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Abstract: This study investigated the effects of carbide forming elements (manganese and tungsten) and solid solution 

heat treatment on the microstructure, tensile strength, hardness, and percentage elongation of copper-silicon binary 

alloys. The response of Cu-3Si-W and Cu-3Si-3Mn alloys on solid solution heat treatment was explored. The alloys 

compositions were designed and fabricated using stir-casting method. The cast samples were solution heat treated 

at 900oC for 5 h and prepared for tensile strength and hardness tests. The microstructure of the as-cast and solution 

heat treated samples was analyzed and linked with the change in the mechanical properties, using an optical 

microscope (OM). The microstructure analysis revealed even distributions of fine grains in the copper matrix. The 

solution heat treated samples showed finer grains which led to improvements of both ultimate tensile strength and 

hardness of Cu-3Si-W and Cu-3Si-3Mn alloys. The Cu-3Si-W alloys recorded maximum ultimate tensile strength 

and hardness of 298 MPaand 364 BHN, respectively after solid solution treatment. The solution heat treated Cu-3Si-

3Mn alloys recorded maximum ultimate tensile strength of 385 MPa and 390 BHN. The percentage elongation of 

each alloys decreased after undergoing solid solution treatment.   
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1.   INTRODUCTION 

Copper is a widely used metal, particularly in various industrial and electronic applications, due to its unique combination 

of properties. Copper is renowned for its high electrical conductivity, which makes it an ideal choice for electrical 

connectors, lead frames, and micro-electronic devices(Nnakwo, 2019; Nnakwo et al., 2017a,b; 2019a,b; 2020, 2021, 

2022;Nnakwo and Nnuka, 2018; Garbacz-Klempka et al., 2018). This property allows for efficient transmission of electrical 

signals. Copper is relatively low in cost compared to many other metals with similar electrical conductivity characteristics, 

making it a cost-effective choice for various applications.Copper possesses excellent ductility and malleability, making it 

suitable for applications where it needs to be shaped, bent, or formed into various components such as bolts, nuts, valves, 

and fittings (Qing et al., 2011; Xie et al., 2003; Lei et al., 2017; Gholami et al., 2017; Qian et al., 2017; Suzuki et al., 

2006).Copper is often alloyed with other elements like silicon, tungsten, zinc, tin, magnesium, manganese, and nickel to 

enhance its properties. These alloying elements can increase strength and hardness while minimizing the reduction in 

electrical conductivity.Silicon, when added to copper, can improve its fluidity and hardness. However, it comes at the 

expense of reduced ductility and electrical conductivity. The addition of silicon induces the precipitation of hard but brittle 

phases, such as Cu3Si, Cu15Si4, and Cu5Si, when the material cools slowly to ambient temperature (Wang et al., 2016; Li et 

al., 2017; Pan et al., 2007; Li et al., 2009; Lei et al., 2013a, 2013c;  Eungyeong et al., 2011; Ho et al., 2000). 
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Copper-silicon alloys are used as electrodes in lithium-ion batteries(Ketut et al., 2011). The addition of silicon can enhance 

the performance of these electrodes in terms of capacity and cycling stability. Copper-silicon alloys can also serve as 

catalysts in various chemical processes, such as the production of nanosized and nanotube zinc oxide rods(Pak et al., 2016; 

Mattern et al., 2007). They are also employed in the fabrication of musical equipment due to their excellent damping 

properties. These alloys help reduce vibrations and unwanted noise, making them suitable for musical instruments (Cai et 

al., 2011).Effects of various alloying elements on the enhancement of properties have been explored by various researchers. 

Nickel is one of the key alloying elements known to enhance the hardness and electrical conductivity of Cu-Si alloys(Qian 

et al., 2017; Suzuki et al., 2006; Wang et al., 2016; Pan et al., 2007; Li et al., 2009; Lei et al., 2013b;  Eungyeong et al. , 

2011; Ho et al., 2000). Other elements like aluminium, chromium, iron, magnesium, and tin have also been used to modify 

Cu-Si alloys. For example, iron has been found to enhance both hardness and electrical conductivity, while chromium and 

zirconium induce microstructural refinement and the precipitation of specific intermetallic phases, leading to improved 

strength.Combined Addition of Chromium and Zirconium: Combining chromium and zirconium in nickel-doped Cu-Si 

alloys has been shown to result in alloys with excellent hardness and electrical conductivity.The strengthening of copper 

alloys is achieved through the precipitation of various phases, including β1-Ni3Si, α-Cu(Ni, Si), γ′-Ni3Al, β-Ni3Si, and δ-

Ni2Si. These phases form as a result of the alloying elements and subsequent aging process (Suzuki et al., 2006; Wang et 

al., 2016, 2018; Li et al., 2017; Wang et al., 2018). 

The main objective of this research is to develop Cu-Si base alloys with improved tensile strength and hardness through 

additions of carbide former and appropriate solid solution treatment.  

2.   EXPERIMENTAL PROCEDURE 

The Cu-3Si-3W and Cu-3Si-3Mn ternary alloys were prepared using analytical grades copper rods (99.8% pure), silicon 

powder (99.7% pure), manganese powder (99.8% pure), and tungsten powder (98.5% pure). The weight in gram of each 

material was determined, measured using an electronic compact scale (Model: BL20001), and charged into the platinum 

crucible pot in an inert gas atmosphere. The melt was cast into a steel mold of dimensions 250 x 16 mm2 and cooled inside 

the steel mold to ambient temperature. The developed alloys were subjected to solid solution heat treatment at 900oC for 5 

h using a tube furnace (TSH12/25024166CG) equipped with an external thermocouple (±1oC accuracy). The tensile test 

samples were machined to the required dimensions with total length 120 mm, 50 mm gauge length, and 10 mm diameter. 

The samples surfaces were ground and polished adequately for hardness test using an electric grinder and aluminium oxide 

powder. The tensile strength test was determined using 100kN capacity automated tensile strength tester (Model: 130812) 

and the hardness measured using a Vickers hardness tester (Model: VM-50). The Vickers hardness was conducted at a load 

of 183.9kgf and dwelling time of 5s. The diagonals of indentations were measured using a 20X optical microscope (Olympus 

BH) and the mean diameter determined.  

3.   RESULTS AND DISCUSSION 

Figs. 1-3 show the effects of solid solution heat treatment on the percentage elongation, ultimate tensile strength, and 

hardness of Cu-3Si-3W and Cu-3Si-3Mn ternary alloys. Fig. 1 showed that addition of manganese decreased the percentage 

elongation of Cu-3Si alloy. The percentage was decreased further after solid solution heat treatment. The Cu-3Si-3W 

alloy recorded a better percentage elongation than the parent alloy. Tungsten addition increased the percentage elongation 

from 9.4% to 20.8%. The percentage elongation decreased from 20.8% to 15.6% after solid solution heat treatment. 

Analysis of Fig. 2 shows that additions of manganese and tungsten increased the ultimate tensile strength and hardness 

of the parent alloy significantly. The hardness values were increased by 106.1% and 98.9% after incorporation of 

manganese and tungsten respectively. The Cu-3Si-3W and Cu-3Si-3Mn ternary alloys recorded further increase in ultimate 

tensile strength and hardness after undergoing solid solution heat treatment. The solid solution heat treatment further 

refined the grains, leading to increased dislocation density. This change in microstructure led to increase in ultimate 

tensile strength of Cu-3Si-3W and Cu-3Si-3Mn ternary alloys 286 MPa to 298 MPa, and from 378 MPa to 385 MPa, 

respectively. The hardness values of both alloys increased from 358 BHN to 364 BHN; and from 371 BHN to 390 BHN, 

respectively. 
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Fig. 1: Effect of solid solution treatment on the percentage elongation of Cu-3Si-3W and Cu-3Si-3Mn ternary 

alloys 

 

Fig. 2: Effect of solid solution treatment on the ultimate tensile strength of Cu-3Si-3W and Cu-3Si-3Mn ternary 

alloys 

 

Fig. 3: Effect of solid solution treatment on the hardness of Cu-3Si-3W and Cu-3Si-3Mn ternary alloys 
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Fig. 4 shows the optical microstructures of Cu-3Si-3Mn and Cu-3Si-3W ternary alloys in as-cast and homogenized 

conditions. Analysis of Fig. 4a shows networks of spherical grains separated by grain boundaries. The surface morphology 

of both alloys revealed fine grains after solid solution heat treatment. The Cu-3Si-3W ternary alloy showed finer grains, 

evenly distributed in the copper matrix.A plate-like structure was observed in microstructure of as-cast Cu-3Si-3W ternary 

alloy. The grains were modified and refined into cored fine grains after undergoing solid solution heat treatment. This 

microstructural changes can be linked with increased ultimate tensile strength and hardness of the alloys as shown in Fig. 

4.  

 

Fig. 4: Optical microstructure of (a) Cu-3Si-3Mn (as-cast)  (b) Cu-3Si-3Mn (homogenized)                                                 

(c) Cu-3Si-3W (as-cast) (D) Cu-3Si-3W (homogenized). 

4.   CONCLUSIONS 

The study evaluated the solid solution strengthening of copper-silicon binary alloys by carbide forming elements. The 

response of Mn and W-doped Cu-3Si alloy to solid solution heat treatment was determined. Analysis of the results indicated 

that the addition of manganese and tungsten improved the mechanical properties of the Cu-3Si alloy, and solid solution heat 

treatment further enhanced these properties by refining the microstructure. From the obtained results, the following 

conclusions were made: 

1. The addition of manganese to the Cu-3Si alloy decreased the percentage elongation. After solid solution heat treatment, 

the percentage elongation decreased further. 

2. Tungsten addition increased the percentage elongation of the Cu-3Si alloy from 9.4% to 20.8%.After solid solution heat 

treatment, the percentage elongation decreased from 20.8% to 15.6%. 

3. Additions of manganese and tungsten significantly increased the ultimate tensile strength and hardness of the parent 

alloy. 

4. Both Cu-3Si-3W and Cu-3Si-3Mn ternary alloys experienced a further increase in ultimate tensile strength after solid 

solution heat treatment. 

5. The ultimate tensile strength of Cu-3Si-3W increased from 286 MPato 298 MPa after heat treatment, while Cu-3Si-3Mn 

exhibited an increase in UTS from 378 MPa to 385 MPa after heat treatment.The improvements of mechanical properties 

are attributed to an increase in dislocation density accompanying microstructural changes in the alloys. 

6. The hardness values of both alloys increased after heat treatment, with Cu-3Si-3W recording an increase from 358 BHN 

to 364 BHN. The hardness of Cu-3Si-3Mn increased from 371 BHN to 390 BHN. 
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