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Abstract 

In this study, elemental Cu and Sn powder were mechanically mixed forming different Cu-Sn alloys. To ensure uniformity of 

the particle shapes, the Cu, and Sn were mechanically milled and mixed in an agate rock mortar, with high energy ball mill 

for half an hour, with different weight ratios according to the composition design. The milling of the powders resulted in 

uniform sphere-like particles for Cu–Sn alloys. Hot compaction was performed in a single acting piston cylinder arrangement 

at room temperature. All hot pressed MMCs were heat-treated at about 550C to allow the atoms to diffuse randomly into a 

uniform solid solution, as liquid phase sintering. Vickers micro-hardness measurements were carried out for the hot-pressed 

Cu–Sn alloys. Cylindrical specimens of aspect ratio of ho/do = 1.5 were tested under frictionless conditions at the compression 

platen interface. Charpy transverse rupture strength had been used to determine the fracture strength of the different Cu-Sn 

alloys. Fracture surface features of the different Cu-Sn alloys were characterized using scanning electron microscopy. It had 

been found that, the 85%Cu–15% Sn alloy revealed an increase of hardness values, a decrease of the yield strength, and an 

increase in the impact energy by 26.2, 23, and 18.7%; respectively, compared with the Sn-free alloy. The Cu-Sn alloys 

showed an apparently classical inclined fracture surface, at about 45o with the applied stress axis, which was similar to what’s 

obtained for a diversity of hard metals. Copyright © 2017 VBRI Press. 

 

Keywords: Cu-Sn alloy, metal matrix composite, strengthening, fracture mechanics. 

 

Introduction 

Cu and Cu alloys are crucial materials, which are 

extensively used in industry as conductive materials in 

numerous electrical and electronic applications. The 

tendency for their extensive industrial use refers to their 

superior electrical conductivity, minimum cost, 

exceptional mechanical properties, simplicity of material 

processing, and outstanding corrosion and wear resistance 

[1-2].   

Cu-Sn alloy powders is a type of Cu alloys, which are 

adopted broadly in a vast variety of uses due to their 

excellent thermal and electrical conductivity, high 

strength, outstanding wear resistances and corrosion 

protection, decent malleability, and good ductility and 

solderability. Some of their most common utilizations are 

electronic industries and solders, lithium ion batteries, 

shape memory applications, wear and corrosion 

protection, decorative finishing of various metallic 

articles and medical apparatus, self-lubricant machines, 

and metal coatings; moreover, Cu-Sn alloy thin films are 

commonly used, as a precursor layer, in thin film 

semiconductor absorber fabrication [3-12]. In addition, 

Cu–Sn alloy systems has revealed outstanding properties 

and desirability of their use in Cu6Sn5 and Cu3Sn; as a 

result of their distinctive intermetallic compounds  

(IMCs) characteristics, where the tendency increased 

towards power density, multi-functionalization and 

miniaturization, and materials with high-melting-points to 

reach high temperature capabilities and stability for 

microelectronic and circuit interconnection devices  

[13-16].  

Cu-Sn alloys are obtained by powder processing with 

the assistance of liquid phase, which is used for the 

formation of various materials [17]. Liquid-phase 

sintering (LPS) is a crucial densification process used to 

achieve multiple-phase components and materials with 

high-performance [18-19]. LPS has many processing 

advantages over other sintering processes; such as solid-
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state sintering. This competitive edge includes: less 

required sintering temperatures and fast densification, 

cheaper elemental powders are needed against alloyed 

powders, and minimized microstructural coarsening; in 

addition, the diffusion, the bonding process, particle 

rearrangement, and pore elimination taking place in 

powder consolidation are ameliorated in LPS due to the 

utilization of a liquid phase resulted from adding an 

additive phase (A), which forms a low melting eutectic 

point with the base metal (B) [20- 27]. During heating in 

situ alloying between the powders creates a low melting 

point liquid, which assists in the powder densification 

process. Melting of the lower melting point component in 

the alloy (so called the binder) forms the liquid phase, 

and, subsequently, this liquid phase bonds the component 

with higher melting point. Continued heating and alloying 

alters the composition of the liquid until it isothermally 

solidifies [17]. This liquid which yielded from LPS 

spreads throughout the powder compact under capillary 

forces, causing particle rearrangement, enhanced mass 

transport and densification [20]. Capillary force provided 

by the liquid pulls solid grains together by spreading into 

the pores of the solid-liquid-pore structure and wetting the 

particles; at the same time, delivers a rapid diffusion rate 

whereas its motion eliminates pore; meanwhile, a 

softening takes place in the solid due to elevated 

temperature which aids further in densification [21, 25, 

28-29]. As a result of grains sliding and rearrangement, a 

uniform shrinkage, densification, and contact flattening 

between touching grains occurs [29]. On the other hand, 

the difference in solid-pores density gives a buoyancy 

force; which could result in distortions on the pores; 

therefore, it is desirable to use smaller particles which 

would lead to an improved grain reshaping and repacking 

to a dense structure; due to the better dissolvability in the 

melt and consequently precipitation onto the larger grains 

[25]. Adopting LPS is not only driven surface energy 

minimization through the use of capillary forces but also 

the decrease of chemical potential via dissolving the 

original phases and the development of equilibrium solid 

phases [26]. Getting the best out the of this technique 

needs a significantly large capillary force from the 

wetting liquid, which would lead to a small initial particle 

size, mostly ranging from 1 µm to less [30].  

Explanation of liquid phase sintering way of action 

could be summarized in three overlapping actions; as 

shown in Fig. 1 for the case of two mixed powders, where 

a rearrangement and rapid shrinkage occurs for the solid 

material; meanwhile, a dissolution and re-precipitation 

takes place along with densification; moreover, an 

occurrence of coalescence when the liquid phase 

disappears [22-26]. 

In this paper, a novel study was carried out to explore 

the effects the liquid-phase sintering process on a hot-

pressed Cu-based MMCs. Elemental Cu and Sn powder 

were mechanically mixed forming different Cu-Sn alloys. 

To ensure uniformity the Cu and Sn powders were 

mechanically milled using high energy ball mill. The 

effect of the Sn addition on the mechanical response was 

investigated on the hardness, compression response, 

transverse rupture strength, and fracture properties.  

 
 
Fig. 1. A schematic of the microstructure changes during LPS [26]. 

 

Experimental 

Materials 

Elemental Cu and Sn have many wanted characteristics 

due to their strong ionic interatomic bonding. Powders 

with purity greater than 99%; with an average particle 

size less than 10 µm in diameter and manufactured by 

Alfa Aesar, USA, were used as the starting source 

materials.  

 

Material synthesis 

The various powder components were mechanically 

mixed, to ensure uniformity of the particle shapes, 

forming nominal compositions of weight percentages as: 

100%Cu–0%Sn, 95%Cu–5%Sn, 90%Cu–10%Sn, and 

85%Cu–15% Sn. Mixing and milling of Cu, and Sn was 

accomplished through an agate rock mortar, with high 

energy ball milled for half an hour; with different weight 

ratios according to the composition design. The milling of 

powders resulted in uniform sphere-like particles, for Cu–

Sn alloys. 

The process starts with preparing the plating baths that 

contains the Sn particles of known weight using the 

electroless mixture solution and reducing agent. A 

uniform Cu film was formed on the Sn surface particles in 

about 10–15 min, which was deposited from the 

hypophosphite based solutions from the alkaline baths. In 

addition, a complexing agent; such as, citrate and 

ammonium salts were also used to increase the particulate 

bonding. The complexing agents has the function of 

preventing the precipitation of basic salts, in addition, it 

also affects the deposition rate and properties. The bath of 
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ph level was usually maintained in the range between 8 

and 10, using ammonium hydroxide. Lower deposition 

rates resulted when the ph level was adjusted with sodium 

hydroxide; therefore, ammonium hydroxide was used for 

adjusting the ph of baths. The first bath was used to 

produce semi–bright Sn particles deposits containing 4% 

phosphorus; approximately. Deposition rates were 

increased with increased ph bath or hypophosphite 

concentration. The deposition rate in the first bath was 

increased from 5.6 μm/h to 10 μm/h at 85°C by simply 

adding organosulfur compound of 0.2 gm/cm3 thiourea. 

The second bath contained less citrate than the first one, 

which resulted in a substantially greater deposition rate; 

however, the resulting deposits had inferior physical 

properties. The last bath was a typical acid electroless Sn 

particles plating bath, using a reducing agent, which was 

incapable of yielding Sn particles deposits from acidic 

solution. Electroless method is characterized by providing 

substantial cost minimization, ameliorating quality of the 

deposited materials, and minimizing cross–contamination. 

The weight of Cu coatings was estimated by the 

difference in weight between the graphite particles before 

and after the electroless coating process. Hot compaction 

was performed in a single acting piston cylinder 

arrangement at room temperature in order to get 30 mm 

diameter and 50 mm height of the green compact (aspect 

ratio h/d = 1.66), as shown in Fig. 2. The die bore was 

smeared with the intension of powders reducing die–wall 

friction; the desired weights of mixed composites were 

used for each compact. A hydraulic testing machine of 

200 tons capacity was used to perform the compaction of 

the alloy powder with constant cross head speed of  

2 mm/min.  

 
 

Fig. 2. Die setup of the hot compaction powder metallurgy pressing 

technique. 
 

The height of the green compact was measured directly 

before and after ejecting from the die; the final height was 

also calculated from the load-displacement curve [31] and 

plotting of the dependence of relative density on the 

compaction pressure and analyze the obtained empirical 

curve within the framework of existing theories of powder 

pressing [32]. The die temperature was measured using a 

thermocouple, which was inserted through the die and 

kept near its cavity. The temperature was maintained at 

the required level with a tolerance of 5C. Different 

mold temperatures were tested up to 550C, at constant 

pressure of 314.38 MPa and constant crosshead speed of 2 

mm/min. All hot pressed MMCs were heat-treated at 

about 550C to allow the atoms to diffuse randomly into a 

uniform solid solution, as liquid phase sintering. The Sn 

melts to form a thin film surrounding the copper particles; 

therefore, enhances the alloying element bonding.  

 

Characterizations 

Hardness measurements were conducted on the polished 

surfaces of Cu-Sn alloys using digital metallic Vicker's 

hardness tester. Vickers micro-hardness measurements 

were carried out for the hot-pressed Cu–Sn alloys, using a 

load of 1 Kg for 15 sec dwell time, and indenter speed of 

100m/sec. Sample preparation for conducting the 

hardness test had been performed through consecutive 

steps of grinding using Buehler SiC grinding paper with 

grits of 240, 320, 400, 600, 800, and 1200 in existence of 

coolant (water). Two flat and parallel surfaces were 

polished using an aqueous 1% solution of ferric nitrate as 

a polishing media. To insure consistency and 

homogeneity throughout the material surface, a minimum 

of five readings were taken for each case and average 

values were recorded each time. 

In addition, cylindrical specimens of aspect ratio of 

ho/do = 1.5 (ho and do were the original height and 

diameter of the specimen; respectively) were tested under 

frictionless conditions at the compression platen interface. 

The tests were carried out at room temperature using 

MTS Testing Machine (Model 610), fitted with a 160 KN 

load cell operating in the displacement control mode. The 

stress–strain responses of Cu–based alloys were measured 

from a uniaxial compression test, performed according to 

ASTM standard of E-9 for metals. The cross-head speed 

was adjusted to give an average strain rate of 7.6x10–4 s–1 

across the specimen height. The test was terminated when 

the first surface crack was observed. Tests were repeated 

with three samples for each experiment. 

Charpy transverse rupture strength (TRS) is one of the 

most common methods for determining the fracture 

strength as it is met during a three-point bending test. All 

Cu-Sn alloys samples were compacted into rectangular 

specimen’s dimensions of 30x12x6.0 mm, at a 

compaction pressure of 30 Mpa. The rupture test was 

performed using compression testing machine and  

a test fixture, according to MPIF. The specimens were 

placed between the platens of the three-point bending 

testing machine and the load was applied at constant rate 

of 2.5 mm/min, until the specimens was fractured.  

To ensure consistently, the tests were repeated with  

three samples for each experiment. Fracture surface 

features of the different Cu-Sn alloys yielded from TRS 

were characterized using scanning electron microscopy 

(SEM). 
 

Results and discussion 

Hardness measurements  

The measured Hv-values of Cu-Sn alloys were presented 

in Table 1. As shown in Table 1, Sn content has a strong 
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effect on Cu-Sn alloys hardness. The addition of 5% Sn 

resulted in increasing the Hv-values of the alloy by 8.6 %. 

Moreover, increasing the Sn percentage up to 15 % 

resulted in further increase of the alloy Hv-values by 

26.2%. The Sn was an affecting agent in ameliorating the 

micro-hardness of the Cu alloys; which could be 

attributed to the massive precipitations of Cu3Sn, which 

results in lattice distortions through acting as a barrier for 

dislocation motion; therefore, an effective delay in grain-

boundary sliding could take place. In addition, increasing 

the Sn percentage resulted in increasing the volume 

fraction of the Cu3Sn, which leads to increase the 

hardness of alloys. The strengthening mechanisms 

associated with Sn addition are various and may include 

solid solution strengthening, secondary phase 

strengthening, grain refinement strengthening, and grain 

boundary strengthening. 

 
Table 1.  Mechanical properties of the hot-pressed Cu–Sn alloys. 

 

Cu-Sn 

Alloy 

Hv Yield 

Strength 

(y ) 

Ultimate 

Strength 

(UCS) 

Fracture 

Strain % 

(εf) 

Impact 

Energy 

Joule 

Cu-

0%Sn 

95 221 243.3 18 40.1 

Cu-

5%Sn 

103 169.8 230.19 16 43 

Cu-

10%Sn 

109 123.4 216.5 12.5 46.3 

Cu-

15%Sn 

117 96.71 191.29 10 47.6 

 

Compression test measurements 

Strength and ductility were substantially affected by the 

addition of Sn particles. In addition, brittle fracture was 

observed. Comparison of the yield strength, ultimate 

strength, and the elongation percentages at the fracture for 

the tested materials, produced by hot pressing PM 

technique, were presented in Table 1.  

   It is clear that the tensile properties of Sn-containing 

alloys decrease with an increase in Sn content and that 

they are lower as compared to Sn-free alloys. As listed in 

Table 1, increasing the Sn percentage resulted in a 

dramatic reduction in the yield strength. Addition of 5 % 

Sn revealed a reduction of the Cu-Sn alloy by 23%. 

Increasing the Sn percentage up to 15 % resulted in a 

severe reduction in the yield strength (56 % compared to 

100%Cu–0%Sn alloy). The ultimate compressive strength 

and the ductility exhibit a similar behavior. This decrease 

of the compression test data is related to the extreme 

addition of Sn, which is correlated to a higher coarsening 

rate of Cu3Sn and Cu6Sn5 precipitations [33]. The 

aggregation of coarse Cu3Sn and Cu6Sn5 precipitations at 

grain boundaries would take the role of the origin of 

cracks; therefore, it would have a damaging effect on the 

ultimate strength and the ductility. In addition, the poorer 

strength alloys may be attributed to the development of a 

soft phase, developed; mainly, on the grain boundaries by 

heat treatment. On the other hand, adding Sn extremely 

lead to the increase in percentage of the void, this was 

expected to happen along the development of Cu3Sn and 

shaped around the coarse precipitates near the surface, 

resulting in crack initiation. The possible reason for 

reduced strength and ductility of alloys with Sn was the 

increase of area percentage porosity compared to Sn-free 

alloy. The reduction in strength and ductility of alloys 

with Sn could be attributed to the increase of area 

percentage porosity compared to Sn-free alloy. It may be 

concluded that the reduction trend in compression test 

data for Cu-Sn alloys is related to the negative effects of 

porosity that overcome the positive effects of Cu3Sn and 

Cu6Sn5 precipitates. 
 

Transverse rupture strength 

The TRS measurements for Cu-Sn alloys are presented in 

Table 1. As the total absorbed energy is normally taken to 

represent the impact energy, this parameter will be mainly 

used to discuss the impact properties in relation to the 

addition of Sn. The impact total energy is composed of 

two energy values, where impact energies are absorbed by 

the test specimens during damage initiation (Ei) and 

damage propagation (Ep) stages (ET = Ei + Ep); therefore, 

these two values may also be defined as toughness 

parameters. The impact energy of the Sn-free alloy was 

improved from 40.1 to 43 J corresponding to an addition 

of Sn with 5%, where this improvement represents an 

increase of about 7.2%. Further improvement by 18.7% 

had been revealed compared with the Sn-free alloys by 

increasing the Sn percentage up to 15%. It is clear that the 

improvement in the toughness is a consequence of the 

gradual improvement in Ei and Ep with the increase of Sn.  

   The addition of Sn would lead to an enhancement in 

toughness, which reveals the sensitivity of alloy behavior 

to microstructural variations and it also highlights the 

significance of the fineness and softness of Sn in the 

toughness values [33]. On the other hand, excessive use 

of Sn in Cu-Sn alloys, obtained in brittle mechanism as 

expected under dynamic loading, is a result of the 

predominant effect of the Sn phases on the rupture of the 

alloy; moreover, the voids formation is a result of Cu3Sn 

and Cu6Sn5 precipitates, which are caused from brittle 

fracture due to its root brittle nature and propensity to 

produce structural defects. 
 

Fracture surface 

Cu particles coated with thin Sn had a relative small size, 

irregular shape, and tendency to agglomerate. The Cu 

phase was spread in many pools or lakes present in the 

compression fractured samples. The high hardness may be 

attributed to the process of continuous crystallization 

during the plastic deformation. Cu–Sn alloys have been 

observed to undergo mechanically induced fine 

crystallization; whereas, fine crystal precipitation in  

Cu–Sn alloys was also observed within vein protrusions 

on the compression fracture surface and along  

crack propagation paths; as well as, within shear bands 

resulting from bending. The weight percentages of alloys 

with compositions of 100%Cu–0%Sn, 95%Cu–5%Sn, 

90%Cu–10%Sn, and 85%Cu–15% Sn; respectively, 

disclosed a seemingly classical inclined multi-shear 

fracture surface along the applied stress axis, which was 

alike to what was met for a diversity of hard metals, as 

presented in Fig. 3 [34-35].  



Research Article 2017, 8(6), 717-722 Advanced Materials Letters 

Copyright © 2017 VBRI Press                                                                                                               721 
 

 
 

Fig. 3. SEM image of irregularities and rough morphologies of the 

fracture surface for compression fractured of (a) 100%Cu–0%Sn alloy, 

(b) 95%Cu–5%Sn alloy, (c) 900%Cu–10%Sn alloy, and (d) 85%Cu–

15%Sn alloy, with higher magnifications. 
 

Evidence of severe surface roughness was spotted, as 

shown in the higher magnifications of the fracture surface 

of 90% Cu–10% Sn and 85% Cu–15% Sn alloys, as 

presented in Fig. 3c, d, where the surface roughness 

denoted less intensity in the case of 100% Cu–0% Sn and 

95% Cu–5% Sn alloys, as presented in Fig. 3a, b. This 

could be related to the release of the load at the final event 

of fracture in this limited area. The fracture surface was 

linked to the formation of the very fine particles in the 

alloys, which enhances the homogeneity of the 

deformation leading to the formation of multiple shear 

planes; instead of a single shear plane, normally 

encountered in 90% Cu–10% Sn and 85% Cu–15% Sn 

alloys, as presented in Fig. 3c, d. Increasing tin in the 

copper based alloy resulted in a rougher fracture surface, 

which could be related to the different viscosity of the Cu, 

and Sn elements in the region. This leads to a less critical 

shear stress and a more readily plastic deformation. 

 Rougher stress components parallel to the surface are 

obtained from the difference in multi-shear planes with 

deviation in fracture angles, which successively has a 

significant importance in the fracture process. The 

obtained fracture mechanism of the under-study materials 

involved plastic deformation of binder phase and brittle 

cracking of tin grains and copper network [34]. As a 

result, increasing the content of binder (Sn) increased 

roughness as shown in Fig. 3c, d (higher Sn content) 

compared to Fig. 3a, b (low Sn content); whereas, 

materials with higher amount of Sn in the microstructure 

exhibit higher fracture resistance (see Table 1.), due to 

the higher bulk hardness; on the other hand, lower binder 

content leads to lower fracture resistance, where brittle 

cracking of Sn grains occurs. 

 

Conclusion 

The Cu–Sn powder alloys were successfully fabricated 

using hot pressing technique followed by liquid-phase 

sintering process. It was found that, the hot-pressed 

specimens of Cu–Sn alloys included intermetallic phases, 

which were homogeneously distributed. In addition, 

increasing the Sn weight percentage up to 15% resulted in 

increasing hardness values, reducing the yield strength, 

and increasing the impact energy by 26.2, 23, and 18.7%, 

respectively, in comparison with the Sn-free alloy. The 

Cu-Sn alloys showed an apparent classical inclined 

fracture surface, about 45°, with the applied stress axis, 

which was similar to that encountered for a variety of 

hard metals. Accordingly, increasing the Sn percentage 

resulted in the increase of the surface roughness at the 

fracture surface of the Cu-Sn alloys samples. 
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