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The study explored the mechanical and electrical behavior of niobium-doped Cu-3Ti-2Si-1.5Ni alloys by Scanning Electron Microscopy (SEM), Energy-Dispersive
Spectroscopy (EDS), micro-Vickers hardness, and electrical conductivity tests. The stir-casted alloys underwent solution treatment at 900 °C/5 h and cooled in air. Results
showed that niobium additions led to significant improvements in the properties of the parent alloy. The ultimate tensile strength, yield strength, hardness, and electrical
conductivity reached maximum values of 528 MPa, 437 MPa, 358 HV, and 58.5 %IACS, respectively, at 1.1 wt% Nb addition. The enhancements were attributed to increased
precipitation of second phases and refined grain structure. However, the percentage elongation decreased with niobium addition. These findings demonstrate that Cu-
3Ti-2Si-1.5Ni alloys with niobium nanopowder exhibit a promising balance of mechanical and electrical performances, making them suitable for advanced engineering

applications.

Introduction

The high strength and super electrical conductivity of
copper alloys guaranteed their high demand in electronic,
electrical, and railways for manufacturing lead frames,
electrical connectors, and network cable contacts [1-5]. Cu-Be
[6], Cu-Ni-Si-(Sn, Co, Ti, Mg) [7-12], Cu-Cr-(Zr, Ag) [13], Cu-
Ti-Si [14], Cu-Fe-Cr [15], Cu-Co-Si [16,17], and Cu-Fe-P [18]
are widely studied high strength copper alloys. These alloys
gain excellent mechanical and electrical performances through
solid solution strengthening, precipitation hardening, and
pre-deformation. Ni-bearing phases (5-Ni Si and B—Nigsi) are
responsible for improvements in strength and conductivity in
Cu-Ni-Si alloys.

In our earlier studies, we investigated copper-silicon alloys
doped with tungsten [2], manganese [5], magnesium [19], zinc
[20], titanium [21], and tin [22]. The studies demonstrated
silicon bronzes (Cu-3Si) as potential materials for high-tech
fields with electrical conductivity values ranging from 35.8

%IACS to 62.5 %IACS. They are known for their excellent
corrosion resistance, damping capacity, wear resistance, high-
temperature stability, weldability, hardness, and aesthetic
appeal, hence considered for the production of fasteners,
bolts, propellers, shafts, fittings, claddings, and sculptures.
Tavolzhanskii, et al. [23,24] in their study obtained twin
grains in Cu-Si-Mn silicon bronze via drawing and adequate
annealing treatment, resulting in improvement in mechanical
properties of the alloy with yield strength, tensile strength, and
% strain-fracture values reaching up to 89 MPa, 242 MPa, and
83%, respectively. Filippov, et al. [25] developed recrystallized
grains with high-angle boundaries in Cu-Si-Mn silicon bronze
via pre-deformation and annealing treatment, leading to
improvements in the ultimate tensile strength (< 350 MPa),
yield strength (< 110 MPa), hardness (< 2.8 GPa), and strain-
to-fracture. Asaolu, et al. [26] in their study established that
the addition of nickel and pre-deformation of Cu-Si-Ni silicon
bronze modified the grain, leading to an increase in strength
(< 300 MPa) and hardness (< 160 MPa). Aravind, et al. [27]
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developed a silicon bronze with improved surface hardness,
wear, and corrosion resistance via modification of grain by gas
tungsten arc.

Arecent study by Wang, et al. [1] noted that the incorporation
of Nb in Cu-Ni-Si alloys induces rapid precipitation of the Ni,Si
phase, improving the UTS (747.28 MPa), electrical conductivity
(47.74%IACS), and hardness (245.9HV). Cu-Cr alloys show poor
softening performance at high temperatures, hence alloyed
with essential elements such as Nb, Ca, Sr, Zr, B, and Ti to
improve their softening properties at high temperatures [28-
31]. Nb inhibits grain growth and promotes phase stabilization
in Cu-Cr alloys, leading to improvements in thermal stability
at elevated temperatures, optimum tensile strength (399 MPa),
percentage elongation (14.8%), and electrical conductivity
(89.1%IACS) [28].

Cu-Ti alloys have robust mechanical properties achieved
through diverse metallurgical processes such as solid solution,
precipitation, and substructure strengthening mechanisms
[32-35]. Cu-10Ni-28Si-2Ti alloy achieved maximum electrical
conductivity (23.6% IACS), ultimate tensile strength (764
MPa), hardness (252.4 HV), and elongation (7.95%) through
the solid solution and substructure strengthening mechanisms
[33]. Wang, et al. [34] designed a high-strength Cu-Ti-Cr-Mg-
Si alloy with ultimate tensile strength, elongation, and EC of
1144 MPa, 6.1%, and 24.1 %IACS, respectively by a precipitation
strengthening process. In our recent study [14], we developed
a Cu-3Ti-1.5Ni-0.5Si alloy with high strength (760 MPa),
electrical conductivity (37.4% IACS), elongation (25.1%), and
hardness (385 HV) through the aging process. Liu, et al. [36]
developed Cu-3Ti-Ni alloys with an optimum strength of
147 GPa, EC of 31.32 %IACS, and hardness of 205 HV by the
aging process. Cu-1.5Ti 0.5Fe recorded an improved flow
stress rate (105.3 MPa) through hot deformation at 750°C, at
a strain rate of 0.1/s [37]. Cu-Ti-Cr alloys attained maximum
hardness (277-326 HV) and electrical conductivity (8.8-13.1
%]IACS) after aging [38]. Ruixiang, et al. [39] facilitated the
precipitation of coherent NiTi, Ni,Ti, and B'—CuATi phases in
the Cu-3Ti-2Ni alloy, achieving a peak UTS of 1133 MPa and
EC of 24.2% IACS. Cao, et al. [40] developed a Cu-4Ti—1Ni
alloy with a hardness value of 319.8 HV, strength of 782.2
MPa, and electrical conductivity of 15.5 IACS after the aging
process. Heat treatment enhances the electrical conductivity of
copper alloys by the following mechanisms: (1) dissolution of
solute atoms into the matrix through the solid solution and (2)
controlled precipitation of solute atoms during aging. As these
solute atoms precipitate out, the concentration of solute atoms
in the copper matrix decreases. This reduction in solute atom
concentration decreases the number of electron scattering
centers. These changes result in a material with improved
electron flow and higher electrical conductivity [2,14].

From the literature reviewed, Cu-Ti-Si-Ni alloys
demonstrated exceptional strength but limited electrical
conductivity attributed to the solid solution mechanism. This
study focuses on improving the mechanical properties and EC
of Cu-Ti-Si-Ni-xNb alloys through heat treatment.
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Experimental procedure

Fabrication and testing of Cu-4wt%Si and Cu-4wt%Si-
xNb alloys

Cu-3Ti-2Si-1.5Ni-xNb (wt%) alloys were designed and
prepared using high-purity copper rods, titanium, nickel,
silicon, and niobium nanopowder (50 nm - 80 nm, 99.9%
pure). The cast samples cooled inside the mold were solution-
treated at 900°C/5 h and allowed to cool in air. Tensile
strength, hardness, and electrical conductivity measurements
were performed on three samples each, using a 100kN JPL
tensile strength tester (Model: 130812), an HV-5 micro-Vickers
hardness tester, and an eddy current electrical conductivity
meter (EE0011) (in %IACS), respectively at room temperature.
The microstructure and elemental analysis were determined on
each sample using a Carl Zeiss scanning electron microscope
(EVO/NA10) and Energy Dispersive Spectroscopy (EDS). Before
the analyses, the samples were thoroughly ground with emery
paper (400, 800, 1000, and 1200 pm), polished using a digital
polishing machine with alumina powder, and etched for 30
seconds.

Results and discussions
Microstructures and elemental analysis

Figure 1 (a-b) depicts the TEM image and grain
characteristics of the as-received niobium nanopowder (50-80
nm, 99.9% pure). TEM image revealed nanoscale clusters of
niobium nanoparticles with an average size of 38 nm. Figure
2 (a-f) depicts the SEM microstructure and EDS spectrum
of the Cu-3Ti-2Si-1.5Ni and Cu-3Ti-2Si-1.5Ni-xNb alloys.
The microstructure of Cu-3Ti-2Si-1.5Ni consists of «-Cu
solid solution and dendrites of copper-bearing phases. The
microstructures of Cu-3Ti-2Si-1.5Ni-xNb reveal a change
in grain characteristics compared with the parent alloy (Cu-
3Ti-2Si-1.5Ni) with increased grain precipitations [1,28],
enhancing the UTS, hardness, and electrical conductivity of the
alloy. The EDS spectrum 7 (Figure 2b), presents the elemental
constituents of the parent alloy (Cu-3Ti-2Si-1.5Ni). The
analysis revealed Cu, Ti, Si, and Ni elements. The EDS spectra
12 and 30 in Figures 2f and 2d show the elemental composition
of the parent alloy containing different concentrations of
niobium (0.8 wt% and 1.1 wt%). Both spectra reveal Cu, Ti, Si,
Ni, and Nb elements.
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Figure 1: (a) TEM image (b) grain size distribution of niobium nanopowder.
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Mechanical and electrical behavior of Cu-4Si and Nb-
doped-Cu-4Si alloys

Figure 3 depicts the elongation at break, yield strength
(YS), and UTS of Cu-3Ti-2Si-1.5Ni and Cu-3Ti-2Si-1.5Ni-
xNb alloys solution-treated and cooled in air. The Cu-3Ti-
2Si-1.5Ni exhibited percentage elongation (%E), UTS, and YS
values of 20.8%, 383 MPa, and 241 MPa, respectively. Cu-3Ti-
2Si-1.5Ni alloys doped with various concentrations of niobium
nanopowder demonstrate better tensile characteristics. The
incorporation of niobium led to a decrease in the %E. The %E
decreased from 20.8% to 18.4% with 0.2wt%Nb addition. The
%E exhibits a decreasing trend with increasing concentrations
of niobium. The UTS and YS were increased by 16.97 % and
10.37%, respectively, by 0.2wt%Nb addition. UTS and YS
increased correspondingly with niobium content, recording
maximum values of 528 MPa and 437 MPa, respectively, by
1.1wt% Nb addition. The improvements could be due to the
precipitation of the second phase and modification of the grain
structure.

Figure 4 depicts the effects of niobium nano powder
additions on the hardness and electrical conductivity of Cu-
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3Ti-2Si-1.5Ni and Cu-3Ti-2Si-1.5Ni-xNb alloys. The Cu-3Ti-
2Si-1.5Ni alloy exhibited hardness and electrical conductivity of
268 HV and 30.8 %IACS, respectively. Hardness and electrical
conductivity increased by 9.23% and 5.19%, respectively, at
0.2wt% Nb nanopowder addition. The hardness increases
with an increase in the concentrations of the Nb nanopowder,
reaching maximum values of 358 HV and 58.5 %IACS at 1.1wt%
Nb addition. More solutes precipitate out of the copper matrix
at increasing concentrations of Nb, increasing the electron
mean free path and the electron scattering effect in the alloy,
leading to an increased electrical conductivity. The mean
free path of the electrons, indicating the average distance an
electron travels between collisions with atoms, increases as the
number of solute atoms in the matrix decreases. The increased
mean-free path results in improved electrical conductivity.
With fewer solute atoms in the matrix, there is less electron
scattering. Electron scattering impedes the flow of electrical
current, so reducing scattering centers leads to a decrease in
electrical resistivity.

The Cu-3Ti-2Si-1.5Ni-xNb alloy, with its enhanced
mechanical and electrical properties, is well-suited for various
high-performance applications. The increased tensile strength
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Figure 3: Effect of niobium content on the percentage elongation of Cu-3Ti-2Si-

1.5Ni alloy.
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Figure 4: Effect of niobium content on the hardness of Cu-3Ti-2Si-1.5Ni alloy.
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(UTS) and Yield Strength (YS), coupled with the fine-tuned
elongation (%E) and improved hardness, make this alloy
ideal for use in components that require high strength and
durability, such as aerospace and automotive parts, electrical
connectors, and conductive springs. The alloy's superior
electrical conductivity also makes it an excellent choice for
electrical and electronic applications where efficient current
flow and reduced energy loss are critical.

Conclusion

The research investigated the effects of niobium
nanopowder on the mechanical and electrical properties of
Cu-3Ti-2Si-1.5Ni alloys, revealing significant improvements.
The optimal combination of properties was achieved with a 1.1
wt% Nb addition, making these alloys suitable for applications
requiring high strength, hardness, and electrical conductivity.
The study found that niobium nanopowder induces grain
precipitation and modifies grain structure. The Ultimate
Tensile Strength (UTS) and Yield Strength (YS) increased
significantly with the addition of niobium, reaching maximum
values of 528 MPa and 437 MPa, respectively. However, the
percentage elongation decreased with the increase in niobium
content. Additionally, the hardness and electrical conductivity
of the alloys improved with higher niobium content, with
maximum values recorded at 358 HV and 58.5 % IACS at a 1.1
wt% Nb addition.
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