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Abstract

This study investigated the effects of tungsten and solid solution heat treatment on the microstructure,
tensile strength, hardness, and impact strength of copper-magnesium binary alloys. The alloy
compositions were designed and fabricated using the stir-casting method. The cast samples were
solution heat treated at 900 °C for 5 h, and homogenization heat treatment (400 °C, 450 °C & 500 °C)
was conducted using a Pyradia benchtop muffle furnace and prepared for tensile strength, hardness, and
impact strength 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-4Mg alloys. After solid solution treatment, the Cu-4Mg-9W alloys recorded
maximum ultimate tensile strength and hardness of 548 MPa and 287 BHN. The as-cast magnesium
bronze recorded superior impact resistance compared to solid solution treatment samples.
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1. Introduction

Copper has a special set of qualities, it is a metal that is utilized extensively, especially in
many industrial and electrical applications. Since copper has a high electrical conductivity, it
is a popular material for lead frames, electrical connectors, and micro-electronic technology
(Ayner, 1974; lyebeye et al. 2024; Okelekwe et al. 2024) I 2 51, When considering many
other metals with comparable electrical conductivity properties, copper is comparatively
inexpensive, which makes it a wise option for a range of applications. Excellent ductility and
malleability make copper a good choice for applications requiring the material to be bent,
curved, or formed into a variety of components, including valves, fittings, bolts, and nuts
(Mao et al. 2007; Stanislov et al. 2009; Nwambu et al. 2024; Osakwe et al. 2024) [9.10.3.6],
For the purpose of improving its qualities, copper is frequently alloyed with silicon, tungsten,
zinc, tin, magnesium, manganese, and nickel. With the least amount of loss of electrical
conductivity, these alloying elements can improve strength and hardness. Copper's hardness
and strength can both be increased by adding magnesium. Nevertheless, decreased electrical
conductivity and ductility could be the consequences (Vijendra 2010; Anyafulu et al. 2024;
Ezeobi et al. 2024; Nwambu et al. 2024) % 7- 8 4 As the material slowly cools to room
temperature, the addition of magnesium causes the precipitation of hard but brittle phases.
Many researchers have investigated the effects of different alloying elements on the
enhancement of characteristics (Kulezyk et al. 2012; Shanker et al. 2017; Zhao et al. 2017;
Nwambu et al. 2017) 415 17. 181 Copper alloys have also been modified with other elements
such as aluminum, chromium, iron, magnesium, and tin. Iron, for instance, has been shown
to improve electrical conductivity and hardness, whilst chromium and zirconium have been
discovered to boost strength by precipitating particular intermetallic phases and inducing
microstructural refinement (Caron 2001; Wakanbe et al. 2013; Okelekwe et al. 2024) 1351,
Li et al. (2017) 21, and Wang et al. (2018) [?2 all mention how the alloying elements and
ensuing aging process cause these phases to emerge. By adding carbide former and using the
proper solid solution treatment, this research aims to create Cu-Mg base alloys with
increased tensile strength and hardness.

2. Material and methods
2.1 Materials
The base alloy for this study was produced from commercial pure copper (99.99%) and
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commercial pure tungsten (99.98%). The doped magnesium
bronze was produced by the addition of tungsten in
concentrations of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
and 1.0% by weight using the permanent mould casting
technique. A bailout crucible furnace was used for the
melting process. For the production of the control alloy cast
samples, the required amounts of pure copper in the form of
copper wire were first charged into the preheated furnace
and melted. A pre-determined amount of magnesium in
powder form wrapped in aluminum foil was added to the
molten copper and stirred. The melt was held for about 10
minutes to ensure the complete dissolution of magnesium in
the copper melt and stirred again to achieve homogeneity
before pouring into preheated permanent mould and being
allowed to cool to ambient temperature (Onyia et al. 2023)
20 Subsequently, the Cu-4wt % Mg alloys with the
additives were produced by repeating the above-described
procedure and introducing the different concentrations of
tungsten. The cast samples were solution heat treated at 900
°C for 5 h, and homogenization heat treatment (400 °C, 450
°C & 500 °C) was conducted using a Pyradia benchtop
muffle furnace (Okelekwe et al. 2024) 51,

A tensile test was carried out on the cast specimens using a
Universal Testing Machine (model WDW-10) as per ASTM
E8/E8M-22 standard to determine the ultimate tensile
strength and % elongation. Hardness test was carried out on
10 mm x 10 mm long cylindrical test bars machined from
the cast samples, using a digital Rockwell hardness tester
(model HRS-150) according to ASTM E18-22 standard. A
Charpy impact test was performed on the cast samples
following the ASTM E23 standard using an impact tester
(model JB-300 B). Three (3) samples were used for each
experiment and the value taken after each experiment was
the average. The resistivity and conductivity of the
experimental alloys were determined based on standard
Ohm’s experiment. Structural analysis was carried out on
the cast alloy specimens. Before the structural analysis, the
surfaces of the specimens were ground with different grades
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of emery papers from rough to fine grades (400, 600, 800,
and 1200 pm). After grinding, the specimens were polished
to mirror finish using an aluminum oxide powder, rinsed
with water and dried using a hand drier. The dried samples
were etched with a solution of 10 g of iron (l11) chloride, 30
cm® of hydrochloric acid, and 120 cm?® of water for 60
seconds. Finally, the surface morphology of the etched
samples was examined using an optical metallurgical
microscope (Model: L2003A).

3. Results and Discussion

3.1 Mechanical analysis of the Cu-4wt % Mg alloys
Figures 1 to 3 show that additions of tungsten increased the
tensile strength and hardness of the parent alloy
significantly. The hardness values were increased by 65.5%
and 55.2% after incorporation of tungsten respectively. The
Cu-4wt % Mg 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.
Aged samples alloys at 500 °C enhanced the mechanical
properties by refinement in the microstructures of the alloy,
although the values obtained fall midway between values
obtained from ageing at 400 °C and 450 °C. The values
were slightly lower than the values obtained at the ageing
temperature of 450 °C for same alloy composition. The
increase in UTS of the alloy aged at 500 °C could be
attributed to the refining of the microstructure and increase
in the distribution pattern of the intermetallic compound
formed between copper and the dopant. The result also
show that an excellent hardness as the weight concentration
of the dopant increased compared to the parent alloy. The
hardness values of the parent alloy, copper-4% magnesium
at the as-cast state was 85.6 BHN, while the values for the
aged alloy was 90.6 BHN at 400 °C, 96.3BHN at 450 °C
and 92.8 BHN at 500 °C. The analysis of these figures
shows enhancement in the impact energy at 0.1wt% and 0.2
wt. % additions of the dopants only.

3
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Fig 1: Effect of tungsten content on the ultimate tensile strength of Cu-4wt%Mg alloy at different solutionizing temperature.
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Fig 2: Effect of tungsten content on the hardness of Cu-4wt%Mg alloy at different solutionizing temperature.
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Fig 3: Effect of tungsten content on the impact strength of Cu-4 wt % Mg alloy at different solutionizing temperature.

3.2 Microstructure analysis of Cu-4wt%Mg alloys

Fig 4: (a) and (b) Micrograph of Cu-4% Mg + 0.6% W and Cu-4% Mg +0.7% W
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Fig 5: (a) and (b) Micrograph of Cu-4 wt % Mg + 0.8 wt % W and Cu-4% Mg +0.9 wt % W.

Figures 4 and 5 show the microstructures of Cu-4% Mg
alloy doped with different concentrations of tungsten. The
microstructural analysis showed that the uniform
distribution of the refined grains was facilitated by the
addition of tungsten to the Cu-4% Mg alloy. Small grain
boundaries that allow precipitation of homogenous
intermetallic compounds were revealed. The produced

microstructures showed two phases, o-phase and Y-phase.
Intermetallic compounds were formed as the concentration
of tungsten were fine and refined, which, therefore, resulted
in the improvement of ultimate tensile strength, hardness
and impact strength. They were evenly distributed
intermetallic compounds as indicated in Figures.

Fig 6: (a) and (b) Micrograph of as-cast Cu-4 wt % Mg + 0.7 wt % W and Cu-4 wt % Mg +0.8wt % W

Fig 7: (a) and (b): Micrograph of as-cast Cu-4 wt % Mg + 0.9 wt % W and Cu-4wt % Mg +1.0 wt % W
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Figures 6 and 7 show the micrographs of magnesium bronze
doped with different compositions of tungsten. Addition of
tungsten refined and modified the form and size of the
intermetallic compound. Figures also show that the
precipitates formed increased in number; reduced in size
and dispersed evenly as the concentration of magnesium
increased in the alloy matrix. The micrographs show
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dendrites of copper solid solution as the primary phase, with
a eutectic mixture filling the inter-dendritic spaces. The
eutectic is of the divorced type-particles of a second phase
in a solid solution. The secondary phase can be intermetallic
compounds such as Cu-CuMgW, CuMg,-Mg,W, and
CuzMg-Mg,W.

Fig 8: (a) and (b): Micrograph of Cu-4 wt % Mg + 0.6 wt % W and Cu-4 wt % Mg +0.7 wt % W heat treated at 500 °C

(a)

Figures 8 and 9 represent the result of analysis of the surface
morphology of Cu-4% Mg alloy doped with titanium at
percentage weight compositions of heat-treated at an ageing
temperature of 500 °C. The micrograph revealed the
presence of uniformly distributed and refined alpha-phase,
gamma and kappa phase precipitates in the copper matrix.
At the ageing temperature of 500 °C, there was no effect of
over ageing on the alloy. The process enhanced the
mechanical properties of the developed alloys. The
precipitated particles attributed to the increase of ultimate
tensile strength, percentage elongation, hardness and impact
strength.

4. Conclusions

The study evaluated the solid solution strengthening of
copper-silicon binary alloys by carbide forming elements.
Ageing heat treatment transformed the course dendrite
phase structure of the developed alloy into finely dispersed

Fig 9: (a) and (b): Micrograph of Cu-4 wt % Mg + 0.9 wt % W and Cu-4 wt % Mg +1.0 wt % W heat treated at 500 °C

precipitates which have an excellent combination of
ultimate tensile strength and hardness than the as-cast alloy.
Analysis of the results indicated that the addition of tungsten
improved the mechanical properties of the Cu-4 Mg alloy,
and solid solution heat treatment further enhanced these
properties by refining the microstructure. The improvements
of mechanical properties are attributed to an increase in
dislocation density accompanying microstructural changes
in the alloys. There is an improvement in the nucleation rate
of the precipitates in the structure of the Cu-4% Mg alloy
after the micro-addition of tungsten (W). The tungsten
addition refined the grain size and increase the nucleation
rate of the precipitates
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