and the relevant strain-rate-dependent properties of 

shielding cord is determined by the materials properties. Based on the understanding of processing 

methods, the mechanical properties of Pb-based alloys and the materials for the liners of linear shaped 

charges, the physical and mechanical properties of shielding materials for detonating and explosive 

cords should satisfy following requirements: 

1. Resource abundant. The elements for making alloys must be available in sufficient quantities 

to meet current and future needs.  

2. Low cost. This is essential for industrial application and the high cost elements should be 

avoided.  

3. Non-toxicity. The materials must meet the health and environmental requirement.  
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4. High density. The density is important to supply sufficient impulse, impact energy, and 

momentum during the flight of fractured and fragmented piece of cord materials for 

penetrating.  

5. Acceptable mechanical properties, in particularly high ductility and soft. It is desirable that 

the materials will not generate strain hardening and are capable of being deformed at room 

temperature. The appropriate strength guarantees the cord to be fractured under low energy 

level.  

6. Reasonably good performance in melting, casting, extrusion, rolling and drawings.  

In consideration of the possible candidate materials, the alloys used in shaped charge are reviewed 

for Cu, Ni, Al, Ag, Au, Ta, Mo and W [29, 30]. It is found that these materials are not desirable as 

most of them are not able to meet the requirements mentioned above. On the other hand, it is found 

that a number of Sn-based alloys are used to replace Pb-based soldering materials in electronics [31, 

32]. The Sn-based materials satisfy the most of the requirements specified above. However, the as-

cast microstructure, mechanical properties and the wettability between joint materials are generally 

the main concerns for soldering materials [33, 34]. The microstructure after plastic deformation is 

more important in the application of detonating and explosive cords. It is still lack of the 

understanding of relationship among the processing method, microstructure and mechanical 

properties from casting to plastic deformation and the effect of annealing on the Sn-based alloys, 

which are important for shielding materials. Therefore, Sn-Cu based alloys were selected in the 

present research for the application of detonating and explosive cords. 

3. Experimental 

Pure Sn and Cu ingots were used as the raw materials. All the metals were supplied at a composition 

with commercial purity. Before melting, each element was weighted to a specified ratio with different 

extra amounts for burning loss compensation during melting. About 2 kg melt was prepared in a 

stainless steel crucible coated with Al2O3 coatings and the melting was conducted in an electric 

resistance furnace. The melt was manually poured into a metallic mold to form casting bars. All the 

castings were 300mm long and had a trapezoid-shaped cross section of 20×16×16 mm, as shown in 

Figure 2. The compositions of the alloys were analyzed by SEM/EDS analysis and the inductively 

coupled plasma atomic emission spectroscopy (ICP-AES). The actual compositions of the 

experimental alloys are shown in Table 2. 

The casting bars were rolled at room temperature using a rolling machine (Durston FSM200 Double 

Sided Rolling Mill, High Wycombe, UK). The nominal size of roller is 110 mm. There are 24 square 

grooves on the roller surface, which results in the formation of square bars in the products. The rolling 
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ratios of as-cast products to final products are presented in Figure 2. The rolled bar was defined as 

rolling direction (RD), transverse direction (TD), and normal direction (ND), respectively. The 

machine was operated at a rolling speed of 5 rpm, which is corresponding to the rolling velocity of 

3.1×10-2 m/s. 

Annealing heat treatment was carried out in an electric resistance furnace with a circulating fan. The 

furnace was preheated to a given temperature and maintained the temperature consistently for at least 

1 hour before putting the samples into the furnace chamber. The temperature inside the chamber was 

monitored by a separate thermocouple, which gave the temperature deviation of ±0.5 °C during all 

the heat treatment experiments. The samples were taken out from the furnace for air-cooling after 

finishing the annealing heat treatment. 

The samples for tensile properties were machined from the bars made under as-rolled and as-annealed 

conditions. The test part was 30 mm long and 6 mm in diameter. The tensile tests were conducted 

following the ASTM B557 standard using an Instron 5500 Universal Electromechanical Testing 

Systems equipped with Bluehill software and a ±50 kN load cell. All the tests were performed at 

ambient temperature (~20 °C) with a strain rate of 2.0×10-3 s-1. Each data reported was based on the 

properties obtained from 5 to 7 samples. Vickers hardness tests were conducted on a Wilson 432SVA 

digital auto turret macro Vickers Hardness Tester. Each specimen was applied to a 10 N load and a 

dwell time of 10 s. 

The specimens for microstructural examination were cut from bars under different conditions. The 

microstructure was examined using a Zeiss optical microscope with quantitative metallography, and 

a Zeiss Supra 35VP scanning electron microscope (SEM) equipped with EDX. The grain size and 

volume fraction of the solid phase were measured using an AxioVision 4.3 Quantimet digital image 

analysis system. The quantitative EDX analysis in SEM was performed at an accelerating voltage of 

20 kV. Five point analysis on selected grains were conducted for each phase to minimize the errors 

during the EDX quantification and the average was taken as results. 

4. Results 

4.1. As-cast microstructure and hardness 

Figure 3 shows the size, morphology and distribution of primary β-Sn phase in the as-cast 

microstructure of Sn-Cu alloys with different Cu contents. It is observed that the β-Sn phase was the 

primary phase with dendritic morphology in Sn-Cu hypoeutectic alloys when Cu was added at 0.3 

and 0.5 wt.%. With increasing the Cu contents, the primary β-Sn phases showed the changes in 

morphology from long and narrow dendrites at lower Cu contents to finer globular dendrites at higher 
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Cu contents. With the further increase of Cu to 0.7 wt.% (Figure 3c), the Sn-Cu alloy was at eutectic 

composition according to the equilibrium phase diagram [35]. However, on top of the conventional 

lamellae eutectic microstructure, it was found the existence of primary β-Sn phase in the morphology 

of globular rosettes with a size of 100-200μm. When Cu concentration was further increased to 1.0 

wt.% (Figure 3d), the alloys were at hypereutectic composition, resulting in not only the changes of 

morphology and size of the primary phase, but also the changes of the types of primary phase from 

β-Sn at hypoeutectic to Cu6Sn5 phase. However, there was no primary bulk Cu6Sn5 phase being 

observed in the matrix except the fact that the microstructure became finer than the other three 

hypoeutectic Sn-Cu compositions. This phenomenon was also observed by Shen et al [36], which 

was believed to be associated with high cooling rate and the fundamental interpretation will be given 

in discussion. 

Figure 4 shows the backscattered SEM images for the morphology and size of intermetallics in the 

Sn-0.3wt.%Cu and Sn-0.7wt.%Cu alloys. The volume fraction of intermetallic phases was higher in 

the alloy with higher Cu contents. However, the morphology and the size of intermetallics in both 

Sn-Cu alloys were similar. Generally, the intermetallic phase showed a needle-like morphology with 

the diameter of 2μm and the length of 10-20μm. The eutectic spacing was measured as 3-5μm. Figure 

5 shows the XRD profiles of the as-cast Sn-Cu alloys. The eutectic intermetallics were identified as 

Cu6Sn5. Also, the higher Cu concentration provided more intermetallics in the alloys. 

Figure 6 shows the Vickers hardness of the as-cast Sn-Cu alloys with different Cu contents. The 

hardness was at a similar level of HV8.5 for the alloy with 0.3, 0.5 and 0.7wt.%Cu, but it was 

increased to HV9.6 when Cu was at 1.0wt.%. By considering the microstructure shown in Figures 3 

and 4, the microstructure with more eutectic phases and finer microstructure provided higher 

hardness. 

4.2. Effect of rolling on the microstructure and mechanical properties  

Figure 7 presents the microstructural evolution of Sn-1.0wt.%Cu alloy during rolling after 1, 5 and 8 

passes, in which the microstructures across the transverse direction are shown in Figure 7a1, b1 and 

c1, and the microstructures across the rolling direction are shown in Figure 7a2, b2 and c2. After 

rolling one pass (Figure 7a1&2), the primary β-Sn phase and the Sn-Cu6Sn5 eutectics were deformed 

along the rolling direction, resulting in the formation of elongated β-Sn phase. However, the 

outline/interfaces of the primary β-Sn phases and eutectic phases were clearly visible. After rolling 

five passes (Figure 7b1&2), the size of primary β-Sn dendrites was dramatically decreased and the 

microstructure became much finer, although the elongated grains were still visible. The Cu6Sn5 

intermetallics were re-distributed and became less heterogeneity in the matrix. The thickness of β-Sn 
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grains and eutectics were reduced, but the laminar structure distribution was still clear. Further rolling 

eight passes (Figure 7c1&2), the severely deformed microstructure was observed and the β-Sn grains 

were much refined. The Cu6Sn5 intermetallics were mixed with the primary β-Sn phase and the 

laminar feature was disappeared. Figure 8 shows the detailed morphological evolution of Cu6Sn5 

during rolling. After rolling one pass, the cracks were seen in the needle-like Cu6Sn5 intermetallics. 

However, the broken needles were still stacked together as short rods, as marked by the arrows in 

Figure 8a. After rolling five passes (Figure 8b), the short intermetallics rods were further broken into 

smaller segments and separated each other in the matrix. The size of Cu6Sn5 intermetallics was ranged 

from 1 to 6μm with an average of 3μm. It was noted that the broken intermetallics were not refined 

after further rolling. The size appeared to be maintained stable after rolling five passes. 

Figure 9 shows the Vickers hardness of Sn-1.0wt.%Cu alloy after rolling different passes. In general, 

the hardness was slightly increased from HV9.6 after one rolling pass to HV10.6 after 8 rolling passes. 

In comparison with the hardness of as-cast Sn-1.0wt.%Cu, as shown in Figure 6, the rolling was not 

able to significantly increase the hardness of Sn-1.0wt.%Cu alloy. However, the significant change 

in the microstructure of the rolled alloy might alter the mechanical properties. Therefore, the tensile 

properties of Sn-Cu alloys after rolling 5 passes was measured and the stress-strain curves are shown 

Figure 10. Clearly, higher Cu contents led to significant increases of strength and significant 

decreases of elongation in the Sn-Cu alloys. Figure 11 shows the detailed results. The UTS of Sn-

0.3wt.%Cu alloy was 30.1MPa, which was increased to 34.0MPa and 51.5MPa when Cu was 0.5 

wt.% and 1.0wt.%. Similarly, the yield strength of 26.1 MPa for Sn-0.3wt.%Cu alloy was increased 

to 31.9 MPa for Sn-0.5wt.%Cu alloy and 50.8MPa for Sn-1.0wt.%Cu alloy. However, the elongation 

was decreased from 87.5% for Sn-0.3wt.%Cu alloy to 86.4% for Sn-0.5wt.%Cu alloy and further to 

56.0% for Sn-1.0wt.%Cu alloy. More interestingly, it was found that strain softening instead of strain 

hardening has occurred for all specimens during tensile tests. This is consistent with the results 

obtained by others for directionally solidified Sn-1.0wt.%Cu alloy [37, 38]. Strain softening is 

particularly important for the specific application as detonating cords because the further processing 

is required after assembly with high-energy explosive materials. The strain hardening can prevent the 

material deformation to the final gauge. Therefore, the strain softening is desirable characteristics for 

the processing of detonating and explosive cords. 

Figure 12 shows the SEM fractrographs of the Sn-Cu alloys after rolling five passes. Numerous 

dimples were observed on the fractured surfaces of Sn-0.3wt.%Cu, Sn-0.5wt.%Cu, and Sn-

1.0wt.%Cu alloys, confirming the ductile fracture mechanism. The dimples in Sn-0.3wt.%Cu alloy 

were large and deep, showing an average dimple size: > 28μm (Figure 12a & b). With increasing the 

Cu content to 0.5 wt.% (Figure 12c & d) and 1.0 wt.% (Figure 12e & f), dimples became smaller. 
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The average dimple size in Sn-1.0wt.%Cu alloy was at a level of 20μm. As shown in Figure 11, the 

strength was higher and the ductility was lower for the Sn-Cu alloys with higher Cu contents. 

Therefore, the finer dimples could enhance the tensile strength. 

4.3. Effect of annealing on the microstructure and mechanical properties 

Figure 13 shows the annealed microstructure of rolled Sn-1.0wt.%Cu alloy after annealing at 200oC 

for 8 hours. The as-annealed microstructure became finer in comparison with as-rolled microstructure 

as shown in Figures 7 and 8. Comparing the morphologies of as-annealed intermetallics particles with 

that of the as-rolled ones (Figure 13 & 8), the as-annealed intermetallics particles show much more 

spherical shape instead of a short rod-like morphology in the as-rolled Sn-Cu alloys. Besides, the 

annealing contributed to extensive uniform redistribution of the intermetallics particles in Sn matrix. 

Figure 14 shows the XRD profiles of the rolled Sn-1.0wt.%Cu alloy after annealing, which confirms 

that the intermetallics was still identified as Cu6Sn5. No phase transformation was found during 

annealing. 

The effect of annealing time on the hardness is shown in Figure 15, in which the hardness was 

decreased with prolonged time. However, the decrease was finished within one hour of annealing. 

The prolonged annealing time maintained the hardness at a level of HV9.4. Figure 16 shows the 

tensile stress-strain curves of Sn-0.3wt.%Cu, Sn-0.5wt.%Cu, and Sn-1.0wt.%Cu alloys after 

annealing at 200 oC for 8 hours. The curves confirmed that strain softening maintained no change 

after annealing. In Figure 17, the values of UTS, yield strength and elongation of the annealed Sn-Cu 

alloys were displayed, showing that the UTS of Sn-0.3wt.%Cu alloy was 29.8MPa, which was 

increased to 32.8 and 36.0 MPa when Cu concentration was increased to 0.5wt.% and 1.0wt.%, 

respectively. The yield strength of Sn-0.3wt.%Cu, Sn-0.5wt.%Cu, and Sn-1.0wt.%Cu alloys were 

27.1, 29.1, and 34 MPa, respectively. Inversely, the elongation was reduced with increasing the Cu 

contents. The elongation was 101.1% for Sn-0.3wt.%Cu alloy to 98.1% for Sn-0.5wt.%Cu alloy and 

64.0% for Sn-1.0wt.%Cu alloy. Compared with the as-rolled Sn-Cu alloys, the as-annealed alloy 

showed a decrease in strength and an increase in elongation. Therefore, the annealing might be one 

of the effective approaches to increase the processing capability of Sn-Cu alloys for detonating cords.  

In summary, four experimental Sn-Cu alloys with Cu contents in the range of 0.3-1.0wt.% provided 

good mechanical properties (UTS: 30.1-51.5MPa, yield strength: 26.1-50.8MPa, and elongation: 

56.0-87.5%). Preferably, the Sn-0.3wt.%Cu alloy and Sn-0.5wt.%Cu alloy have optimum strength 

and ductility (UTS: <35MPa, elongation: >85%). These are at similar levels in comparison with the 

Pb-based alloys, which have the value of UTS in the range of 17-27 MPa and elongation in the range 

of 76-90% (Figure 1). Also, the work softening was found in the materials. These could be significant 
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benefits to the manufacture of shielding and subsequent processing after assembly with high-energy 

explosives. Thus, the hypoeutectic Sn-Cu alloys with Cu contents less than 0.7wt.% are appropriate 

materials as the substitute of Pb-based alloys for shielding materials in the application of detonating 

and explosive cords. In addition, the annealing was proved to be able to slightly decrease the strength 

and increase the ductility of Sn-Cu alloys, which could be a further guarantee in the manufacture of 

shielding structure.  

5. Discussion 

5.1 Solidification and microstructural evolution of as-cast Sn-Cu alloys 

The solidification path and microstructural evolution can be understood through the equilibrium 

phase diagram of Sn-Cu system [39]. When the Cu contents are 0.3 wt.% and 0.5 wt.%, Sn-Cu alloys 

are solidified as hypoeutectic alloys, following the phase transformation: L→ L+ primary β-Sn→ 

primary β-Sn + Eutectic (Sn+Cu6Sn5). When Cu is 0.7 wt.%, the solidification follows the phase 

transformation: L→ Eutectic (Sn+Cu6Sn5). When Cu is increased to 1.0 wt.%, the hypereutectic 

reaction is L→ L+ primary Cu6Sn5→ primary Cu6Sn5+ Eutectic (Sn+Cu6Sn5). Therefore, the different 

solidification paths form different as-cast microstructures. The eutectic Cu6Sn5 is formed in all the 

experimental alloys. However, the different Cu contents can form different amounts of eutectics  [40, 

41]. In the present research, the volume fraction of Sn-Cu6Sn5 eutectics is proximately 31% for Sn-

0.3 wt.% Cu alloy, 33% for Sn-0.5wt.%Cu, 36% for Sn-0.7wt.%Cu alloy, and 51% for Sn-1.0wt.%Cu 

alloy. The Cu6Sn5 phase is similar in morphology and size in the different experimental alloys, which 

implies that the cooling rate during solidification is similar according to the Jackson-Hunt models 

[42]. 

It is interesting to note that the microstructure in the eutectic Sn-0.7wt.%Cu alloy shows a large 

volume fraction of primary β-Sn phase (around 64%). Generally, under equilibrium conditions, the 

solidification microstructure of eutectic Sn-0.7wt.%Cu alloy should mainly appear as regular Sn-

Cu6Sn5 eutectics while the microstructure of the experimental Sn-0.7wt.%Cu alloy is characterized 

by mainly primary β-Sn phase. This phenomenon was also observed in high speed solidification of 

Sn-Cu and other binary system [43, 44]. At a high cooling rate, ‘off-eutectic’ structure (primary 

dendrites and eutectics) are likely to be observed, although the alloy is at eutectic composition. This 

could be interpreted by a coupled zone theory [45, 46]. The coupled zone is defined as a region (in a 

phase diagram) of alloy compositions and interface temperatures, inside which the microstructure is 

wholly composed of eutectics, i.e. without primary dendrites. In the coupled zone theory, the principle 

of competitive growth between primary dendrites and eutectics has been widely applied to predict the 

expected structure (eutectic only or eutectic and a primary phase) if one knows some essential 
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solidification parameters, such as the growth rate, melt composition, and temperature gradient [47]. 

Despite the documented explanation on the transformation of microstructure from regular eutectic to 

primary dendrites in many other alloy systems, the underlying mechanism of the appearance of large 

amount of primary Sn phase in the experimental Sn-0.7wt.%Cu alloy still need further investigation 

with addition of detailed value of the growth rate, cooling rate and undercooling.  

 

5.2 Strengthening in Sn-Cu alloys under casting, rolling and annealing 

The results have confirmed that (1) the increased Cu contents can increase the strength, but reduce 

the ductility of Sn-Cu alloys, (2) the rolling can increase the hardness, but at a very limited range, and 

(3) the annealing reduces the strength but increases the ductility. These are associated with the 

strengthening mechanisms in the Sn-Cu alloys processed under different conditions. 

Under equilibrium conditions, the solid solubility of Cu in Sn is very limited with the value of 0.0063 

wt.% for Cu at the eutectic temperature. During casting, the increased cooling rates for non-

equilibrium solidification can promote the extension of solid solubility for higher values [48]. The 

increased solute contents in the solid solution can increase the solution strengthening, which can 

increase the alloy strength. Meanwhile, the increased solute contents will move the alloy composition 

close to eutectic composition. As a consequence, an increase in the eutectic fraction is expected to 

occur in the as-cast microstructure. The strengthening from the second phase can be enhanced. 

Therefore, the strength of Sn-Cu alloys is increased when increasing the Cu contents.  

When applying rolling on Sn-Cu alloys, the plastic deformation can refine the primary β-Sn dendrites 

and eutectic Sn6Cu5 phase (Figures 7 and 8). The refined primary β-Sn grains can increase the strength 

according to the Hall-Petch relationship [49]. The severe deformation can result in finer grain sizes 

and therefore provide more effective increase in the strength. This has been shown in the Vickers 

hardness (Figure. 9). However, the increased rolling number can only introduce a slight increase in 

hardness, which is likely to be attributed to the competition of the dislocation multiplication resulting 

in the hardening and the dynamic recovery contributing to the softening. Because of the temperature 

increase during rolling, the recovery and dynamic crystallization are likely to occur during rolling 

process. Therefore, the softening effects caused by recovery and dynamic crystallization might be 

sufficiently high to counteract the hardening process due to plastic deformation. Consequently, the 

hardness of the severely rolled Sn-Cu alloy is not significantly increased with the increased passes of 

rolling in comparison with the difference between the as-cast and the as-rolled Sn-Cu alloys. 
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When the annealing is applied to the rolled alloys. The relief of residual stress (or strain), and the 

recovery of defects and/or sub-microstructures (accumulated dislocations) becomes effective. Also, 

the β-Sn dendrite structure is likely to grow into larger grain structure because of the recrystallization 

during annealing. In addition, the Cu6Sn5 particles can become spheroidized, and coarsened to some 

extent.  These could be the reasons why the strength is decreased but the elongation is increased after 

the Sn-Cu alloys are annealed. The change in strength and elongation is specifically dramatic in the 

Sn-1.0wt.%Cu alloy because the spheroidization of intermetallics is more significant in hypereutectic 

alloys than that in hypoeutectic alloys.  

6. Conclusions 

(a) Sn-Cu based alloys are the appropriate substitute of Pb-based alloys for the application of 

detonating and explosive cords. The advantages of Sn-Cu alloys include resource abundant, 

low materials cost, non-toxicity for the health and environmental requirement, relatively high 

density for supplying sufficient impulse energy and momentum for penetration, acceptable 

mechanical properties, and easy in melting, casting, extrusion, rolling, and drawing. 

(b) Microstructures of as-cast Sn-(0.3-1.0) wt.% Cu alloys consists of Sn solutions with Cu6Sn5 

in the matrix. The rolling does not appear to alter the phase constituent of the alloys, but 

significantly refined the microstructure. The annealing is unlikely to modify the phase 

constituent in the as-rolled Sn-Cu alloys, but it lowers the strength and boosts the ductility.  

(c) The rolled Sn-Cu alloy with 0.3 to 0.7wt.%Cu offer the yield strength from 26.1 to 50.8MPa, 

UTS from 30.1 to 51.5MPa and elongation from 87.5 to 56.0%, which is at a similar level of 

tensile properties in comparison with the previously used Pb-based alloys. 

(d) Sn-Cu alloys exhibit strain softening during tensile tests, which benefits the materials 

manufacture and subsequent processing in rolling and drawing after assembly with high-

energy explosive materials. Strain softening is desirable for the shieling materials in 

detonating and explosive cords. 
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