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Abstract

In the present study, the effect of sodium content on the structure and mechanical properties of Cu-3wt%Si alloys were investigated. The experimental alloys were
produced with various sodium concentrations of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.5, 2 and 3% by weight using permanent mould casting technique. Tensile
and hardness tests were carried out on the cast samples. Microstructures of the specimens were also analysed using optical microscopy. The results indicated that
the addition of sodium to Cu-3wt%Si alloy refined and modified the structure of the alloy resulting in improvement in the ultimate tensile strength and hardness of the
experimental alloy by 453.85% and 58.82% respectively at 1.5wt%Na content and percentage elongation by 168.81% at 0.1wt%Na content. The addition of sodium also led

to the formation of the Na_ ,,Si. .. intermetallic phase which further contributed to the increase in strength and hardness of the alloy.

1.4477136

Introduction

Pure metals donotalways possess high strength. In principle,
the strength of copper can be increased by work hardening
or by alloying it with another metal. Alloying gives a much
greater opportunity for improving the mechanical properties
of metals [1]. It is known that substituting solvent atoms with
solute atoms will introduce strain into the parent metal crystal
lattice and that this strain increases with increasing atomic
size mismatch as well as increasing solute concentration. The
effect of this increased lattice strain is to increase the strength
and hardness without necessarily having any great deleterious
effect on ductility. The quest for high-strength engineering
materials has led to the addition of other elements to pure
copper [2-10]. Additions of other metals are frequently made to
improve properties such as strength, hardness, machinability,
corrosion resistance, or for other special reasons. Most of these
elements are soluble to some extent in copper, retaining the
alpha face-centred cubic structure up to the limit of solubility

but with progressive effects on strength, hardness, and rate of
work hardening. Hence, the a strong need to alloy copper with
other metals or non-metals such as silicon.

Binary Cu-3wt%Si alloy is strengthened by solid solution
strengthening due to the addition of silicon to copper which
forms Cu a-solid solution phase. Silicon bronzes are sometimes
used as lower-cost alternatives to tin bronze. Silicon bronzes
find applications in electronics, electrical, automobile, and
building industries for the fabrication of connectors, bolts,
electrical conduits, screws, tie rods, lead frames, etc [11].
Silicon bronzes are also used for tanks, pressure vessels, marine
construction, and hydraulic pressure lines [12]. Silicon bronze
has low mechanical properties and electrical conductivity [13].
The applications of silicon bronzes require that they have a
good combination of tensile strength, hardness, ductility,
and electrical conductivity which they do not have. Further
means of strengthening the alloy is through the right choice
and amount of alloying elements without appreciable loss of
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ductility resulting in a very good combination of mechanical
and electrical properties.

It has been reported that the addition of Sn to Cu-Ni
alloys with subsequent aging heat treatment improves the
mechanical and electrical conductivity of Cu-Ni-Sn alloys [14-
19]. On the other hand, a serious segregation phenomenon of
Sn element has been found to exist in the conventional casting
process for Cu-Ni-Sn alloys by Cribb & Grensing [18], which
has a negative influence on the subsequent processing and
mechanical properties of the alloys. Kozana, et al. [20] studied
the influence of various nickel additions to Cu-10wt%Sn
casting bronze and Cu-8wt%Sn bronze with a decreased tin
content. The researchers reported that the addition of nickel
to Cu-Sn alloys improved the mechanical properties: ultimate
tensile strength (UTS), hardness (HB), and % elongation. The
addition of zinc [3] and tin [4] to Cu-3wt%Si alloys resulted
in an increase in the hardness and ultimate tensile strength
of the alloys. It has also been reported that the addition of
Mn and W to Cu-3Si alloys with subsequent solid solution
heat treatment refined and modified the structure of Cu-
3Si-W and Cu-3Si-3Mn alloys and consequently improved
the ultimate tensile strength and hardness of the alloys
while the percentage elongation of each alloy decreased after
undergoing solid solution treatment [21]. Ijomah, et al. [22]
studied Cu-3Si-(Zn, Sn) alloys produced using the stir-casting
technique and reported an increase in electrical conductivity
of Cu-3Si-3(Sn) ternary alloy in heat-treated conditions and
a decrease in electrical conductivity of Cu-3Si-3(Zn) alloy.
Both Cu-3Si-3(Zn) and Cu-3Si-3(Sn) ternary alloys recorded
an increase in impact energy compared with the parent alloy
(Cu-3Si). Nwankwo, et al. [23] in their study on the influence
of homogenization heat treatment on grain characteristics
and mechanical properties of copper-silicon-zinc and copper-
silicon-tin ternary alloys reported the presence of segregated
primary silicon and coarse intermetallic phase in the parent
alloy. The surface morphology of the Zn and Sn doped alloys
consisted of refined and modified intermetallic phases. The
addition of tin and zinc significantly increased the percentage
elongation, ultimate tensile strength, and hardness of the
alloy. Homogenization heat treatment led to a further increase
in the ultimate tensile strength and hardness of Cu-3Si-3Zn
alloys. Cu-3Si-3Sn ternary alloys showed decreasing trends in
ultimate tensile strength and hardness values after undergoing
homogenization heat treatment. However, the alloys showed
an increased percentage of elongation after homogenization
heat treatment. I[jomah, et al. [24] studied the microstructure,
impact, and electrical behavior of fine-grained Cu-Si-(Mg,
Ti) alloy after solid solution strengthening and reported that
Mg and Ti induced increased precipitation of fine grains in the
copper matrix. It resulted in the improvement of both the impact
energy and electrical conductivity of the alloys, particularly in
the Mg-doped Cu-3Si alloy. Solution heat treatment enhanced
the grain refinement and distribution in the alloy structure and
thus further increased the impact energy of the Cu-Si-(Mg, Ti)
alloy. This study will report the effect of sodium contents on the
structure and mechanical properties of Cu-3wt%Si alloys and
aims to enhance the structure and mechanical properties of Cu-
3wt%Si alloys through the addition of different concentrations
of sodium.
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Materials and methods

The base alloy for this study was produced from commercial
pure copper (99.99%) and commercial pure silicon (99.98%).
A permanent mould casting technique was used to produce
the doped silicon bronze with the addition of sodium in
concentrations of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1,
1.5, 2, and 3% by weight. A bailout crucible furnace was used
for the melting process. Required amounts of pure copper in
the form of copper wire were first charged into the preheated
furnace and melted to produce the control alloy cast samples. A
predetermined amount of silicon in powder form was added to
the molten copper and stirred. The melt was held for about 10
min to ensure complete dissolution of silicon in the copper melt
and stirred again to achieve homogeneity before pouring into
preheated permanent mould and allowed to cool to ambient
temperature. Subsequently, the Cu-3wt%Si alloys with the
additives were produced by repeating the above-described
procedure and introducing the different concentrations of
sodium.

A Universal Testing Machine (model WDW-10) was used to
carry out tensile tests on the cast specimens as per ASTM E8/
E8M-22 standard. 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, B scale (model
HRS-150) according to ASTM E18-22 standard. Structural
analysis was carried out on the cast alloy specimens. Prior to
the structural analysis, the surfaces of the specimens were
ground with different grades of emery papers from rough to
fine grades (400, 600, 800, and 1200pm). After grinding, the
specimens were polished to a mirror finish using an aluminium
oxide powder, rinsed with water, and dried using a hand drier.
The dried samples were etched with a solution of 10g of iron
(I11) chloride, 30 cm3 of hydrochloric acid, and 120 cm3 of
water for 60 seconds. Finally, the surface morphology of the
etched samples was examined using an optical metallurgical
microscope (Model: L2003A).

Results and discussions

Effect of sodium addition on the mechanical properties
of Cu-3wt%Si alloy

The results of the mechanical properties tests carried
out on the experimental alloy castings in as-cast conditions
presented in Figures 1-3 show the effect of sodium addition
on the mechanical properties (ultimate tensile strength (UTS),
percentage elongation, and hardness) of the alloy. It is observed
from the Figures that the ultimate tensile strength and hardness
increased with increasing concentration of sodium up to 1wt%
before decreasing with further increase in concentration of the
additive. The addition of 1wt%Na to Cu-3wt%Si alloy yields
the highest UTS and hardness values of 288MPa and 81HRB
which are 453.85% and 58.82% increases in the UTS and
hardness of the alloy respectively. The addition of 0.1wt%Na
increased the percentage elongation to a maximum value of
29.3% which is a 168.81 percent increase in the percentage
elongation of the alloy. The improvement in the strength and
hardness of the alloys is attributed to the presence of refined
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350 1 Microstructural analysis

Figure 4 is a micrograph of undoped Cu-3wt%Si alloy
250 | casting in as-cast condition showing microstructures in
which the o-copper primary phase (solid solution of silicon

200 - in copper), y-Cu,,Si,,, (CuSi) and e-Cu,Si, intermetallic

phases are present. Coarse Cu, . Si, . intermetallic phase can be
1501 observed at the grain boundaries in the microstructure of the
100 - alloy and owing to this, the mechanical properties of the alloy

Ultimate tensile strength (MPa)

are not very favorable, which is consistent with the findings of

50 1 Gholami, et al. [10].
0 The micrographs of Cu-3wt%Si alloys doped with sodium
0 01 02 03 04 05 06 07 08 09 1 15 2 3 o .
Sodium content (wt%) are shown in Figures 5-13. The micrographs revealed the
resence of Cu_..Si . and Na_ , Si . intermetallic compounds.
Figure 1: Effect of sodium content on the ultimate tensile strength of Cu-3wt%Si p 0837 0.17 1447136 p

Ao It can be observed that the addition of sodium refined and
modified the morphology of the intermetallic compounds with
an attendant increase in ultimate tensile strength, percentage

35 elongation, and hardness. The grain size decreased with an

increase in concentration of sodium up to 1wt%Na (Figure
301 10). The small grain size resulted in more grain boundaries
P which consequently increased the ultimate tensile strength
H
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Figure 2: Effect of sodium content on the percentage elongation of Cu-3wt%Si alloy.
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Figure 4: Micrograph of Cu-3wt%Si alloy.
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Figure 3: Effect of sodium content on the hardness of Cu-3wt%Si alloy.

and modified intermetallic phases in the structure of the alloys.
The decrease in the strength and hardness of the alloys at high
sodium concentrations is attributed to the coarsening of the
grains which is consistent with the findings of Nnakwo, et al.
[4,13] who used tin and tungsten respectively as additives in
their studies.
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Figure 10: Micrograph of Cu-3wt%Si-1wt%Na alloy.

and hardness with a corresponding decrease in percentage
elongation. The improved grain size resulted in an increase in
the number of grain boundaries which served as an increased
impediment to dislocation movement and consequently
increased the ultimate tensile strength, yield strength,
and hardness of the alloy with a corresponding decrease in
percentage elongation [10]. An increase in the concentration
of sodium beyond 1wt% coarsened the morphology of the
intermetallic compounds (Figures 11-13) which resulted in a
decrease in the ultimate tensile strength and hardness of the
alloy [9,10].

The possible effect of corrosion on the mechanical
properties of sodium-doped Cu-3wt%Si alloy was not covered
in this study. While corrosion did not affect the results obtained
in this study, future work to investigate the effect of corrosion
in different media on the structure and physico-mechanical
properties of these alloys is recommended.

Cup.ss Sigay

Conclusion

Figure 8: Micrograph of Cu-3wt%Si-0.7wt%Na alloy. The effect of sodium content on the structure and mechanical
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properties of Cu-3wt%Si alloys has been investigated. The
alloys were produced using a permanent mould casting
technique and optical microscopy analysis was used to analyze
the alloy samples. The samples were also subjected to tensile
tests using a universal tensile testing machine and hardness
tests using Rockwell hardness tester, B scale. The following
conclusions can be made from the experimental results
and theoretical analysis. Undoped Cu-3wt%Si alloy has low
mechanical properties due to the presence of coarse y-Cu, ¢ Si, .
intermetallic phase at the grain boundaries of the alloy. The
addition of sodium to Cu-3wt%Si alloy successfully refined
and modified the structure of the alloys which resulted in
improvement in the ultimate tensile strength, hardness, and
percentage elongation of the experimental alloy by 453.85%,
58.82%, and 168.81% respectively. The addition of sodium also
resulted in the formation of Na, ,, Si,,, which further contributed
to the increase in strength and hardness of the alloy. Maximum
ultimate tensile strength, hardness, and percentage elongation
values of 288 MPa, 81HRB, and 29.3% respectively were
obtained.

Cupss Sipay
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