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Abstract: This paper reviews the research progress of Cu-Ni-Si alloy as a lead frame
material for ICs. Cu-Ni-Si alloy is considered a strong candidate for lead frame materials
due to its excellent mechanical properties and adequate electrical conductivity. The types
and properties of Cu-Ni-Si alloys are then discussed in detail, emphasizing strength and
conductivity as two key indicators for evaluating the properties of Cu-Ni-Si alloys, as
well as the challenges posed by their inverse correlation. The preparation methods of
Cu-Ni-Si alloy, including conventional melting, vacuum melting, and jet forming, are
also discussed, and the effects of different casting techniques on the alloy’s properties
are analyzed. Furthermore, the conductivity and strengthening mechanisms of Cu-Ni-Si
alloy, including solid solution strengthening, second phase strengthening, and deformation
strengthening, are discussed. The effects of the Ni-Si atomic ratio, trace elements, and rare
earth elements on the alloy’s properties are also discussed. Finally, the current research
status of Cu-Ni-Si alloy is summarized, and future research directions are identified,
including the development of new preparation technologies, establishment of systematic
databases, and promotion of green manufacturing and sustainable alloy development.

Keywords: copper-nickel-silicon alloy; lead frame; strength; electrical conductivity

1. Introduction
The rapid development of electronic information technology is driving steady growth

across various industries. Among them, the semiconductor industry, where integrated
circuits (ICs) are the primary components, stands as a cornerstone of modern information
technology. An IC consists of two primary components: the chip and the lead frame [1].

Currently, over 80% of IC lead frame materials are made from high-precision copper
alloys [2]. With the development of integrated circuit technology towards large-scale
integration and multifunctionality, the performance requirements for lead frame materials
are becoming increasingly stringent. These include key performance indicators such as
strength, heat conductivity, formability, and resistance to stress relaxation. For example,
thinner strips are more conducive to etching and are designed to accommodate the high
thermal dissipation requirements of integrated circuits [3]. These materials must withstand
temperatures up to 500 ◦C, retain hardness, and ensure strong adhesion to the chip [4].
Additionally, they need to form a robust bond with brazing material to ensure the stability
of wire connections [5], maintain a thickness tolerance of ± 0.005 mm to minimize stamping
deformation, and exhibit good resistance to stress relaxation, among other requirements [6].
The International Annealed Copper Standard (IACS) is used to measure the electrical
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conductivity of materials. Specifically, conductivity is defined as the ratio of the sample’s
conductivity to a specific standard value, expressed as a percentage [7]. The Vickers
hardness test is a method that combines the principles of both the Brinell and Rockwell
hardness tests, with the Vickers hardness value denoted as HV.

The development of Cu-based lead frame materials can be divided into three stages [8,9]:
the first stage features highly conductive copper alloys with electrical conductivity greater
than 80% IACS and tensile strength ranging from 300 to 400 MPa, exemplified by C1220
of the Cu-P series. In the second stage, high-strength, high-conductivity copper alloys are
obtained through element precipitation and strengthening processes, yielding alloys with
conductivities between 60% and 79% IACS, and tensile strengths from 450 to 600 MPa. The
third stage focuses on the development of high-strength, medium-conductivity copper
alloys, such as Cu-Ni-Si series (e.g., KLF and C7025), designed for large-scale, lightweight
integrated circuits, with tensile strengths exceeding 600 MPa and electrical conductivities
around 50% IACS.

2. Types and Properties of Cu-Ni-Si Alloy for Lead Frame
Since the 1960s, international research has focused on copper-based lead frame ma-

terials, leveraging the excellent thermal conductivity of copper alloys, and increasing the
material’s strength by adding appropriate alloying elements. In the 1980s, Cu-Ni-Si alloys
replaced Fe-Ni-Co alloys as the lead frame material, promoting global efforts to accelerate
the development of high-strength, high-conductivity Cu-Ni-Si alloys. Strength and con-
ductivity are the two key indicators for evaluating the properties of Cu-Ni-Si alloys, and
improving these properties is essential. However, it has been found that tensile strength
and conductivity of Cu-Ni-Si alloys are inversely related, meaning that an increase in
tensile strength results in a decrease in conductivity, and vice versa. This inverse relation-
ship presents a critical challenge in the research and development of Cu-Ni-Si alloys, as it
complicates the optimization of material properties.

As Figure 1 illustrates, the market share of lead frames has consistently grown over
the past five years. In 2023, driven by factors such as the development of new energy
vehicles and the increasing intelligence of home appliances, the market share of lead
frames reached USD 4.84 billion, marking a growth rate of 16.3%. With the increasing
demand for lead frames, there is a growing need for higher-performance lead frames,
prompting numerous companies around the world to investigate Cu-Ni-Si alloys. The
main international producers of Cu-Ni-Si alloy for lead frames include Kobe Steel (Kobe,
Japan), Outokumpu (Helsinki, Finland), and Olin (Clayton, MO, USA). Over 200 types
of Cu-Ni-Si series alloys have been developed globally, such as C7025 (Cu-Ni-Si) from
Universal Metal Products (Wickliffe, OH, USA), KLF125 (Cu-Ni-Si-Sn) alloy from Kobe
Steel (Japan), and NKC114 (Cu-Ni-Si-Zn) alloy from Nikmine Metal, among others [10].
Japan, in particular, has led advancements in lead frame copper alloy technology and
maintains strong international competitiveness, holding a dominant position in the global
market through patent applications. The United States has likewise achieved notable
advancements, realizing technological breakthroughs in lead frame copper alloys. For
example, SLM Solutions introduced the CuNi2SiCr product, which meets the requirements
for both strength and electrical and thermal conductivity, while also exhibiting good wear
and corrosion resistance. Furthermore, this marked the first use of additive manufacturing
technology for CuNi2SiCr alloys, signaling a new era in the production of Cu-Ni-Si copper-
based alloys via additive manufacturing [11]. China initiated the development of lead
frame copper alloys in the 1980s and has since made significant advancements, particularly
in the industrial application of high-strength, high-conductivity copper alloy materials,
thereby greatly enhancing product performance.
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Notably, Ningbo Xingye Shengtai Group Co., Ltd. (Ningbo, China) and Chinalco
Luoyang Copper Co., Ltd. (Luoyang, China) have achieved large-scale production of
C70250, C7025, QSi0.25, and QSi0.7 alloys. Additionally, Ningbo Bowei Alloy Materials Co.,
Ltd. (Ningbo, China) produces high-precision Cu-Ni-Si strip materials that are widely used
in the market due to their high strength (yield strength up to 780 MPa), good conductivity
(≥40% IACS), excellent cold-working performance, outstanding fatigue resistance, and
excellent bending ability. A summary of globally used Cu-Ni-Si lead frames and their
performance is shown in Table 1.

Table 1. Commonly used Cu-Ni-Si lead frames and their performance [12].

Alloy Grade Alloy Composition/wt.% Tensile
Strength/MPa

Electrical
Conductivity/% IACS Elongation/%

C70250 Cu-3.0Ni-0.6Si-0.1Mg 585–690 35–40 2–6
C7035 Cu-1.5Ni-1.5Co-0.75Si 690–970 45–50 —

C64700 Cu-2.0Ni-0.6Si-0.3Zn 490–580 40 8–15
C64710 Cu-3.2Ni-0.7Si-0.3Zn 490–580 40 8–15
C7026 Cu-2.0Ni-0.5Si 675–780 40–45 —

KLF-125 Cu-3.2Ni-0.7Si-1.25Sn 667 35 9
C19010 Cu-1.3Ni-0.25Sn-0.03P 520–580 52–58 —

CACTM75 Cu-2.5Ni-0.55Si-1.0Zn-0.2Sn 700–850 40–45 —
C7205 Cu-3.0Ni-0.65Si-0.15Mg 600–800 35–45 —

3. Preparation of Cu-Ni-Si Alloy
Common melting techniques for Cu-Ni-Si alloys include conventional melting, vac-

uum melting, and jet forming. Due to the high melting points of Ni and Si, the alloy
must be melted at high temperatures. Consequently, silicon is easily oxidized at these
temperatures, requiring the addition of protective agents to prevent this issue. Vacuum
melting allows for precise control over the content of active elements such as Al and Si,
ensuring consistency in alloy composition and performance stability. However, this method
can lead to crucible refractory contamination and arc melting issues, affecting the surface
quality of ingot. On the other hand, the spray forming process involves atomizing the
molten alloy with high-pressure inert gas and directing it into a collector, resulting in a
dense, fine-grained, and homogeneous alloy.
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In the production of copper alloy plates and strips, two primary casting techniques
are commonly used [13]: horizontal continuous casting and down-draw semi-continuous
casting, as shown in Figure 2. For Cu-Ni-Si alloys, down-draw semi-continuous casting is
the more prevalent method. This process involves the formation of strip billets through
down-drawing after melting, followed by hot rolling, cold rolling, heat treatment, and,
ultimately, finishing and packaging. Another method is horizontal continuous casting,
which begins with melting, forming strip billets through horizontal continuous casting,
then cold rolling and heat treatment, and finally finishing and packaging. The production
process of copper alloy sheets and strips generally follows the traditional hot rolling process
which includes smelting and casting the ingot, hot rolling, cold rolling, heat treatment,
finishing, and packaging for storage.
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Figure 2. Two casting methods for copper alloys: (a) horizontal continuous casting and (b) down-draw
semi-continuous casting.

To meet the demands for miniaturization and high integration in electronic devices,
the thickness of the frame material has been reduced to 0.015 mm [14]. Typically, its width
and spacing are 80% of the plate thickness. Thinner strips are more conducive to etching
processes, but the thickness varies depending on the working environment, generally
ranging from 0.015 mm to 0.6 mm.

W. Liao [15] prepared strip Cu-2.79Ni-0.58Si-0.1Mg alloy (C70250 copper alloy) using
both cold mold continuous casting (CMCC) and hot mold continuous casting (HMCC)
methods, and investigated the effects of deformation rate on the alloy. The results indicate
that the strips produced by the CMCC process were characterized by equiaxial particles,
while those from the HMCC process exhibited columnar particles. When the deformation
amount reaches 98%, cracks and spalling occur on the surface of the equiaxial grain zone,
while the columnar grain zone showed no such defects and maintained superior surface
quality, as shown in Figure 3. At this point, the elongation of the columnar grain strip
remains as high as 3.2%, which is 2.9 times higher than that of the equiaxed grain alloy. The
residual stress in the equiaxed grain zone reaches 363 MPa, which is 2.7 times higher than
that in the columnar grain zone. Following cold rolling with significant deformation, the
elongation and ductility of the columnar grain strip are enhanced, and the residual stress
is substantially reduced. Consequently, the HMCC process is more appropriate for large
deformation cold rolling of C70250 copper alloy.
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Figure 3. Schematic diagram of the preparation and cold rolling process of C70250 copper alloy
strip and the surface morphology and microscopic morphology of the strip under 98% cold deforma-
tion [15]: (a) CMCC and (b) HMCC.

Another method for preparing copper alloys is the spray deposition process, which
involves introducing molten metal into an atomizing chamber and spraying it through a
nozzle at high speed under the protection of high-pressure inert gas to create atomized and
dispersed fine droplets. These droplets are propelled towards the depositor by the high-
speed gas flow, and various shapes and motion modes of the depositor are employed [16].
Consequently, blank parts of various shapes and specifications can be produced. The alloy
blanks manufactured by spray deposition exhibits superior densification, reduced segre-
gation, and a uniform structure [17]. The spray deposition process is depicted in Figure 4.
Currently, this process is extensively utilized for the production of lead, magnesium alloys,
and steel, yet it encounters challenges when applied to copper alloy materials. Ashish
Agrawal [18] fabricated Cu-Al-Ni shape memory alloy strips using a spray deposition
and hot rolling process. The results indicate that, compared to the traditional casting
process, the fabricated Cu-Al-Ni SMA strips exhibit finer grain sizes, superior strength,
and enhanced ductility. However, the complexity of the preparation process significantly
hinders its broad application in the production of Cu-Ni-Si alloys. It is essential to develop
tailored spray deposition and rolling processes for Cu-Ni-Si alloys to fabricate ultra-thin,
high-performance Cu-Ni-Si alloys.
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4. Conductivity and Strengthening Mechanism of Cu-Ni-Si Alloy
4.1. Conduction Mechanism of Cu-Ni-Si Alloy

The main factors affecting the resistivity of Cu-Ni-Si alloy include solid solubility
of solute atoms, the volume fraction of the precipitated phase, the degree of coherence
between the precipitated phase and matrix, and the structural defects caused by work
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hardening. Among these factors, the degree of solid solubility of solute atoms has the
greatest influence on the resistivity of Cu-Ni-Si alloy [19].

Cu-Ni-Si alloys are classified as age-hardenable, precipitation-strengthened alloys.
According to the Mathiessen rule, the resistivity of Cu-Ni-Si alloy is given by [20]:

ρS = ρO + ∆ρGB + ∆ρp + ∆ρS + ∆ρd (1)

In the formula, ρO represents the resistivity of the solvent phase in the solid solution.
∆ρGB represents the resistivity change caused by grain boundary strengthening. ∆ρp is the
resistivity change caused by solid solution atoms. ∆ρS represents the resistivity change
caused by solute atoms in solid solution. ∆ρd represents the resistivity change caused by
work hardening.

When a solute atom enters the copper matrix, lattice distortion occurs due to dif-
ferences in atomic size. This distortion causes increased scattering of electron motion,
which in turn reduces the conductivity of the alloy. The influence of solute atoms on
the conductivity of the alloy is different. As shown in Figure 5, Co, Si, P, Fe, and other
elements have a significant effect on the conductivity of the alloy. In the design of alloy
composition, the amount of these elements should be controlled. To minimize the effect
of solute atoms on the lattice distortion, it is preferable to select solute atoms that exhibit
significant temperature-dependent solubility, with low solubility at low temperatures, and
low residual resistance. Aging treatment can relieve the strain energy accumulated during
the process, promote the second phase precipitation from the supersaturated solid solution,
purify the matrix, and improve the electrical conductivity.
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4.2. Strengthening Mechanism of Cu-Ni-Si Alloy

Typically, the investigation of high strength and conductivity Cu alloys frequently
involves a trade-off between strength and conductivity. Generally, the incorporation of
alloying elements diminishes the electrical conductivity of Cu alloys. Furthermore, the
strength improvement from solid solution strengthening is often limited. Consequently,
it is crucial to explore alternative strengthening mechanisms that can substantially en-
hance the strength of Cu alloys without compromising their EC. High-strength and high-
conductivity Cu alloys are primarily strengthened through second-phase strengthening
(precipitation strengthening), solid solution strengthening, deformation strengthening
(dislocation strengthening), and other strengthening mechanisms.
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For precipitation-strengthened Cu alloys, the total yield strength can be determined
using the following formula [21]:

σtotal = σ0 + ∆σp + ∆σSS + ∆σGB + ∆σd (2)

where σ0 denotes the intrinsic lattice stress; ∆σp represents precipitation strengthening;
∆σSS signifies solid solution strengthening; ∆σGB indicates fine grain strengthening; and
∆σd corresponds to dislocation strengthening.

4.2.1. Second-Phase Reinforcement

The yield strength of precipitated Cu alloys is closely associated with the structure,
size, morphology, and distribution of the precipitated phase. By optimizing the composi-
tion, selecting the appropriate strengthening phase, employing the suitable process route,
controlling the structure, size, volume fraction, and distribution of the precipitated phase,
as well as the orientation relationship between the precipitated phase and the Cu matrix,
Cu alloys can achieve excellent comprehensive properties while maintaining high electrical
conductivity. For Cu alloys strengthened by precipitation under peak aging and over-aging
conditions, the Orowan mechanism is the predominant strengthening mechanism, and the
Orowan stress (∆σp) can generally be expressed as [22]:

∆σp = 0.81 × MGb

2π(1 − v)1/2 ×
ln
(

d
b

)
λ

(3)

In the formula, M represents the Taylor factor (3.1), G denotes the shear modulus
(48 GPa), b is the Berger vector (0.2556), v is the Poisson’s ratio (0.34), d is the particle
diameter intersecting the slip plane, and λ is the effective particle spacing accounting for
the obstacle size effect.

The main strengthening phase of Cu-Ni-Si alloy is δ-Ni2Si intermetallic compound [23–28].
In addition, Teplitskiy et al. [29] reported that the δ-Ni2Si precipitates in Cu-Ni-Si alloys
with low Ni and Si contents are disc-shaped. For triangular arrays with an ideal uniform
distribution of disc-shaped δ-Ni2Si particles of thickness t and diameter dp, the relation-
ship between the volume fraction (Fv) and the average center-to-center distance between
particles (λs) can be expressed as follows:

Fv =

√
3πd2

pt

8λ3
s

(4)

If the disc-plane of Ni2Si particles is parallel to the slip plane (as depicted in
Figure 6a,b), (λ = λs − dp) the effective inter-particle spacing is given by the formula:

λ =

(√
3πd2

pt
8Fv

)1/3

− dp (5)

Substituting Equation (5) into Equation (3), the yield strength increment for the Cu
alloy reinforced with disk-like Ni2Si particles is given as:

∆σp = 6035.3 × ln(d/0.2556)(√
3πd2

pt
8Fv

)1/3
− dp

(6)
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If the disc-plane of Ni2Si particles is perpendicular to the slip plane (as depicted in
Figure 6c,d), the effective inter-particle spacing is expressed as:

λ =

(√
3πd2

pt
8Fv

)1/3

− 1
2

dp −
√

3
2

t (7)

The yield strength increment can also be expressed as:

∆σp = 6035.3 × ln(d/0.2556)(√
3πd2

pt
8Fv

)1/3
− 1

2 dp −
√

3
2 t

(8)

Assuming spherical particles are distributed on a square lattice, a valid simplification
for a small volume fraction of precipitates, the yield strength increment can be expressed
using the following Orowan–Ashby equation:

∆σp = 0.81 × MGb

2π(1 − v)1/2 ×
ln
(
dp/b

)
1
2 dp

√
3π
2Fv

− dp

(9)

Lei et al. [30] computed the relationship between the average size of precipitates and
Orowan strengthening (Fv = 0.14%), as depicted in Figure 7. It has been observed that the
average particle size significantly influences the increase in ∆σorowan when the average
particle size is less than 50 nm. Yi et al. [31] reported that the thickness of disk-like δ-Ni2Si
precipitates is approximately 2 nm, and the growth along the radial direction exceeds that
along the thickness direction. According to the above formula, both the decrease of mean
diameter (dp) and the increase of volume fraction (Fv) can lead to the increase of yield
strength increment.
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The KLFA85 alloy, developed by Kobe Steel in Japan, forms Ni2Si phase particles
following aging treatment, resulting in a tensile strength of 800 MPa and an electrical
conductivity of 45% IACS. The EFTEC-64T alloy, developed by Furukawa Electric Industry
Company (Tokyo, Japan), possesses a conductivity of 80% IACS and a tensile strength
of 539 MPa [32,33]. M. Goto’s study [34] found that in Cu-6Ni-1.5Si alloy, a nanoscale
disc-shaped continuous precipitate (CP), δ-Ni2Si, forms during normal aging. Over-aging
resulted in the development of fibrous, discontinuous precipitates (DPs), which were sta-
ble δ-Ni2Si fibrous precipitates distributed in the copper matrix. The DP phase exhibits
superior conductivity and tensile strength compared to the CP phase. Additionally, cold
deformation prior to aging facilitates the precipitation of fine dispersion phases, increasing
the alloy’s strength with minimal reduction of conductivity. These studies demonstrate
that second-phase strengthening can also enhance the conductivity of Cu-Ni-Si alloys.
However, the impact of precipitated phase characteristics, such as structure, size, mor-
phology, and distribution, particularly for δ-Ni2Si, on the conductivity of Cu-Ni-Si alloys
remains unexplored. Consequently, achieving effective control over precipitate growth and
maximizing their contribution to strength is anticipated to be a significant breakthrough in
future research.

4.2.2. Deformation Strengthening

Deformation strengthening refers to the phenomenon where the material’s strength
and hardness increase with increasing deformation after yielding, while the plasticity and
toughness correspondingly decrease [35]. This strengthening mechanism is due to the
increase in dislocation density during plastic deformation. Concurrently, the dislocation
pinning effect is enhanced, and grain breakage occurs, leading to the formation of vacancies
and residual stress, which promote the formation of second-phase particles [36]. Conse-
quently, the strength of Cu alloys increases with an increase in dislocation density, and
the yield strength increment due to dislocation strengthening can be calculated using the
Taylor equation [37]:

∆σp = MαGbρ1/2 (10)

In the formula, M, G, and b retain the meanings described previously; α is a constant; and
ϱ represents the dislocation density, which can be derived from X-ray diffraction analysis.

As per Equation (10), the dislocation number density directly determines the contribu-
tion of dislocation strengthening. By employing appropriate treatment and adjusting the
dislocation density, the dislocation strengthening of Cu alloys can achieve higher strength.
Furthermore, the crystal defects generated during plastic deformation have minimal impact
on electrical conductivity and can be restored in subsequent processes. Consequently, the
high electrical conductivity of Cu alloys can be maintained through dislocation strength-
ening. However, the ability to enhance the alloy’s strength solely through deformation
strengthening is limited. Therefore, it is often necessary to integrate deformation strength-
ening with other strengthening mechanisms.

H. Wei et al. [38] studied the effect of various degrees of cold rolling deformation on the
properties of Cu-3.0Ni-0.60Si-0.16Zn-0.15Cr-0.03P alloy and determined the optimal cold rolling
deformation and aging process parameters. By fine-tuning these parameters, they observed that
the alloy, subjected to 95% cold rolling and aged at 450 ◦C for 60 min, exhibited a significant
improvement in ultimate tensile strength of 841 ± 10 MPa and electrical conductivity of
52.2 ± 0.3% IACS. The Cu-Ni-Si alloy exhibits excellent properties, with a strength of 607 MPa
and an electrical conductivity of 53% IACS, after undergoing 760 ◦C for 0.5 h solution treatment,
followed by 40% cold deformation and 480 ◦C for 2 h aging treatment [39].

In the actual production process, cold deformation is an effective method for strength-
ening metals, which can improve the material’s strength, but may also increase the risk
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of brittle fracture, increase energy consumption, and reduce electrical and thermal con-
ductivity. Therefore, the degree of cold deformation must be carefully controlled during
processing, and combined with appropriate heat treatment to ensure optimum performance.
As a precipitation-strengthened alloy, Cu-Ni-Si alloy benefits from the synergistic action of
various strengthening mechanisms. It is important to note that thermal stability could be a
significant concern, necessitating the implementation of suitable heat treatment or alloying
strategies in practical applications.

4.2.3. Solid Solution Strengthening

Solution strengthening refers to the method of adding alloying elements to a matrix to
form a solid solution, which interacts with dislocations to enhance the alloy’s strength [40]. The
strengthening effect primarily relies on the atomic size difference between the solute and the
matrix, as well as the solute’s concentration in the matrix. The incorporation of solute atoms
significantly reduces the alloy’s electrical conductivity. Cu alloys are typically strengthened
through a combination of solid solution strengthening and aging strengthening. The increase
in yield strength due to solid solution strengthening can be calculated as [41]:

∆σSS = M
Gε3/2

SS c1/2

700
(11)

εSS =

∣∣∣∣∣ εG

1 + 1
2 |εG|

− βεb

∣∣∣∣∣ (12)

εG =
1
G

dG
dc

(13)

∆εb =
1
a

da
dc

(14)

In the formula, εSS represents the mismatch strain induced by lattice distortion from
neighboring solute atoms, β is a constant, a denotes the lattice parameter of the Cu matrix,
εb and εG are the correction coefficients for solid solution atomic lattice parameters and
shear modulus, respectively, and c signifies the atomic concentration of residual solid
solution atoms in the matrix. For precipitation-strengthened Cu alloys, the contribution of
solid solution strengthening to yield strength is minimal.

Furthermore, in typical low-concentration solid solutions, the variation of yield stress
with solute concentration can be represented as [42]:

σ = σ0 + KCm (15)

In the formula, σ represents the yield stress of the alloy; σ0 denotes the yield stress of
the pure metal; C signifies the atomic concentration of the solute; K and m are constants
associated with the alloy elements and properties, and the value of m ranges from 0.5 to 1.

Ren Wei et al. [43] emphasized that the strength of precipitation-strengthened copper
alloys depends on three key factors: the concentration of solute elements in the matrix, the
volume fraction of the precipitated phase, and grain size. In the case of Cu-Ni-Si alloy, a typical
precipitation-strengthened alloy, the increase in strength due to solid solution strengthening is
less pronounced when the solution treatment temperature is below 850 ◦C. This is due to the
low solubility of solute elements in the matrix at low solution treatment temperatures, which
results in a limited solution strengthening effect. However, aging treatment can promote the
formation of the precipitated phase, significantly improving the alloy’s strength. This process,
which involves the change in solid solubility of alloying elements at high temperatures and
the subsequent diffusion of elements, plays a crucial role in the strengthening mechanism of
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Cu-Ni-Si alloys. Therefore, solution strengthening is often combined with other strengthening
methods, such as deformation strengthening and aging strengthening.

As a precipitation-hardened alloy, Cu-Ni-Si relies on the synergistic action of various
strengthening mechanisms to achieve optimal strength. For instance, cold deformation
is commonly applied before aging treatment to refine and disperse the secondary phase,
thereby facilitating precipitation and achieving alloy strengthening. By adopting this
integrated strengthening approach, the alloy’s properties are optimized, improving its
reliability and performance in various applications.

5. Cu-Ni-Si Alloy Composition Design
5.1. Influence of Ni-Si Atomic Ratio on Cu-Ni-Si Alloy

Lockyer [44] first reported the significant influence of the Ni to Si content ratio on
the properties of Cu-Ni-Si alloys in 1994. As the Cu-Ni-Si alloy exhibits an obvious aging
strengthening effect, a significant amount of Ni2Si phase is precipitated during aging.
The mass ratio of Ni to Si not only determines the microstructure of the alloy, but also
significantly affects its physical and chemical properties. The research of J. Li et al. [45]
indicates that the hardness and conductivity of Cu-Ni-Si alloys are influenced by the Ni/Si
mass ratio. Optimal hardness occurs when the Ni/Si ratio is 3.6–5.1, with a maximum
hardness of 238 HV at 4.2. Maximum conductivity is achieved when the Ni/Si ratio is
4.2–6.2, peaking at 43.7% IACS at 5.1. Overall, the properties of the alloy are best when the
Ni/Si mass ratio is between 4 and 5.

The precipitation behavior of the alloy directly affects its comprehensive properties.
In addition, the precipitation order, size, morphology, microstructure, and distribution
of the precipitated phase are all affected by aging conditions and alloy composition. Hu
et al. [25] studied the precipitation sequence and evolution process of δ-Ni2Si phase in
Cu-2.4Ni-0.7Si-0.4Cr (wt.%), as shown in Figure 8.
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S. Tao et al. [46] demonstrate that as the Ni/Si mass ratio increases, the alloy’s conduc-
tivity and hardness initially rise and then decline. When the Ni/Si mass ratio reaches 4:1,
an optimal balance between these properties is achieved. The impact of the Ni/Si ratio on
the conductivity of Cu-Ni-Si alloys is primarily due to the residual amounts of Ni and Si in
the Cu matrix following aging treatment. Cu-Ni-Si alloys subjected to solution and aging,
as depicted in Figure 9(a,a1,b,b1), exhibit limited solubility in Cu when the Si content is
high, leading them to exist as elemental powder, and thereby increasing defects. Si diffuses
towards the grain boundary, and due to its faster diffusion rate, a small amount of δ-Ni2Si
particles precipitate and distribute along the grain boundary. No granular or acicular pre-
cipitates were detected in the Cu matrix. As illustrated in Figure 9c, when the Ni/Si ratio is
4:1, the number of δ-Ni2Si particles at the boundary is significantly reduced, and numerous
flocculent particles are present. Figure 9(c1) depicts the presence of a fibrous phase in the
Cu matrix. As depicted in Figure 9(d1), when the Ni/Si ratio is 5:1, there are only a few
flocculent particles. Concurrently, compared to Figure 9c, the δ-Ni2Si phase precipitated
in Figure 9d is also reduced. When the Ni/Si ratio approaches the stoichiometric ratio
of the δ-Ni2Si phase, the majority of Ni and Si atoms precipitate into this phase, thereby
achieving the highest electrical conductivity. The authors hypothesize that these fibrous
phases are δ-Ni2Si based on X-ray diffraction (XRD) results; however, δ-Ni2Si typically
exhibits a disc-like shape [47], which can vary depending on the processing conditions. For
further confirmation, energy-dispersive spectroscopy (EDS) can be employed to ascertain
the chemical composition of these white flocculent particles. If they primarily consist of Ni
and Si, they are likely the δ-Ni2Si phase; however, if they also contain other elements, such
as copper or oxygen, they may represent a different phase.

The atomic ratio of Ni/Si has a significant effect on the hardness and conductivity of
Cu-Ni-Si alloys, as shown in Table 2. Despite extensive studies on the impact of the Ni/Si
atomic ratio on the mechanical and electrical properties of Cu-Ni-Si alloys, no consensus
has been reached. Researchers continue to explore ways to adjust the Ni/Si ratio in order
to optimize the alloy’s strength and conductivity.

Table 2. The relationship between Ni and Si content and hardness and conductivity of the alloy [48].

Alloy Composition/wt.% Dimensional
Hardness/HV

Electrical Conductivity/%
IACS

Cu-1.0Ni-0.23Si 122 61.0
Cu-1.5Ni-0.34Si 173 56.3
Cu-2.0Ni-0.47Si 190 18.4
Cu-2.5Ni-0.58Si 215 41.7
Cu-3.0Ni-0.72Si 232 39.9

The chemical composition of the alloy affects the performance and service condi-
tions of the product, and also affects its subsequent processing technology and material
processing performance. To fully harness the material’s potential across various service
environments, it is crucial to carefully match the matrix metal with the alloying compo-
nents in order to achieve the best overall performance. This approach, which considers
chemical composition, processing techniques, and service conditions, is key to achieving
high-performance alloy design.
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5.2. Influence of Trace Elements on Alloys

With the rapid development of industrialization and information technology, the
demand for Cu-Ni-Si alloys continues to grow. Traditional alloy composition adjustment
and processing methods are no longer sufficient to meet the increasingly stringent perfor-
mance requirements. As a result, researchers are exploring ways to improve the overall
properties of alloys by incorporating specific ratios of various alloying elements, as shown
in Table 3. The addition of manganese (Mn) can improve both the strength and ductility of
the alloy [49], and cobalt (Co) can effectively prevent the migration of vacancies and also
promote the precipitation of the second phase during the aging hardening process. Zinc
(Zn) can enhance the adhesion between copper alloys and solder. For different applications,
it is important to select the appropriate elements and precisely control their concentrations.

Table 3. Influence of trace element type and content on hardness and conductivity of alloy.

Alloy Composition/wt.% Dimensional
Hardness/HV

Electrical Conductivity/%
IACS

Cu-3Ni-0.5Si-3Ti [50] 268 33.8
Cu-1.5Ni-0.6Si-1.0Co [51] 250 43.0

Cu-2Ni-1Si-0.8Ag [52] 193 29.3
Cu-3.2Ni-0.7Si-0.3Zn [53] 250 60.0

Cu-4.74Ni-1.19Si-0.096Cr [54] 250–270 46–47
Cu-2Ni-0.5Si-0.15Zr [55] 163.8 47.5

Cu-6Ni–1Si-0.5Al-0.15Mg-0.1Cr [56] 343 28.1
Cu-2.89Ni-0.61Si-0.14Mg-0.2Nb [57] 245.9 4.7

Cu-0.9Ni-0.1Si-1.9Sn-0.1P [58] 224.2 36.4
Cu-3.57Ni-1.8Ti-0.85Si-1Diamond [59] 291.1 40

The addition of appropriate amounts of additional elements can significantly improve
both the tensile strength and conductivity of Cu-Ni-Si alloy, with the effects of these
elements varying depending on their type and content. By precisely controlling the type
and content of trace elements, the alloy can be tailored to meet the specific requirements of
different applications. This versatility enables Cu-Ni-Si alloys to be optimized for a wide
range of engineering and industrial uses, ensuring that their performance is well-suited to
the demands of diverse operating conditions.

5.3. Influence of Rare Earth Elements on Alloys

Rare earth elements exhibit reactivity with a variety of elements due to their active
chemical properties. China, with its abundant rare earth resources, began exploring their
application in copper alloys as early as the 1960s. The primary effects of rare earth elements
on copper alloys are as follows [60,61]: (1) refining the grain structure, optimizing the
morphology and distribution of impurities, and enhancing corrosion and wear resistance;
(2) purifying the alloy structure through deoxidation and desulfurization, thereby en-
hances casting performance; and (3) forming stable compounds with hydrogen to prevent
hydrogen embrittlement and optimize the metallographic structure.

J.-S. Liu and colleagues [62] studied the effects of the micro-addition of lanthanum
(La) content on the as-cast macrostructure, physical properties, and corrosion resistance
of Cu-Ni-Si alloy (C7025). It was found that the as-cast structure was significantly refined
when an optimal amount of lanthanum (La) was added. As the lanthanum (La) content
increased, the second phase transitioned from granular to elongated and dispersed along
the grain boundary. Both the yield strength and tensile strength of the Cu-Ni-Si alloys
followed an “M”-shaped trend as lanthanum (La) content increased. Additionally, the
corrosion resistance of the alloy was improved with the optimal lanthanum (La) addition,
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with a mass fraction of 0.17% showing the best performance. X.-J. Li and colleagues [63]
studied the effect of rare earth cerium (Ce) addition on the microstructure and properties
of Cu-3.0Ni-0.64Si alloy. The experimental results show that the optimal addition of cerium
(Ce) can purify the material by removing impurities, refining grains, and improving both
the tensile strength and electrical conductivity. T.-Y. Wang and colleagues [64] studied
the effect of erbium (Er) on Cu-Ni-Si alloy. They found that adding 0.1% erbium (Er)
significantly improved the strength and hardness of the alloy without compromising its
plasticity or conductivity. However, excessive erbium (Er) reduced the alloy’s plasticity.

Despite these advancements, the utilization of rare earth elements in copper alloys
is still in its infancy, particularly with respect to ingot production technology. Due to
the high oxygen affinity of rare earth elements, they are prone to oxidation, which is
why vacuum melting technology is frequently employed to mitigate oxidation losses. To
improve the quality of ingots in non-vacuum melting processes, further optimization of
melting process parameters is necessary to ensure ingots with high density and uniform
microstructure. Furthermore, the exact mechanism by which rare earth elements influence
the microstructure and properties of alloys remains incompletely understood, presenting
significant opportunities for further research in this domain.

6. Processing Technology of Cu-Ni-Si Alloy
6.1. Influence of Solution Technology on Alloy Properties

The main goal of solid solution treatment is to dissolve impurities and precipitates in
the matrix to form a saturated solid solution, thereby promoting the precipitation of a fine
and uniformly distributed strengthening phase during subsequent aging, which enhances
the alloy’s strength. In addition, it helps to eliminate the stresses induced by hot and cold
processing, promotes recrystallization, and prepares for the subsequent aging treatment.

H.-S. Wang et al. [65] studied a Cu-7.4Ni-1.3Si-1.2Cr alloy prepared by powder met-
allurgy, and examined the effects of various solution-aging heat treatment parameters on
microstructure evolution and its impact on mechanical and thermal properties. Research
indicates that the thermal conductivity of powder metallurgy copper alloys decreases after
a specific solution heat treatment, and the subsequent aging treatment can improve the
thermal conductivity. The optimal heat treatment process involves solution treatment at
970 ◦C for 8 h followed by aging at 450 ◦C for 1 h. This regimen ensures that the subgrain
size of the powder metallurgy copper alloy is less than 30 µm, and the tensile strength of
the alloy is 820 MPa.

Although solution treatment can enhance the strength of the alloy, it may also reduce
the conductivity. In practical applications, the solid solution treatment is often incomplete,
leading to the precipitation of solute atoms during hot rolling. This precipitation diminishes
the strengthening effect of second-phase particles during subsequent aging, resulting in a
tensile strength lower than the anticipated value.

6.2. Influence of Hot Deformation Process on Alloy Properties

Through thermal deformation, a recrystallized structure with good mechanical proper-
ties can be obtained. The mechanisms of metal thermal deformation include slip deforma-
tion, twin deformation, grain boundary sliding, and diffusion creep [66]. The main factors
affecting these deformation mechanisms are the microstructure and deformation tempera-
ture of the metal materials. These factors collectively determine the deformation behavior
and final microstructure of metal materials, which in turn determine the macroscopic
mechanical properties.

The research of G. Cao [67] indicates that the key factor affecting the degree of dendrite
segregation and recrystallization is the alloy composition. After hot rolling, a clear grain
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orientation develops, and recrystallization occurs to a certain extent. At the same time, this
process also results in increased lattice distortion, which significantly reduces electrical
conductivity. The research of Y. Wang [68] demonstrates that the mechanical properties of
an Al-Mg-Si-Cu alloy after hot rolling are influenced not only by the microstructure, but
also by the texture developed during the rolling process. With the increase of hot rolling
reduction, dislocation stacking becomes more significant, and stacking defects accumulate
near the subgrain boundaries. The formation of shear texture contributes to an increase in
both ultimate tensile strength and yield strength. These findings highlight the importance of
alloy composition in controlling the microstructure and properties, as well as the influence
of microstructure evolution on the final properties during hot rolling.

In industrial practice, the advantages of thermal deformation are readily apparent.
Compared to traditional reduction processes, hot deformation produces no metal waste
during processing. It alters the shape and enhances the plasticity and toughness of the
metal, and has high productivity, making it suitable for industrial mass production. These
characteristics render thermal deformation an important technology for enhancing material
utilization and production efficiency.

6.3. Influence of the Aging Process on Alloy Properties

Cu-Ni-Si alloy, which is precipitation-strengthened, primarily gains strength through
the precipitation of fine Ni2Si phases during the aging process [69]. These precipitates are
typically only a few nanometers in size. However, prolonged aging times can cause them to
coarsen to tens of nanometers, thereby diminishing the strengthening effect. Consequently,
it is crucial to accurately control the aging time to maintain the optimal strengthening effect
and preserve the desired properties of the alloy.

The aging treatment is crucial for enhancing the strength of Cu-Ni-Si alloys, garnering
considerable scholarly attention worldwide. Y.-H. Li et al. [70] pointed out that δ-Ni2Si
precipitate is the key strengthening phase in Cu-Ni-Si alloys, and its coarsening behavior
significantly impacts the mechanical properties of the materials. Through systematic
investigation, the coarsening process of δ-Ni2Si precipitates during over-aging treatment is
systematically investigated. It has been observed that the core structure of δ-Ni2Si remains
stable, while its outer shell consists of Cu, Ni, and Si elements, forming metastable interfaces.
In the later stages of over-aging, this core–shell structure will completely transform into a
stable δ-Ni2Si phase associated with the Cu matrix. S.J. Lee [71] et al.’s research showed
that Cu-6wt.%Ni-1.4wt.%Si alloy was prepared by water quenching (solution treatment)
or air cooling (homogenization treatment) after heating at 980 ◦C for 2 h and aging at
500 ◦C for 6 h. After maintaining the high-temperature single-phase, the microstructure
of the precipitated phase in the matrix changes significantly with the cooling rate. In the
solution-treated alloy, the precipitates appear as discontinuous fibrous structures, whereas
the homogenized alloy exhibits well-defined spherical particles. The strength, ductility,
and conductivity of the homogenized alloy are 628 MPa, 18%, and 48% IACS, respectively,
which are higher than those of the solution-aged alloy, with 582 MPa, 15.5%, and 50%
IACS, respectively. These findings are crucial for understanding and controlling the aging
treatment of Cu-Ni-Si alloys.

F. Qi [72] et al. enhanced the comprehensive properties of the Cu-Ni-Si alloy via
multi-pass continuous extrusion and aging treatment, as depicted in Figure 10. In the
figure, 1P, 2P, 3P, and 4P denote the number of repeated extrusion cycles: 0, 1, 2, and 3,
respectively. At an aging temperature of 500 ◦C, the mechanical strength of the 1P and 2P
samples increased significantly, as shown in Figure 10a,c. For instance, the yield strength
of the 1P and 2P samples increased from 291 MPa and 410 MPa to 558 MPa and 560 MPa,
respectively. In comparison with the 1P and 2P samples, the increment in the 3P and 4P



Coatings 2025, 15, 91 17 of 22

samples was not significant (<35 MPa). A similar phenomenon is observed regarding
electrical conductivity. The IACS values for the 1P and 2P samples increased by 17.6% and
12.6%, respectively, while those for the 3P and 4P samples increased by 7.1% and 7.6%,
respectively, as shown in Figure 10b. Interestingly, the elongation at break increased after
aging for the samples from 1P to 3P, as depicted in Figure 10d. The elongation at break of
the 2P sample increased from 11.1% to 16.5%, representing an increase of approximately
13.4%, and the tensile strength also increased by 28.8%. Furthermore, as the number of
repeated extrusion cycles increased, the yield strength and tensile strength of the alloy
exhibited a similar trend, initially increasing and then decreasing, with the maximum value
attained at two extrusion cycles. However, the conductivity increased with the increasing
number of extrusion cycles.
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In Cu-Ni-Si alloys, Ni2Si precipitates typically manifest in two forms: continuous
precipitates (CPs) and discontinuous precipitates (DPs) [73,74]. Traditionally, CPs enhance
the overall properties of alloys through the optimization of chemical composition and
heat treatment. However, the tensile strength and conductivity of alloys containing only
CPs are limited to 600–800 MPa and 40%–45% IACS, respectively, and do not fulfill the
requirements of future high-end circuits [75–77]. Recent studies [54,78–81] have demon-
strated that alloys containing DPs exhibit superior mechanical and electrical properties
compared to those containing only CPs. By employing appropriate aging heat treatment,
the distribution of DPs and CPs can be optimized to fully exploit the alloy’s performance
potential. L. Jiang et al. [82] reported that under identical deformation conditions, two-stage
aging substantially enhanced the alloy’s properties. Two-stage aging can dissolve some
precipitates formed during the single-stage aging process back into the copper matrix,
thereby introducing additional defects and strains. This process facilitates the formation
of smaller, evenly dispersed precipitates. The results indicate that the tensile strength
and conductivity of Cu-Ni-Si alloy treated with two-stage aging surpass those of alloys
treated with single-stage aging. However, due to the numerous parameters involved in
the multi-stage aging process, the related research is challenging and limited, leaving a
significant gap in determining optimal process parameters.
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With the growing use of machine learning models, Y. Shan [83] et al. used this
technology to solve the above problems. They developed a machine learning model based
on orthogonal tests to investigate the relationship between the two-stage aging parameters
and the properties of the Cu-5.3Ni-1.3Si-0.12Nb alloy. The two-stage aging parameters of
400 ◦C/75 min + 400 ◦C/30 min, a tensile strength of 875 MPa, and an electrical conductivity
of 41.43% IACS were achieved through multi-objective optimization combined with an
experimental iteration strategy. The alloy’s superior overall performance is primarily
attributed to the co-precipitation of DPs and CPs, with a total integral number of 5.4% and
a volume ratio of CPs to DPs of 6.7. This study offers a novel approach and insights for
enhancing the comprehensive properties of Cu-Ni-Si alloys.

Aging treatment can improve the strength and conductivity of Cu-Ni-Si alloys. Based
on current research findings, the aging temperature and time can be optimized to achieve
the desired properties of the alloy by precisely adjusting the alloy composition and heat
treatment parameters. In industrial production, given that workpieces are typically larger
than experimental samples, a single aging treatment often cannot meet all performance
requirements. Therefore, multi-stage heat treatment procedures, combined with vari-
ous heat treatment technologies and stringent process control, are often employed to
ensure that the finished product meets the specific needs of practical applications. This
method helps to achieve consistency and reliability of alloy properties, meeting the needs
of large-scale production.

7. Conclusions
Cu-Ni-Si alloys are regarded as promising for lead frame materials due to their ex-

cellent mechanical properties and adequate electrical conductivity. This paper provides
an overview of the research progress on Cu-Ni-Si alloys as lead frame materials. The key
points of the article are summarized as follows:

1. Cu-Ni-Si alloys have been widely studied for their excellent mechanical properties
and electrical conductivity. Their strengthening mechanisms include solution strength-
ening, precipitation strengthening, and deformation strengthening. By controlling
the atomic ratio of Ni to Si between 4 and 5, the overall properties of the alloy are
significantly improved.

2. The alloy’s properties are significantly affected by the preparation methods and
processing technologies, including solution treatment, thermal deformation, and
aging treatment. Solution treatment facilitates the formation of a saturated solid
solution, which is crucial for subsequent aging. Hot deformation processes, such as
hot rolling, can induce recrystallization and enhance mechanical properties, but may
also introduce lattice distortions that diminish conductivity. Aging treatment is vital
for precipitation strengthening, and precise control of aging parameters is essential to
achieve the optimal balance of strength and conductivity.

3. The incorporation of trace and rare earth elements can enhance the alloy’s perfor-
mance. By precisely controlling the concentrations of these elements, the strength
and conductivity of the alloy can be optimized to meet the requirements of various
engineering and industrial applications.

In summary, while Cu-Ni-Si alloys possess extensive potential for research and ap-
plication, further improvements in material properties, manufacturing processes, and
sustainable development are necessary for their continued advancement.

8. Existing Problems and Future Prospects
In order to remain abreast of the swift advancements in science and technology, the

development of advanced copper alloys and their components is crucial. Innovations in new
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materials, along with efficient preparation and processing technologies, can serve humanity
more effectively and facilitate deeper exploration of new frontiers. These technological
advancements not only promote scientific progress, but also provide humanity with new
tools and methods to address complex challenges. Therefore, future research directions
may focus on the following areas:

• To enhance the strength of copper alloys while maintaining their excellent conductivity,
the development of novel preparation technologies is crucial. This entails investigating
innovative processes, such as rapid solidification, to increase the solid solubility of the
alloy. By employing such techniques, the mechanical properties of the alloy can be
optimized without compromising electrical conductivity, resulting in a tensile strength
ranging from 750 to 840 MPa and electrical conductivities of 35% IACS, which can
meet the practical needs in integrated circuits.

• It is imperative to construct a comprehensive, systematic database that encompasses
copper alloy material design, processing technology, and equipment application.
Furthermore, the development of new copper alloys and their processing technologies,
aligned with China’s independent intellectual property rights, is essential.

• By incorporating alloying elements and adjusting alloy composition, in accordance
with the principles of sustainable development, the goal should be to pursue industri-
alization and large-scale, systematic, green manufacturing. This would facilitate the
production of high-precision, high-quality plate products with excellent stamping and
etching abilities, weldability, and good plastic sealing performance.

In conclusion, Cu-Ni-Si alloy lead frames still need to be further improved and pro-
moted in terms of material properties, manufacturing processes, application fields, and
sustainable development. With ongoing technological innovation and industrial upgrad-
ing, Cu-Ni-Si alloy lead frames will play a key role in a broader range of applications in
the future.
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