
Vol.:(0123456789)

SN Applied Sciences           (2021) 3:829  | https://doi.org/10.1007/s42452-021-04784-1

Research Article

Grain characteristics, electrical conductivity, and hardness 
of Zn‑doped Cu–3Si alloys system

K. C. Nnakwo1  · F. O. Osakwe1 · B. C. Ugwuanyi2 · P. A. Oghenekowho3 · I. U. Okeke1 · E. A. Maduka4

Received: 10 April 2021 / Accepted: 29 August 2021

© The Author(s) 2021  OPEN

Abstract
The grain characteristics, electrical conductivity, hardness, and bulk density of Cu–3Si–(0.1—1 wt%)Zn alloys system 
fabricated by gravity casting technique were investigated experimentally using optical microscopy (OM), scanning elec-
tron microscopy (SEM), and energy dispersive spectroscopy (EDS). The study established the optimal alloy composition 
and the significance of zinc addition on the tested properties using response surface optimal design (RSOD). The cooled 
alloy samples underwent normalizing heat treatment at 900 °C for 0.5 h. The average grains size and grains distribution 
were analyzed using the linear intercept method (ImageJ). The microstructure examination revealed a change in grain 
characteristics (morphology and size) of the parent alloy by addition of 0.1 wt% zinc. The average grains size of the parent 
alloy decreased from 12 µm to 7.0 µm after 0.1 wt% zinc addition. This change in grain characteristics led to an increase 
in the hardness of the parent alloy by 42.2%, after adding 0.1 wt% zinc. The electrical conductivity of the parent alloy 
decreased from 46.3%IACS to 45.3%IACS, while the density was increased by 8.4% after adding 0.1 wt% zinc. The statisti-
cal data confirmed the significance of the change in properties. The result of optimization revealed Cu–3Si–0.233Zn as 
the optimal alloy composition with optimal properties. The Cu–3Si–xZn alloy demonstrated excellent properties suitable 
for the fabrication of electrical and automobile components.
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1 Introduction

The superconductivity, ductility, and malleability of cop-
per guarantee its choice over other non-ferrous materi-
als for the fabrication of electrical devices and building 
components. Copper–silicon alloy system is known to be 
promising materials for windings for high pulse magnet, 
integrated circuit lead frames, micro-electronics devices, 
electrical connectors, accelerators, divertors, and Li-ion 
batteries, etc. [1, 2]. It has also been proven to be a good 
catalyst for production of nanosized and nanotube zinc 

oxide rod [2–9]. The solubility range of silicon in a cop-
per matrix and vice versa have been studied [10]. The 
crystal structure and the stability of possible phases in 
Cu–Si alloy system have also been investigated at dif-
ferent temperature and cooling rates [11]. It was estab-
lished that Cu–Si alloy system forms  Cu3Si,  Cu15Si4, and 
 Cu5Si as the major second phases at different Cu/Si ratio, 
temperature, and cooling rate. The excellent ductility and 
malleability of copper-based alloys have made it a choice 
for the fabrication of bolts, nuts, valves, and fittings [3]. 
Copper gains high strength with much reduction of its 
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electrical conductivity through the process of alloying, 
work hardening, and subsequent aging treatment [2–12]. 
The strengthening mechanism of copper-based alloys 
involves precipitation of hard phases, depending on the 
alloy compositions. Studies [13, 14] revealed that the addi-
tion of silicon to copper melt induced the precipitation of 
hard phases:  Cu3Si (ɳI),  Cu15Si4 (ɛ), and  Cu5Si (ɣ). Nickel 
improves the strength and electrical conductivity of cop-
per–silicon alloys after aging heat treatment, through 
the inducement of precipitation of intermetallic phases 
such as β1-Ni3Si + α-Cu(Ni, Si), γ′-Ni3Al, β-Ni3Si, and δ-Ni2Si 
[7–12, 15, 16]. Tungsten, tin, magnesium, manganese, 
chromium, iron, zirconium, and aluminum enhance the 
strength and the electrical conductivity of Cu–Ni–Si alloys 
after aging heat-treated [2–12, 15–24]. Silicon increases 
the fluidity, hardness, and damping properties of copper-
based alloys, hence makes them useful for the fabrication 
of musical equipment, lithium-ion battery electrode, and 
catalyst used in zinc oxide rods production [11, 25–29].

Li et  al. [19] in their study was able to obtain 
Cu–8.0Ni–1.8Si–(0.6Sn + 0.15 Mg) alloys with maximum 
electrical conductivity of 26.5%IACS and hardness of 
345 HV through work hardening and subsequent aging 
heat treatment. Huang et al. [30] replaced Sn and Mg 
with Zn in the Cu–Ni–Si alloys and recorded an increase 
in electrical conductivity (from 26.5%IACS to 31%IACS). 
Eungyeong et al. [23] achieved a further increase in elec-
trical conductivity (from 31%IACS to 43%IACS) via reduc-
tion of the nickel content (from 8 wt% to 3wt%), doping 
with titanium and subsequent aging. Bozˇic´ et al. [31] 
achieved increased hardness and electrical conductiv-
ity of the Cu–Ni–Si–Ti alloys through the dispersion of 
 TiSi2-phase in the copper matrix. Lei et  al. [20] devel-
oped copper–nickel–silicon–aluminum alloys of excel-
lent hardness (343 HV) and low electrical conductivity 
(28.1%IACS). The combined addition of phosphorus and 
magnesium has proved effective in improving the electri-
cal conductivity of Cu–1.5Ni–0.3Si alloys [24]. Puathawee 
et al. [32] recorded an average hardness of 123.4 HV for 
Cu–2Si alloy via the addition of 39.5wt% Zn. Li et al. [16] 
and Wang et al. [22] developed Cu–Ni–Si–Cr–Zr alloys 
of average hardness (197 HV) and electrical conductiv-
ity (32.7%IACS). Xiao et al. [33] in their study increased 
the electrical conductivity of the Cu–Ni–Si alloys from 
32.7%IACS to 47%IACS through single addition of zirco-
nium and subsequent thermomechanical treatment. A 
combined effect of 0.5wt%Al + 0.15wt%Mg + 0.1wt%Cr in 
Cu–6.0Ni–1.0Si alloys yielded lower electrical conductivity 
(25.2%IACS) compared with the single addition of zirco-
nium through thermomechanical and aging treatments 
[10]. A study carried out by Yi et al. [34] established that, 
with the addition of Ag, work hardening, and subsequent 
aging heat treatment, Cu–2.0Ni–0.5Si alloy recorded 

average micro-hardness (203 HV) and electrical conduc-
tivity (36.4%IACS).

Researchers have explored different mechanisms for 
the development of high strength, hardness, and super-
conductive copper-based alloys, but the achievement of 
combined excellent properties remains difficult. Cu–Be 
alloys have been revealed to be superconductive and high 
strength but showed poisonous characteristics which limit 
their applications in engineering [35, 36].

In this study, the authors focused on refining and modi-
fying the dendritic structure of Cu–3Si alloys system by 
the addition of zinc nano-particles, cooling of the alloy 
samples inside a steel mold, and subsequent normalizing 
heat treatment (at 900 °C for 0.5 h). The grain character-
istics (morphology, size, and distribution) were analyzed. 
The experimental data were analyzed statistically using 
RSOD to establish the significance of zinc addition on the 
measured properties, the optimal alloy composition, and 
generate model equations for subsequent applications.

2  Experimental procedure

The analytical grades copper wire, silicon powder 
(1–2 µm), and zinc nano-powder (40–60 nm) utilized for 
this experimental study were supplied by Sigma-Aldrich 
with % purity of 99.99, 99.8, and 99.99, respectively. The 
alloys compositions were designed using response surface 
optimal design (RSOD) and the melting performed in a 
platinum crucible under inert gas atmosphere. During the 
melting process, for each alloy composition, about 2 kg of 
copper was charged into a preheated platinum crucible 
(at 200 °C). The temperature of the platinum crucible was 
gradually increased until the copper melted at 1084 °C. 
The copper melt was superheated to 1100 °C to increase its 
fluidity. The required amounts of silicon and zinc powder 
were introduced into the copper melt while wrapped in 
an aluminum foil to avoid agglomeration and loss of the 
elements. The mixture was maintained at that temperature 
for 2 min and stirred vigorously for complete homogene-
ity. The mixture was cast in a preheated permanent steel 
mold (at 200 °C) with internal dimensions of 250 mm by 
16 mm and cooled slowly to room temperature inside the 
steel mold.

With the aid of a tube furnace (TSH12/25024166CG) 
with inbuilt external thermocouple (± 1 °C accuracy), the 
alloys samples underwent a normalizing heat treatment 
process at 900 °C for 0.5 h. The samples were ground using 
a silicon carbide paper of 400 µm grit size to remove the 
oxide layer after the heat treatment process. For the Vick-
ers hardness test, three indentations were made on each 
of the sample surface after been ground and polished 
with the aid of an electric grinder and aluminum oxide 
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powder, respectively. With the aid of a Vickers hardness 
tester (Model: VM-50), the indentations were made apply-
ing a load of 183.9kgf at 5 s dwell time and the diago-
nals of indentations measured using a 20X Olympus BH 
optical microscope. The average diameter of indentations 
was obtained and the Vickers hardness calculated using 
Eq. 1. The electrical conductivity of the developed sam-
ples was measured using Standard ohms experiment and 
converted into International Annealed Copper Standard 
(IACS) using Eq. 2. The bulk density of the developed alloys 
was calculated applying Archimedes principle (Eq. 3).

With the aid of L2003A type optical microscope (OM) 
and Carl Zeiss SEM (EVO/NA10), the surface morphol-
ogy of the developed alloys samples was analyzed. The 
elemental composition of the developed alloys system 
was analyzed using EDS. Prior to the analyses, the sam-
ples surfaces were ground and polished using silicon 
carbide papers (400, 800, 1000, and 1200 µ grit sizes) and 
aluminum oxide powder, respectively. The samples were 
etched in 8 g  FeCl3 + 20 ml HCl + 120  cm3  H2O for 30 s 
and dried using hot air gun machine (Bosch PHG500-2-
1600 W). The grain size distribution was analyzed using 
linear intercept method (ImageJ software) and the average 
grain size determined using Eq. 4.

where HV = Vickers hardness (HV).
P = applied load (kgf ).
d = average length of diagonals of indentations (µm).

where ρ = bulk density (kg/m3).
Wa = weight of the sample in air (g).
Ww = weight of the sample in water (g)
ρw(T) = density of water  (103 kg/m3).

2.1  Response surface optimal design

Response surface optimal design (RSOD) is a statistical 
tool for engineering materials design and optimization 
of processing techniques and other factors necessary for 
the improvement of materials properties at minimum cost 
[38]. RSOD helps researchers to establish the significant 

(1)HV = 1.8544.
P

d2

(2)Electrical conductivity (%IACS) =
172.41

Resistivity (Ωm)

(3)� =
ρw(T)Wa

Wa −Ww

(4)Average grain size =
Line Length

Number of Grains

effect of processing methods and their interactions on 
the properties of engineering materials. In this study, the 
authors adopted RSOD for designing the alloy composi-
tions, determining the significant effect of zinc nano-parti-
cles on the measured properties, and establish the optimal 
alloy composition and model equations for subsequent 
studies on the said alloys.

3  Results and discussion

3.1  Hardness, density, and electrical conductivity 
of the developed alloys

Figures 1, 2, and 3 show the variations of hardness, electri-
cal conductivity, and bulk density of parent alloy (Cu–3Si) 
with concentrations of zinc. The experimental results 
revealed the hardness, electrical conductivity, and bulk 
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density of the parent alloy to be 180 HV, 46.3%IACS, and 
8.21 g/cm3. The hardness of the parent alloy increased by 
42.2% after a trace (0.1 wt%) addition of zinc. The increase 
in hardness is confirmed to be significant from the sta-
tistical data (Table 1). The addition of zinc nano-particles 
refined and modified the grains of the parent alloy, leading 
to an improvement of hardness [2, 3, 5, 37]. The improve-
ment of hardness can also be linked with the decrease 
in the average grains size of the parent alloy from 12 to 
7.0 µm by the addition of 0.1 wt% zinc nano-particles 
(Figs. 1 and 6). The experimental results showed that the 
hardness of Cu–3Si–xZn alloy decreased with an increas-
ing concentration of zinc, resulting from an increase in 
grain size from 7.0 to 9.7 µm and increased solid solution 
region (α-phase, solid solution of zinc in copper) as the 
zinc content increased from 0.1 to 1 wt%. Figures 2 and 
3 showed that the electrical conductivity of the parent 
alloy decreased from 46.3%IACS to 45.3%IACS after add-
ing 0.1 wt% zinc nano-particle. The electrical conductivity 
showed a decreasing trend with increasing zinc content. 
The electrical behavior of the alloys can be attributed to 
the reduction of free copper atoms in the alloy structure, 

resulting from the increasing solubility of zinc in the cop-
per matrix [2, 3, 5, 8, 37]. The density of the parent alloy 
was increased by 8.4% (from 8.21 g/cm3 to 8.9 g/cm3) after 
adding 0.1 wt% zinc (Fig. 3). The density of Cu–3Si–xZn 
alloy increased with an increasing concentration of zinc 
in the alloy composition.

3.2  Microstructural evolution, grain size 
distribution and average grain size

Figures 4 and 5 depict the OM and SEM microstructures 
of the parent alloy and zinc-doped Cu–3Si alloys system 
with their corresponding EDS. Figure 6 shows the grains 
size distribution in the Cu–3Si and Cu–3Si–xZn alloys sys-
tem. The microstructures of the parent alloy presented in 
Figs. 4a and 5a revealed needle-like or dendritic grains 
(appearing dark and light green), with an average grains 
size of 12 µm. The phase (dark) is surrounded by another 
phase (light green). The morphology of the secondary 
phases in the parent alloy (Cu–3Si) changed from needle-
like structure to spherical patterns (Figs. 4b–d and 5b–e). 
This indicates complete wettability of grains which led to 
increase in hardness. It is also observed that the number 
or distribution of the dark phase decreased with increasing 
concentration of zinc in the parent alloy system (Cu–3Si), 
indicating solubility of elements in the copper matrix. 
The grain size calculation showed that the grain size of 
the parent alloy decreased from 12 µm to 7.0 µm after 
been doped with 0.1 wt% zinc. At increasing concentra-
tions of zinc in the Cu–3Si alloy system, an increase in 
grain size was observed with an increased solid solution 
region (Figs. 4 and 5), leading to a systematic decrease in 
hardness. The grain size increased further from 7.0 µm 
to 9.7 µm at increasing concentrations of zinc from 0.1 
wt% to 1 wt%, leading to a decrease in hardness. Figure 6 
revealed that the alloy containing 0.1 wt% zinc content 
showed better grain size distribution compared to other 
alloy compositions. The EDS spectrums of the developed 
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Table 1  Statistical data of the 
experimental results

Properties Source Sum of sq F value P value R2 (%)

Hardness (HV) Model 3799.02 6.74 0.0091
A-Zinc content 3594.89 19.14 0.0014 66.92
A2 529.20 2.82 0.1241
A3 3645.28 19.41 0.0013

Conductivity (%IACS) Model 121.13 381.05  < 0.0001
A-Zinc content 111.19 699.53  < 0.0001 98.58
A2 13.21 83.13  < 0.0001

Density (g/cm3) Model 4.20 119.77  < 0.0001
A-Zinc content 3.10 176.90  < 0.0001 95.61
A2 1.27 72.55  < 0.0001
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alloys system indicate the presence of different elements 
such as Cu, Si, and Zn.

3.3  Statistical analysis of the experimental results

The experimental results were analyzed statistically to ascer-
tain the significance of the addition of zinc nano-particles 
on the hardness, electrical conductivity, and bulk density of 
Cu–3Si alloy. Table 1 shows the results of the analysis. The 
statistical results showed model F values of 6.74, 121.13, and 
4.20 for hardness, electrical conductivity, and bulk density, 
respectively, indicating significant model terms. From the 
results, it is shown that the trace addition of zinc nano-par-
ticles significantly influenced the hardness, electrical con-
ductivity, and bulk density of the alloy, having recorded P 
values of less than 0.05. The %R2 values of 66.92%, 98.58%, 
and 95.61% indicate the likelihood of predicting the signifi-
cance of zinc nano-particles on the measured properties. 
The statistical results were optimized and validated using 

response surface optimal design (RSOD) to establish the 
optimal alloy composition for optimal results. The results of 
optimization as presented in Table 2 showed that the opti-
mal alloy composition, Cu–3Si–0.233Zn gave the optimal 
results for hardness, electrical conductivity, and bulk density 
with the desirability of 0.765. This optimization result was 
validated experimentally. For future applications, the follow-
ing model equations (Eqs. 5–7) were generated based on the 
experimental data.

(5)
Hardness = +191.80100 + 338.52284Zn

− 603.71465ZZn
2 + 257.27157Zn

3

(6)
Electrical conductivity = +46.52801 + −11.34817Zn

+ 3.84326Zn
2

(7)Bulk density = +8.37445 + 2.71969Zn − 1.19177Zn2

Fig. 4  Optical migrographs of silicon bronzes a Cu–3Si, b Cu–3Si–0.1Zn, c Cu–3Si–0.5Zn, and d Cu–3Si–1Zn (Mag: 400x)
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Fig. 5  SEM microstructure of silicon bronzes a Cu–3Si, b Cu–3Si–0.1Zn, c Cu–3Si–0.5Zn, d Cu–3Si–0.8Zn, and e Cu–3Si–1Zn and their corre-
sponding EDS spectrum (Mag: 3.0kx)
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4  Conclusion

The grain characteristics, electrical conductivity, hard-
ness, and bulk density of silicon bronze (Cu–3Si alloy) 
doped with zinc nano-particles have been investigated 
experimentally, the optimal alloy composition, and the 
significance of zinc addition on the studied alloys prop-
erties established using RSOD. From the experimental 
and statistical results, the following conclusions are 
highlighted:

a. The hardness, electrical conductivity, and bulk density 
of the parent alloy are 180 HV, 46.3%IACS, and 8.21 g/cm3, 
respectively.

b. Addition of 0.1 wt% zinc into the parent alloy (Cu–3Si) 
changed the grain morphology from needle-like to nodu-
lar pattern and decreased the grain size from 12 µm to 
7.0 µm, leading to about 42.2% increase in hardness.

c. At an increasing concentration of zinc, the grain 
size increased with a corresponding increase in solid 
solution region, leading to a decrease in the hardness of 
Cu–3Si–xZn alloy.

d. The electrical conductivity of the parent alloy 
decreased by adding 0.1 wt% zinc nano-particle. This 
electrical behavior could be attributed to the reduction 
of free copper atoms in the alloy structure, resulting from 
the increasing solubility of zinc in the copper matrix.

Fig. 5  (continued)
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e. The density of the parent alloy was increased by 8.4% 
(from 8.21 g/cm3 to 8.9 g/cm3) after adding 0.1 wt% zinc. 
The density of Cu–3Si–xZn alloy increased with an increas-
ing concentration of zinc in the alloy composition.

f. The Cu–3Si–xZn alloy containing 0.1 wt% zinc content 
showed better grain size distribution compared to other 
alloy compositions.

g. A trace addition of zinc nano-particles into silicon 
bronze significantly influenced the hardness, electri-
cal conductivity, and bulk density of the alloy, having 
recorded P values less than 0.05 with %R2 values of 66.92%, 
98.58%, and 95.61%, respectively.

h. The optimal alloy composition was Cu–3Si–0.233Zn, 
having recorded the optimal results for hardness, electri-
cal conductivity, and bulk density with the desirability of 
0.765.
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