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Abstract

The effect of solutionizing temperature, soaking time, and quenching media on the structure and mechanical properties of silicon bronze (Cu-10wt%Si-2wt%Ni) has 
been examined. The samples were produced using the sand casting technique, machined to the required dimensions, and solutionized at temperatures of 700 oC, 800 oC, 

and 900 oC for 0.5, 1.5, 2.5, and 3.5 hrs and quenched in brine and oil respectively. The prepared as-cast and solution heat-treated samples were subjected to mechanical 
tests (hardness, and impact strength tests) as well as microstructural analysis. The results of the microstructural analysis revealed the presence of coarse grains and 
coarse sparse distribution of Ni2Si precipitate in the as-cast sample while the surface morphology of the heat-treated samples consisted of fi ne grains of intermetallic 
compounds evenly dispersed in the copper matrix.  It was also observed that the microstructures of samples solutionized at lower temperatures (700 oC) revealed 
fi ner grains with better grain distributions compared with samples solutionized at higher temperatures (800 oC and 900 oC). These microstructural changes led to the 
improvement of the hardness and impact strength of the alloy. The hardness value of the as-cast sample 48.5 HRB, increased to 53.7 HRB and 57.8 HRB after solid solution 
heat treatment at 700 oC for 3.5 h and cooled in brine and oil, respectively. It was also observed that the hardness of the brine-cooled samples increased further to 72.45 
HRB after 3.5 h at 900 oC.  The results obtained also showed that the solid solution heat-treated samples gave an optimum impact strength value of 214 J/m3 and 183 J/
m3 from the samples solutionized at 900 oC and 800 oC for 3.5 h and 1.5 h and cooled in brine and oil respectively. This was concluded to be a result of solid solution alpha 
and beta phases formed which improve energy absorption in the alloy.
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desirable properties making them versatile materials used 
in a wide range of applications, particularly in the industrial 
machinery components, electrical and electronics, architectural 
fi xtures, marine environments and other industrial applications 
[1]. There are hundreds of commercial copper alloys and each 
of these alloys has its peculiar properties and applications 
[2]. Silicon bronze is one of the copper-based alloys with 
excellent mechanical and physical properties which make the 
alloy suitable for many applications such as aircraft, marine, 
industrial, chemical, and mechanical [3]. The strength of this 
class of Cu-based alloys can be effectively improved through 
various means among which are alloying [4], heat treatment 
[5], and metalworking [6]. Alloying enhances the properties of 
silicon bronze by increasing the strength and hardness of the 

Abbreviations

Cu: Copper; Si: Silico; Ni: Nickel; HRB: Rockwell Hardness 
Test; Mn: Manganese; W: Tungsten; Zn: Zinc; Sn: Tin; BHN: 
Brinell Hardness Test; Mpa: Megapascal; SEM: Scanning 
Electron Microscope; EDS: Energy Dispersive Spectroscopy; 
OM: Optical Microscope

Introduction

Copper-based alloys are one of the most commercially 
important metals that are valued for their combination of 
strength, corrosion resistance, good machinability, wear 
resistance, non-magnetism, cost-effectiveness, and other 
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alloy. However, nickel is one of the excellent alloying elements 
that plays a crucial role in enhancing the properties and 
performance of Cu-Si alloys making them highly versatile and 
suitable for a wide range of applications in various industries 
[7]. Nickel addition to Cu-Si alloys has a positive infl uence on 
the material’s warm strength properties and it induces the 
precipitation of a secondary phase (δ-Ni2Si) in the copper matrix 
and this helps in refi ning the microstructure and improving 
the mechanical properties of the alloy [1,8,9]. Silicon, when 
added to copper, improves its hardness and fl uidity. High 
fl uidity accompanying silicon addition makes Cu-Si alloys 
a potential material for casting intricate shapes [7]. Heat 
treatment process especially solid solution heat treatment is 
commonly applied to silicon bronze and other copper alloys to 
modify the microstructure and properties by homogenizing the 
alloy’s composition, eliminating segregation or precipitation of 
secondary phases, and improving the mechanical properties of 
the alloy through adequate control of composition, cooling rates, 
and heat treatment parameters [10,11]. Overall, solutionizing 
heat treatment is a vital process for optimizing the properties 
and performance of silicon bronze, making it suitable for a 
wide range of industrial and commercial applications such as 
aerospace, automotive, marine, and electronics, where precise 
control of material properties is critical for performance and 
reliability [12].

Few researches have been conducted on the effect of 
heat treatment techniques on the structure and mechanical 
properties of silicon bronze [10] investigated the effects of 
carbide-forming elements (manganese and tungsten) and 
solid solution heat treatment on the microstructure, and 
mechanical properties of copper-silicon binary alloys. The 
study indicated that solution heat-treated samples showed 
fi ner grains compared to the control sample which led to an 
increase in both ultimate tensile strength and hardness of Cu-
3Si-W and Cu-3Si-3Mn alloys. Also, Cu-3Si-W alloys recorded 
a maximum ultimate tensile strength and hardness of 298 MPa 
and 364 BHN while the Cu-3Si-3Mn alloys recorded maximum 
ultimate tensile strength and hardness of 385 MPa and 390 
BHN, respectively with a decrease of percentage elongation 
for each alloy after undergoing solid solution treatment [13] 
revealed in the study on the infl uence of homogenization heat 
treatment on grain characteristics and mechanical properties 
of copper-silicon-zinc and copper-silicon-tin ternary alloys, 
that homogenization heat treatment increased the ultimate 
tensile strength and hardness of Cu-3Si-3Zn alloys from 353 
MPa to 376 MPa and from 254 BHN to 268 BHN but showed a 
decrease in the Cu-3Si-3Sn alloys which recorded an increase 
in percentage elongation after homogenization heat treatment. 
The results also showed that the addition of tin and zinc 
signifi cantly increased the percentage elongation, ultimate 
tensile strength, and hardness of the alloy [1] studied the 
effect of nickel addition on the microstructure, tensile, and 
corrosion properties of cold-rolled silicon bronze. The result 
of the study showed that Ni-modifi ed Cu-Si alloys revealed 
the presence of Cu-rich α-phase and δ-Ni2Si precipitates along 
the α grain boundaries along with the reduction in the grain 
sizes and refi ned microstructure. The study also showed that 
an increase in Ni addition from 0.2 to 0.8 wt% increased the 

tensile strength and hardness of Ni-modifi ed Cu-Si along with 
an increase in δ -Ni2Si precipitates and excellent corrosion 
resistance in a sulfuric acid environment as well as reduction in 
corrosion current density (Icorr). The main aim of this work is 
to investigate the effect of solutionizing temperature, soaking 
time, and quenching media on the structure and mechanical 
properties of silicon bronze with the sole aim of developing 
a new silicon bronze with improved hardness and impact 
strength.

Experimental procedure

The copper wire (99.87% purity), pure silicon powder, 
and nickel wire (99.7% purity) were used as a base material 
to produce the Cu-10wt%Si-2wt%Ni alloy. Heat treatment 
parameters investigated were solutionizing temperatures (700 
oC, 800 oC, and 900 oC), soaking times (0.5, 1.5, 2.5, and 3.5 hrs), 
and quenching media (brine and oil). Sand casting technique 
was used to produce the bronze alloys. The appropriate 
amount of Cu, Si, and Ni required to produce the bronze alloy 
compositions was determined by charge calculation, and the 
weight in grams of each material was measured using an 
electric weighing scale (NKS-6). To produce the alloy samples, 
the required amount of nickel wire was fi rst charged into the 
bailout crucible furnace and after attaining a temperature of 
1083 oC, a predetermined weight of copper wire was added into 
the furnace. When the alloy attained a melting temperature 
of nickel (1453 oC), the appropriate amount of silicon powder 
was placed in a scoping spoon introduced into the melt, 
stirred vigorously, and allowed for 10 minutes to dissolve. The 
mixture was stirred again to achieve a complete diffusion of 
the silicon metal into the melt and to ease castings, and cast 
into the prepared sand mold cavity with specifi c dimensions 
of 14 mm diameter and 240 mm length. The cast samples 
were machined to the standard dimension for the mechanical 
tests (hardness and impact strength) and microstructural 
analysis. The machined samples were subjected to solution 
heat treatment at temperatures of 700 oC, 800 oC, and 900 oC 
for 0.5, 1.5, 2.5, and 3.5 hrs respectively using a tubular electric 
heat treatment furnace (model: 180-18) and quenched in brine 
and oil respectively.

The hardness test was conducted using a B-scale Rockwell 
hardness tester (model: 38506). The impact energy was carried 
out on the samples on a 300J capacity pendulum impact strength 
testing machine (model: 33716) of dimensions 55 x 10 x 10 mm 
with a 2mm deep notch (∆45o) inscribed at the center of the 
sample, following the ASTM E23 standards. The specimens for 
microstructural analysis were fi rst subjected to grinding with 
BG20 electric belt grinder (model: 800-500) and further ground 
with a Handimet 11 Patents manual grinder (model:39-1472) 
that contains a silicon carbide grinding paper of grit sizes 
240, 320, 400 and 600 μm), polished to mirror fi nish using an 
ultrafi ne polishing cloth which was enhanced by the addition of 
gamma micropolish alumina paste of particle size 0.05 micron 
along with distilled water, rinsed with water and air dried with 
a Lion D72605 Bisigen air gun drying machine. The specimens 
were subjected to etching by swabbing them in a mixture of 
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As seen in Figure 1, the as-cast Cu-10wt%Si-2wt%Ni alloy 
recorded a hardness value of 48.5 HRB. The hardness value was 
increased after solid solution heat treatment. Notably, there is 
a progressive increase of hardness value at each solutionizing 
temperature and time in Figure 1. The lowest hardness value 
of the brine-cooled samples 46.07 HRB was observed at 700 
°C for 0.5 hours while the highest hardness value of 72.50 HRB 
was observed at a temperature of 900 °C for 3.5 hours. It was 
evidenced in Figure 1 that solid solution heat treatment helps 
in the improvement of the hardness of the alloy and this results 
in solid solution strengthening which forms a fi ne precipitate 
in the copper matrix as evidenced in Plates 1,2 which is in line 
with the result by the researcher [10,14].

2g of K2Cr2O7, 8 ml of H2SO4, 4 drops of HCL, and 100 ml of 
water for 60 seconds. The etched samples were rinsed in water, 
dried, and subjected to microstructural examination using an 
Olympic optical metallurgical microscope (model: GX51F) and 
scanning electron microscopy (SEM) (Model: Joel-JSM 7600F) 
equipped with energy dispersive spectroscopy (EDS).

Results and discussion

Hardness and impact properties of the studied alloy

The effects of solid solution temperature, time, and cooling 
rates on hardness, and impact strength of Cu-10wt%Si-
2wt%Ni alloy are presented in Figures 1-6.

Figure 1: Effect of solutionizing temperatures and times on the hardness of Cu-
10wt%Si-2wt%Ni cooled in brine.

Figure 2: Effect of solutionizing temperatures and times on the hardness of Cu-
10wt%Si-2wt%Ni cooled in oil.

Figure 3: Effect of cooling rate and solutionizing time on the hardness of Cu-
10wt%Si-2wt%Ni at 700 oC.

Figure 4: Effect of solutionizing temperatures and times on the impact strength of 
Cu-10wt%Si-2wt%Ni cooled in brine.

Figure 5: Effect of solutionizing temperatures and times on the impact strength of 
Cu-10wt%Si-2wt%Ni cooled in oil.

Figure 6: Effect of cooling rate and solutionizing time on the impact strength of Cu-
10wt%Si-2wt%Ni at 700 oC.
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The hardness values of oil-cooled Cu-10wt%Si-2wt%Ni 
alloy show a progressive increase in hardness with an 
increase in solutionizing time at all temperatures but also 
a corresponding decrease in the hardness with increasing 
temperature as evidenced in Figure 2. This decrease in the 
hardness of the alloy is a result of grains coarsening which can 
be linked to the change in the microstructure as evidenced in 
Plates 3,4 and this supports the fi ndings by [13,14]. The highest 
hardness was 58.6 HRB observed at 700 °C for the oil-cooled 
samples at a time of 3.5 hours while the lowest hardness was 
53.7 HRB experienced at 900 °C at 0.5 hours.

Figure 3 shows the effect of solutionizing time on the 
hardness properties of brine-cooled and oil-cooled samples. 
The graph shows a general increase in both the brine and 
oil-cooled samples. This is a result of the solid solution 
strengthening mechanism of the alloy after undergoing heat 
treatment.

Figure 4 depicts the impact strength of Cu-10wt%Si-
2wt%Ni alloy after quenching in brine at varying solutionizing 
temperatures. The as-cast alloy recorded an impact strength 
value of 120 J/m3. It can be observed that at 700 °C, there was a 
progressive decrease in impact strength from 100 J/m3 to 82 J/
m3 but at 900 °C there was an increase in impact strength with 
an increase in solutionizing time from 0.5 to 3.5. An impact 
strength of 214J/M3 was recorded for the brine-cooled samples 
at a solutionizing time of 3.5 hours. This can be attributed 
to solid solution alpha and beta phases formed and hence 
improved energy absorption in the alloy [15].

Figure 5 shows the effect of the solutionizing temperatures 
on the impact strength of the alloy. It can be observed that 
the control sample presented better impact properties than 
samples solutionized at 700 °C and 900 °C, but at 0.5hrs and 
1.5hrs of 800 °C, the impact strength increased but decreased 
beyond 1.5 hrs solutionizing time indicating that the optimum 
solutionizing time had been reached. The decline in the impact 
strength can be linked to the precipitation of coarse grains in 
the copper matrix.

Figure 6 above shows the impact strengths of both the brine 
and oil-quenched samples, and from the trend of the graph, 
we can deduce that the impact strengths of the brine-cooled 
samples decreased with an increase in solutionizing time 
from about 100J/m3 to 72 J/m3 while the oil-cooled samples 
showed an increase to about 1.5 hrs beyond which a decline 
was observed.

Microstructural analysis of the studied alloy

The Optical Microscopy (OM) and Scanning Electron 
Microscopy (SEM) with energy dispersive spectroscopy (EDS) 
of the studied alloy in as-cast and solid solution heat-treated 
conditions are presented in Plates 1-7. Plates 1,4,5 show the 
micrographs of the samples with the best impact strengths and 
hardness values at different quenching media.

The Optical Microscopy (OM) of Cu-10wt%Si-2wt%Ni alloy 
in as-cast as presented in Plates 3 revealed a dendritic primary 
grain separated by grain boundaries, which is embedded within 
the copper matrix and is identifi ed as α-phase and coarse 
intermetallic compound (Ni2Si). The grains with irregular 
shapes and sizes are scattered within the matrix which 
corresponds with the report by [14].

Plate 1: Optical microstructure (OM) of Cu-10wt%Si-2wt%Ni alloy solutionized at 
900 oC for 3.5 h and cooled in brine.

 

Plate 2: SEM/EDS spectrum of Cu-10wt%Si-2wt%Ni alloy solutionized at 700 oC for 
1.5 h and cooled in brine.

 

Plate 3: Optical microstructure (OM) of Cu-10wt%Si-2wt%Ni alloy (as-cast).

 

Plate 4: SEM/EDS spectrum of Cu-10wt%Si-2wt%Ni alloy (as-cast).
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From Plate 1, there is a uniform distribution of phases 
in the copper matrix. It can be observed that the addition 
of solid solution heat treatment signifi cantly modifi ed and 
refi ned the grains compared to the as-cast alloy [13] in Plate 
2. This refi nement resulted in an increased number of grain 
boundaries and dislocation density within the alloy [15]. This 
change observed in the microstructure, led to an increase in 
hardness [10] and impact strength of the alloy. This is to point 
out that the microstructures of the samples as shown in Figure 
2 revealed fi ner grains and better grain distribution, leading 
to an increase in dislocation density and better mechanical 
properties.

The microstructure of oil-cooled samples solutionized 
at a lower temperature (700 oC) as seen in Plate 5 revealed 
fi ner grains with enhanced grain distributions compared with 
samples solutionized at a higher temperature (800 oC) as 
seen in Plate 6. This is because, with increasing solid solution 
temperature and time, the diffusion rate increases leading to 
the precipitation of more grains at the grain boundaries which 

leads to the grains coarsening [4]. The presence of coarse 
grains is associated with a decrease in the hardness and impact 
strength of the oil-cooled alloy as seen in Figures 2,5.

The Scanning Electron Microscopy (SEM) with Energy 
Dispersive Spectroscopy (EDS) of the studied alloy in as-
cast conditions presented in Plate 4 depicts the presence of 
segregated primary silicon and coarse intermetallic phase 
(Ni2Si) distributed in the copper matrix. The SEM microstructure 
in Plate 4 reveals coarse grains compared to the heat-treated 
samples in Plates 2,7. This is simply a result of an increased 
diffusion rate, leading to the enlargement of grains [13]. The 
EDS indicated the presence of these major elements such as Cu, 
Si, Ni, Fe, Na, Al, Mg, Cl, S, P, Ca, K, etc as well as in Plates 2,7.

The SEM micrograph of brine-cooled samples in Plate 
6 revealed a refi ned and modifi ed grain after solid solution 
heat treatment [10]. Solid solution heat treatment application 
retards the formation of segregated primary silicon reducing 
the grain size and hence, the modifi ed structure helps to 
increase the mechanical properties of the alloy as presented 
in Figure 1, 4. The grain refi nement as a result of retard grain 
growth seen in SEM (Plate 2) is also in line with OM in Plate 1.

The surface morphology of the oil-coiled sample in Plate 
7 depicts the appearance of coarse grains in the copper matrix 
which shows low dislocation density in the alloy structure and 
this is in line with the study by [14]. As compared to another 
oil-cooled micrograph, it was observed that the oil-cooled 
samples solutionized at lower temperatures (700 oC) revealed 
fi ner grains with enhanced grain distributions compared with 
samples solutionized at higher temperatures (800 oC and 900 
oC). This is because as increasing solid solution temperature and 
time, the diffusion rate increases leading to the precipitation of 
more grains at the grain boundaries which leads to the grains 
coarsening. The presence of coarse grains is associated with a 
decrease in the hardness of the alloy as seen in Figure 2.

Conclusion

The effects of heat treatment parameters on the structure 
and some mechanical properties of Cu-10wt%Si-2wt%Ni 
alloys have been explored experimentally. The hardness and 
impact strength of the as-cast alloy were examined and linked 
with the microstructure. From the results obtained, fi ne-
grained Cu-10wt%Si-2wt%Ni alloy was achieved through solid 
solution heat treatment at varying heat treatment temperatures 
and times, solid solution heat treatment signifi cantly affected 
the hardness, and impact strength of as-cast Cu-10wt%Si-
2wt%Ni alloy, the brine and oil-cooled samples exhibited 
maximum impact strength values of 214 J and 183 J at 90 oC and 
800 oC for 3.5 h and 1.5 h, respectively, and fi nally, the brine-
cooled and oil-cooled samples indicated a maximum hardness 
value of 72.45 HRB and 57.8 HRB at 900 ºC and 700 ºC for 3.5 
hrs, respectively.

Comparatively, the hardness and impact strength of brine-
cooled samples as shown in Figures 1,4 increased with an 
increase in solutionizing temperatures and times as a result 
of microstructural changes (grain refi nement and increased 

Plate 5: Optical microstructure (OM) of Cu-10wt%Si-2wt%Ni alloy solutionized at 
700 oC for 3.5 h and cooled in oil.

Plate 6: Optical microstructure (OM) of Cu-10wt%Si-2wt%Ni alloy solutionized at 
800 oC for 1.5 h and cooled in oil.

 

Plate 7: SEM/EDS spectrum of Cu-10wt%Si-2wt%Ni alloy solutionized at 700 oC for 
1.5 h and cooled in Oil.



022

https://www.engineegroup.us/journals/archive-of-biomedical-science-and-engineering

Citation: Ezeobi UE, Nwambu CN, Nnuka EE, Bosan BM (2024) Effect of solutionizing heat treatment on the structure and mechanical properties of silicon bronze 
(Cu-10wt%Si-2wt%Ni). Arch Biomed Sci Eng 10(1): 017-022. DOI: https://dx.doi.org/10.17352/abse.000033

dislocation density) while the oil-cooled samples as shown 
in Figures 2,5 decreased correspondingly with an increase 
in solutionizing temperatures and times which is attributed 
to coarsening of the grains. However, alloys cooled in brine 
gave the best mechanical properties, owing to the fi ne grain 
structure and better grain distribution in the copper matrix.
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