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This research investigated the effect of tungsten content on the structure, physical and mechanical prop-
erties of silicon bronze (Cu-3 wt%Si). Tungsten was added in concentrations of 0.1, 0.3, 0.5, 0.8, 1 and 1.5
wt%. The samples were produced using permanent die casting technique, machined and stored for the
structural analysis, physical and mechanical tests. The microstructural analysis of the control sample
(Cu-3 wt%Si) revealed the presence of dendrite of intermetallic compounds which could be primary sil-
icon and copper silicide (Cu3Si) phases while the alloy doped with tungsten consisted of fine grains of
intermetallic compounds evenly dispersed in the copper matrix. The mechanical tests results showed
that addition of tungsten to silicon bronze significantly increased the percentage elongation, ultimate
tensile strength, hardness and electrical conductivity of the alloy by 174.5%, 741.2%, 98.9% and 14.9%
respectively. Maximum percentage elongation, electrical conductivity, ultimate tensile strength and
hardness of 25.8%, 61.25% IACS, 286 MPa and 358 BHN respectively were obtained.
� 2017 The Author. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Copper based alloys for automotive, building and electrical
components such as electrical conduits, valve stems, tie rods, fas-
teners, nuts, bolts, screws, rivets and nails are required to have
good combination of tensile strength, ductility, hardness and elec-
trical conductivity. Various silicon bronzes with nickel as the major
alloying element have been investigated however; these alloys
though of high strength have low ductility, hardness and electrical
conductivity. Hence there is need to obtain silicon bronze that has
good combination of ductility, hardness, strength and electrical
conductivity.

Li et al. (2009) investigated the microstructure and properties of
Cu-1.8Si-8.0Ni-0.6Sn-0.15Mg alloy. The study indicated maximum
hardness, average tensile strength, elongation and average electri-
cal conductivity of 345Hv, 1180 MPa, 2.75%, and 26.5% Interna-
tional Annealed Copper Standard (IACS) respectively at ageing
time of 30mins. Study by Eungyeong et al. (2011) on the effect of
titanium addition on the structure and mechanical properties of
Cu-Ni-Si alloys indicated that addition of titanium has significant
effect on the tensile strength, percentage elongation and electrical
conductivity of the alloy at different ageing time with maximum
values of 837 MPa, 28.8% and 51% IACS respectively. Huang et al.
(2003) in their study of the precipitation in Cu-Ni-Si-Zn alloy for
lead frame revealed maximum hardness value of 250Hv after cold
rolling to 78% and ageing at 450 �C for 1 h. Maximum electrical
conductivity of 31% IACS was also obtained at ageing time of 0.5
h. Ketut et al. (2011) established in their study of the effect of sil-
icon content on the mechanical and acoustical properties of silicon
bronze alloys for musical instruments that the mechanical proper-
ties and damping capacity of Cu-xSi were higher than Cu-20 wt%Sn
bronze alloys. Mattern et al. (2007) reported the presence of differ-
ent meta-stable phases such asg, r and j on rapidly quenched sil-
icon bronze. The study also established that room temperature
phase, e was suppressed by rapid quenching. Lei et al. (2013) indi-
cated that addition of aluminium to Cu-Ni-Si alloy has significant
effect on the hardness, electrical conductivity, tensile strength
and percentage elongation of the alloy with maximum values of
343Hv, 28.1% IACS, 1080 MPa and 3.1% respectively. The effect of
thermo-mechanical treatments (TMT) on the microstructures and
properties of Cu-1.5Ni-0.3Si-0.03P-0.05 Mg lead frame alloy was
investigated by Ho et al. (2000). The study revealed maximum ten-
sile strength and percentage elongation of 640 MPa and 15% with

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jksus.2017.12.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jksus.2017.12.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kingsley.nnakwo@esut.edu.ng
https://doi.org/10.1016/j.jksus.2017.12.002
http://www.sciencedirect.com/science/journal/10183647
http://www.sciencedirect.com


0

5

10

15

20

25

30

0.0 0.1 0.3 0.5 0.8 1 1.5

Pe
rc

en
ta

ge
 e

lo
ng

at
io

n 
(%

E
)

Tungsten content (wt%)

Fig. 1. Effect of tungsten content on the percentage elongation of silicon bronze
(Cu-3 wt%Si).
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Fig. 2. Effect of tungsten content on the ultimate tensile strength of silicon bronze
(Cu-3 wt%Si).
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Fig. 3. Effect of tungsten content on the hardness of silicon bronze (Cu-3 wt%Si).
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Fig. 4. Effect of tungsten content on the electrical conductivity of silicon bronze
(Cu-3 wt%Si).
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corresponding electrical resistivity of 1.475 � 10�8 Xm by reduc-
ing the size of Ni2Si precipitates to 4 nm. Study on the effect of cold
working on the structure and mechanical properties of high
strength silicon bronze (C65500) by Kulczyk et al. (2012) revealed
that application of cumulative hydrostatic extrusion route caused a
substantial grain size refinement which was accompanied by
increase in the alloy strength. Puathawee et al. (2013) in their
study of the effect of silicon and tin addition on the microstructure
and micro-hardness of Cu-Si-Zn alloy revealed maximum hardness
of 123.4Hv. Božić et al. (2008) revealed that the rapidly solidified
Cu-1.2Ti-3TiSi2 powder microstructure was characterized by the
presence of fine, dispersed primary TiSi2 particles and high super
saturated solid solution. The study also indicated that Cu-1.2Ti-
3TiSi2 powder yielded much higher micro-hardness values com-
pared with the Cu-1.2Ti powder, owing to primary TiSi2 disper-
soides formed during atomization. Study by Xiao et al. (2013) on
the effect of thermo-mechanical treatments on the microstructures
and properties of Cu–2.1Ni–0.5Si–0.2Zr alloy indicated peak
strength and electrical conductivity of 665 MPa and 47% IACS at
ageing temperature of 450 �C for 2 h and 8 h respectively.

The effect of tungsten on the physical and mechanical proper-
ties of silicon bronze has not been investigated. Therefore, this
research investigated the effect of tungsten content on the struc-
ture, physical and mechanical properties of silicon bronze with
the sole aim of developing silicon bronze of good combination of
ductility, tensile strength, hardness and electrical conductivity
suitable for automotive, building and electrical applications.

2. Materials and method

In this experimental study, the base alloy (999% pure copper
and silicon) with and without tungsten were melted in a bailout
crucible furnace and cast using permanent die casting technique.
The tungsten was added in concentrations of 0.1, 0.3, 0.5, 0.8, 1
and 1.5 wt%. The cast alloy samples were machined and stored
for the mechanical and physical tests such as percentage
elongation, ultimate tensile strength, hardness and electrical con-
ductivity. The tensile strength and hardness of the developed alloy
were determined using an automated 100KN JPL tensile strength
tester (Model: 1,30,812) and portable dynamic hardness testing
machine (Model: DHT-6) respectively. Standard Ohm’s experiment
was adopted in determining the electrical conductivity of the
developed alloy. The samples for structural analysis were
subjected to filing, grinding, polishing and etching, after which
the surface morphology was examined using an optical
metallurgical microscope (model: L2003A) and scanning electron



Fig. 5. Scanning electron microscopy (SEM) of Cu-3 wt%Si silicon bronze.

Fig. 6. EDS spectrum of Cu-3 wt%Si silicon bronze.
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microscopy (SEM) equipped with energy dispersive spectroscopy
(EDS).
3. Results and discussion

3.1. Mechanical and physical properties of the studied alloy

The effect of tungsten content on the percentage elongation,
ultimate tensile strength and hardness of silicon bronze (Cu-3 wt
%Si) is presented in Figs. 1–3. Analysis of Figs. 1–3 showed that
addition of 0.1 wt% tungsten to silicon bronze significantly
increased the percentage elongation, ultimate tensile strength
and hardness of the alloy. No significant change in mechanical
properties was observed in Cu-3 wt%Si alloy when tungsten con-
tent is below 0.1 wt%. It was noted in Figs. 1–3 that the percentage
elongation of Cu-3 wt%Si-W alloy decreased with increase in tung-
sten content while the ultimate tensile strength and hardness
increased with increase in tungsten content up to 0.8 wt% tungsten
addition. Further increase in tungsten content in excess of 0.8 wt%
caused a decrease in ultimate tensile strength and hardness of Cu-
3 wt%Si-W alloy. This trend in mechanical properties was probably
as a result of the presence of coarsened intermetallic compound in
the alloy structure (Fig. 9).

Fig. 4 shows the effect of tungsten content on the electrical con-
ductivity of silicon bronze. Analysis of Fig. 4 indicated that addition
of 0.1 wt% of tungsten to silicon bronze increased the electrical
conductivity of silicon bronze significantly by 14.9%. No significant
improvement in electrical conductivity of Cu-3 wt%Si alloy was
observed when the tungsten content is below 0.1 wt%. It was evi-
denced in Fig. 4 that the electrical conductivity of Cu-3 wt%Si-W
alloy decreased with increase in tungsten content with maximum
value of 61.25% International Annealed Copper Standard (IACS).
3.1.1. Scanning electron microscopy and energy dispersive
spectroscopy (EDS) of the developed alloy

The scanning electron microscopy and energy dispersive spec-
troscopy analyses of silicon bronze (Cu-3%wt.Si) is presented in
Figs. 5 and 6 respectively. The micrograph revealed dendrite of
intermetallic compounds which could probably be the primary
silicon and copper silicide (Cu3Si) phases as reported by Li
et al. (2009). The energy dispersive spectroscopy spectrum
indicated the presence of six major elements such as Cu, Si, Al,



Fig. 7. Scanning electron microscopy of Cu-3 wt%Si-0.8 wt%W silicon bronze.

Fig. 8. EDS spectrum of Cu-3 wt%Si-0.8 wt%W silicon bronze.
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Fe, K, Ca and contaminants such as C and O etc. A detailed anal-
ysis of the scanning electron microscopy and energy dispersive
spectroscopy analyses of Cu-3 wt%Si-W alloy are presented in
Figs. 7–9. Figs. 7 and 9 revealed grains of spherical pattern
unlike the dendritic grains revealed in Fig. 5. Fig. 7 revealed
the presence of fine grains of intermetallic compounds evenly
distributed in the alloy structure. Fig. 8 showed more large
grains when compared with the grains revealed in Fig. 7. These
intermetallic compounds could be Cu3Si and WSi2 intermetallic
phases. The change in the morphology of the intermetallic com-
pounds from dendritic to fine spherical pattern systematically
improved the percentage elongation, ultimate tensile strength
and hardness of the alloy. The EDS spectrum indicated the pres-
ence of Cu, Si, W, Al, Fe, O, Cl and C elements etc.
4. Conclusion

The effect of tungsten content on the physical and mechanical
properties of silicon bronze (Cu-3 wt%Si) has been studied in
details. The following conclusions were drawn from the results of
the study.

a. Addition of tungsten to silicon bronze significantly increased
the percentage elongation, ultimate tensile strength and
hardness of the alloy by 174.5%, 741.2% and 98.9%
respectively.

b. The percentage elongation of Cu-3 wt%Si-W alloy decreased
with increase in tungsten content. Maximum percentage
elongation of 25.8% was obtained.



Fig. 9. Scanning electron microscopy of Cu-3 wt%Si-1.5 wt%W silicon bronze.
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c. The ultimate tensile strength and hardness of the Cu-3 wt%
Si-W alloy increased with increase in tungsten content up
to 0.8 wt% with maximum values of 286 MPa and 358 BHN
respectively. Further increase in tungsten content caused a
decrease in ultimate tensile strength and hardness of the
alloy.

d. The significant increase in mechanical properties of the alloy
was attributed to the change in the morphology of the inter-
metallic compounds from dendritic to spherical pattern.

e. The decrease in ultimate tensile strength and hardness of
Cu-3 wt%Si-W alloy with tungsten content above 0.8 wt%W
was attributed to the increase in grain size of the intermetal-
lic compound.

f. Addition of tungsten to silicon bronze significantly increased
the electrical conductivity of the alloy by 14.9%.
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