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Abstract: High-strength conductive Cu alloys play an essential role in high-speed railways, 5G networks, and power transmission. 
The compound precipitates of alloying elements such as Cr, Zr, Fe, and Si in Cu alloys significantly regulate the microstructure 
and properties of these alloys. They can ensure that the alloys have high strength without damaging conductivity seriously, 
which is usually a difficult problem in the development of Cu alloys. This paper systematically expounds on the microstructure 
and concerned factors of compound precipitates in high-strength conductive Cu alloys such as Cu-Cr-Zr, Cu-Zr, Cu-Ni-Si, and 
Cu-Fe-P. In particular, factors affecting the precipitates are summarized from the perspectives of composition and process to 
guide the regulation of properties. Some new, promising, high-performance Cu alloys, including Cu-Co-Si, Cu-Co-Ti, and 
Cu-Fe-Ti, are described. Finally, we look at the research prospects for precipitation-strengthened Cu alloys.
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1 Introduction 

As a primary means of transportation in some 
countries, high-speed railways play a crucial role in in‐
dustry and social developments. The running speed of 
commercial railways has continuously increased from 
200 km/h to 300 and even 350 km/h and the Chinese 
government has arranged to construct 38000 km of 
high-speed railways before 2025 (Xiao et al., 2022). 
Since trains have been run safely and stably at a speed 
of 350 km/h for more than 10 years, the next gener‐
ation of 400 km/h high-speed railway is in demand 
and is likely to be introduced on the route between 
Chongqing and Chengdu, China (Zhou et al., 2022). 
As the source of electricity for the trains, contact 
wires are the heart of high-speed railways. The electri‐
cal resistance of contact wires should be low to mini‐
mize Joule heating, while the tensile strength should 

be high to reduce vibration. Therefore, contact wires 
are commonly made of high-strength conductive Cu 
alloys. Cu-Sn (Yan et al., 2011), Cu-Ag (Jia et al., 
2007), Cu-Mg (Kim et al., 2016), and Cu-Cr-Zr (Liu 
et al., 2011) alloys have been applied in high-speed 
railways.

Most countries require a tensile strength ≥550 MPa 
and a conductivity ≥75% IACS for contact wires in 
high-speed railways operating at 350 km/h (Chen 
et al., 2021). In 2010, China set the world high-speed 
railway operation test-speed record of 486.1 km/h 
using Cu-Cr-Zr contact wires. New high-performance 
Cu-based alloys should be designed to match the incr‑
easing demands of next-generation high-speed railways.

The common methods of improving the strength 
of copper alloys include solution strengthening, pre‐
cipitation strengthening, deformation strengthening, 
and fine-grain strengthening. The strength increment 
obtained by deformation strengthening and fine-grain 
strengthening is not stable enough, however, solution 
strengthening leads to a large reduction in conduc‐
tivity (Geng et al., 2020b). Compared with these 
three methods, adding a certain amount of Ag, Cr, 
Zr, Co, Ti, and other alloy elements to Cu can pro‐
duce precipitation-strengthened Cu alloys, in which 
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compound precipitates are the key to strengthening 
the Cu matrix (Fine and Isheim, 2005). These elements 
are often characterized by high solid solubility at high 
temperatures that decreases sharply with decreasing 
temperature, which makes the formation of stable pre‐
cipitates and little effect on the conductivity (Hocker 
et al., 2017). Obtaining high-strength conductive Cu 
alloy by this microalloying method has become a re‐
search paradigm in the field. In recent years, many 
studies have focused on the multi-component copper 
alloys that form compound precipitates. The com‐
pound precipitates not only strengthen the matrix, but 
also help precipitate alloying elements. One type of 
precipitation-strengthened Cu alloys uses multiple ele‐
ments to form compound precipitates such as Cu-Cr-
Zr, Cu-Ni-Si, Cu-Co-Si, and Cu-Fe-P. Compared to 
Cu-Cr, Cu-Ag, and other binary Cu alloys, the precipi‐
tation mechanism in those ternary Cu alloys is more 
complex and offers better performance.

This review covers the key factors affecting the 
precipitates of precipitation-strengthened Cu alloys and 
reviews the research progress to date on compound-
precipitate-strengthened copper alloys in mature alloy 
systems. In addition, several alloy systems that offer 
potential improvement of properties are described. Fi‐
nally, we look at the future development trends in the 
field.

2 Concerned factors of precipitates 

The precipitates in high-strength conductive Cu 
alloys often come from the combined precipitation of 
several elements in the alloy or from direct precipita‐
tion due to the solubility change during aging. Their 
shape, coherence, and orientation relationship are 
closely linked to the microstructure and properties of 
Cu alloys.

The strengthening mechanism of nano-precipitates 
in alloys is usually explained by the Orowan mecha‐
nism. The relationship between precipitate width, 
distance between adjacent precipitates, and Orowan by‐
pass stress (τOrowan) was proposed in Eq. (1) (Szajewski 
et al., 2021),

τOrowan =
kμb
2πL

A(θ)ln ( De-D/L

b )  (1)

where A(θ) is a function of the angle θ between the 
Burgers vector and the direction of the straight dislo‐
cation line. The isotropic shear modulus, Burgers vec‐
tor magnitude, the diameter of precipitate and the dis‐
tance between precipitates are denoted by μ, b, D, and 
L, respectively. While k is a coefficient. A physical 
model of the equation is shown in Fig. 1.

The same team also analyzed precipitates with 
ellipsoidal, rod, and disc morphologies, based on their 
shape and size (Szajewski et al., 2020). Simulation 
results showed that spherical precipitates with smaller 
aspect ratios were more favorable for increasing the 
Orowan bypass stress, thus enhancing the strengthen‐
ing effect of precipitates. For example, the addition of 
Zr promoted the transformation of the Cr phase to 
spherical, with smaller size, and more uniform distri‐
bution and dispersion, compared to the Cr phase in 
Cu-Cr alloy (Liu et al., 2017). As a result, Cu-Cr-Zr 
alloys are stronger than Cu-Cr alloys.

The principle of nucleation and growth of precip‐
itates is the result of multi-element diffusion. At the 
beginning of aging, coherent fine precipitates tend to 
form due to the lower energy of the coherent interface 
compared to the non-coherent interface (Cheng and 
Wen, 2021). When precipitates are small, it is easy to 
maintain coherence with the matrix. Dislocations tend 
to cut through the coherent precipitates. As aging time 
is extended, the precipitates grow, and the coherent in‐
terface gradually changes to semi-coherent and even 
non-coherent interfaces. Fig. 2 shows the transition 
process of a precipitate from coherent to incoherent 
due to the increased degree of coherence loss ξ. The 
horizontal and vertical lines represent dislocations with 
different Burgers vectors. At this point, dislocations 
tend to bypass the precipitates and form dislocation 
rings (the Orowan bypass mechanism) (Yang et al., 
2020). Non-coherent precipitates only act as obstacles 

Fig. 1  Schematic diagram of dislocation bending between 
precipitates with diameter D and distance L. Reprinted from 
(Szajewski et al., 2021), Copyright 2021, with permission 
from IOP Publishing
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to prevent sliding dislocations in the alloy, and the 
stress generated between precipitates and the matrix 
may lead to cracks. In contrast, the interaction between 
coherent precipitates and dislocations tends to be 
sheared, and it is resistant to cracks and has a stronger 
blocking effect (Wang et al., 2021).

The last concerned factor is the orientation rela‐
tionship between precipitates and the matrix. The ori‐
entation relationship can generally be used to calcu‐
late the degree of mismatch. The precipitate morphol‐
ogy of Cu-1.2Ni-1.6Co-0.6Si (%, mass fraction) was 
observed by high-resolution transmission electron micro‑
scopy (HRTEM) by Xiao et al. (2019), as shown in 
Fig. 3. The orientation relationship between (Ni, Co)2Si 
phase and the matrix was (200)Cu//(

-
3 21)P , and the mis‐

match between the (200)Cu and (
-
3 21)P was 0.038. The 

orientation relationship describes the atomic arrange‐
ment between the matrix and precipitates at the micro-
level. However, exploration of the orientation relation‐
ship is still in the stage of fundamental theoretical re‐
search at present. Its effect on the macro-properties of 
materials needs to be further studied. At the same 
time, to better explain the precipitates in the alloy, re‐
searchers have tried to use other factors, such as size 

distribution, stress state (Peng et al., 2021), and volume 
fraction (Chbihi et al., 2011).

In short, the ideal precipitation to produce high 
performance in Cu alloys is dispersed coherent nano-
spherical precipitates. The effect of orientation rela‐
tionship on alloy properties needs to be further clari‐
fied, and optimal control of the dispersed coherent 
nano-spherical precipitates is a research hotspot in 
this field.

3 Some mature systems 

Precipitation strengthening is a very suitable stren‑
gthening method for Cu alloys. With this approach, 
many kinds of alloy systems with high conductivity 
and high strength have been invented, of which Cu-Cr-
Zr, Cu-Ni-Si, and Cu-Fe-P are typical and common in 
both research and application.

3.1 Cu-Cr-Zr alloys

In the study of Cu-Cr alloys, researchers found 
that the addition of Zr can cause the Cr phase to tend 
to be spherical, as well as inhibiting Cr growth so as 
to produce better properties in Cu-Cr-Zr alloys (Ba‐
tawi et al., 1990). Although there is still no unified un‐
derstanding of the strengthening mechanism of Cu-Cr-
Zr, the research technology of in-process production 
is relatively mature. Therefore, Cu-Cr-Zr alloys have 
been widely used in contact wires (Wang et al., 2020), 
heat exchangers (Wang et al., 2013), integrated circuit 
lead frames (Jha et al., 2021), and other products.

In 1979, after adding Cr to Cu-Zr alloy, it was 
found that the strengthening effect of precipitates 

Fig. 3  Transmission electron microscopy (TEM) image of Cu-1.2Ni-1.6Co-0.6Si alloy (a); Fourier transform diffraction 
spot of Fig. 3a (b); calibration results (c); inverse Fourier transform lattice fringe of Fig. 3a (d). Reprinted from (Xiao et al., 
2019), Copyright 2019, with permission from Springer Nature

Fig. 2  Schematic diagram of the transition of a precipitate 
from coherent to incoherent (Cheng and Wen, 2021)
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could be significantly improved and excellent overall 
properties could be obtained (Sarin and Grant, 1979). 
In the 1990s, four alloying elements were added to the 
Cu-Cr alloy to study the effects of different elements 
on the alloy (Batawi et al., 1990). The experimental 
results showed that adding a certain amount of Zr, Mg, 
and Si could optimize the precipitation order of the 
alloy. In addition, Zr could improve the strength of the 
alloy and effectively maintain the strength at higher 
temperatures.

With regard to the types of precipitates, CuxZr 
and Cr2Zr precipitates can be formed from the three 
elements Cu, Cr, and Zr. Therefore, the possible pre‐
cipitates of Cu-Cr-Zr after aging treatment are the Cr 
phase, CuxZr compound, and Cr2Zr. Fig. 4 shows the 
isothermal section of a Cu-rich corner of Cu-Cr-Zr at 
940 °C and 600 °C (Zeng and Hämäläinen, 1995). Re‐
cent experimental results have shown that the stable 
Cu5Zr phase can appear in this system (Wang et al., 
2019), which is consistent with previous conclusions 
(Zeng and Hämäläinen, 1995; Holzwarth and Stamm, 
2000; Kermajani et al., 2013). Before these discover‐
ies, many researchers thought that Cu51Zr14 was the 
stable precipitate, rather than Cu5Zr (Nagai et al., 
1973; Vinogradov et al., 2002). When they studied 
the precipitation sequence of Cu-Cr-Zr alloy, they 
found that the CuxZr phase which formed near the dis‐
location and grain boundary was the reason for the 
high recrystallization temperature of this system. Using 
a 3D atomic probe to study Cu-Cr-Zr alloy is helpful 
in reconstructing the structure of Cr-rich precipitate 
(Hatakeyama et al., 2008). The results from this study 

by Hatakeyama et al. showed that the core-shell struc‐
ture of Cr-rich precipitated after aging treatment. The 
main component of the shell was Cu7Cr3ZrSi, and the 
core was pure Cr. Moreover, a later study by the same 
group (Hatakeyama et al., 2009) found that the same 
results could be obtained with a laser-assisted local 
electrode 3D atomic probe and positron annihilation 
spectroscopy (Fig. 5).

In order to study compound precipitates of Cu-
Cr-Zr alloys, their type, morphology, lattice, and ori‐
entation can be systematically summarized by measur‐
ing the properties and performing microscopic charac‐
terization of the alloy at each aging time (Pan et al., 
2021). The results of this process, as carried out by 
Hatakeyama et al. (2009) are shown in Table 1. Fig. 6 
shows the micrograph of a Cu-Cr-Zr alloy which was 
solid-dissolved at 1253 K for 2 h and aged at 763 K 
for 0.5 h (Du et al., 2021). The results are consistent 
with the precipitation behavior of Zr-rich clusters in 
Cu-Zr alloys studied later (Peng et al., 2015b). It can 
be seen that Cr had little effect on Zr precipitates. In 
Cu-Cr-Zr, it is mainly the effect of Zr on the Cr phase 
that produces excellent properties.

In order to optimize the properties of Cu-Cr-Zr 
alloys, researchers have explored the effects of ele‐
ments and processes on these properties. By studying 
the role of Cr and Zr elements in Cu-Cr-Zr alloys 
(Shangina et al., 2017), it was found that the addition 
of Cr in excess of the solid-solution limit did not 
strengthen the alloy. In contrast, the addition of excess 
Zr refined the grain and improved structural stability. 
After adding Nb element to Cu-Cr-Zr, large-sized 

Fig. 4  Calculated phase diagrams of Cu-Cr-Zr at 940 °C (a) and 600 °C (b). Reprinted from (Zeng and Hämäläinen, 
1995), Copyright 1995, with permission from Elsevier
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Cr2Nb precipitates were found near the grain bound‐
ary (Yang et al., 2018). These coarse Cr2Nb precipi‐
tates can hinder grain-boundary movement and im‐
prove creep resistance at high temperatures. At the 
same time, the fine Cr phase and Cu5Zr phase dis‐
persed in the matrix can play a strengthening role. 
Adding Nb to Cu alloys is a promising direction. 
However, the melting point of Nb is very high, which 
makes Cu-Nb alloys difficult to prepare. New material-
preparation technology is required to further develop 
this system.

In addition to the traditional solid-solution and 
rolling strengthening methods, as well as aging meth‐
ods, many innovative material-preparation processes 
have been used to prepare and research Cu-Cr-Zr al‐
loys in recent years. The solubility of pre-aged Cu-Cr-
Zr after high-pressure torsion treatment changes non-
monotonically (Faizova et al., 2021). Their results 
showed that the initial value of low concentration was 
stable near a smaller value after a maximum, so it was 
impossible to explain the nucleation behavior by the 
diffusion mechanism alone. Therefore, they proposed 
a new mechanism. The precipitates obtained by pre-
aging were broken and re-dissolved into the matrix by 
means of large deformation, and then the “dissolution-
precipitation equilibrium” was established. Another 
large plastic deformation process was used to treat Cu-
Cr-Zr alloys, and also a re-dissolving phenomenon in 
the alloying elements was detected (Caldatto Dalan 
et al., 2022). The Cu-Cr-Zr alloy prepared by the new 
process also exhibited different precipitate behaviors. 
Pure Cu particles can be embedded in Cu-Cr-Zr alloy 

Fig. 6  TEM image of a Cu-Cr-Zr alloy: (a) bright-field 
image with axis of [001]Cu; (b) bright-field image with axis of 
[011]Cu containing Zr precipitates; (c) high-resolution image 
with axis of [011]Cu containing Zr precipitates. Reprinted 
from (Du et al., 2021), Copyright 2021, with permission 
from Elsevier

Fig. 5  Atomic diagram of each possible distribution in the Cu-Cr-Zr alloy with different heat treatments: (a) prime 
aging (PA); (b) RA1: re-aging at 600 °C for 1 h; (c) RA2: re-aging at 600 °C for 4 h. Reprinted from (Hatakeyama et al., 
2009), Copyright 2009, with permission from Elsevier

Table 1  Changes in concerned factors in Cu-Cr-Zr alloy 

aged at 450 °C over different periods of time

Aging 
time (min)

30

60

120

240

Type of 
precipitates

Cr

CrCu2Zr/Cr

Cu4Zr/Cr

Cu4Zr/Cr

Morphology/
Size

<5 nm

≈10 nm

Rod shaped/Spherical

200 μm/50 μm

Orientation

Cube-on-cube

Coherent

Semi-coherent

Non-coherent
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by powder metallurgy to form a heterostructure (Lai 
et al., 2022). This not only changes the distribution of 
Zr-rich clusters but also enables Zr to surround the 
Cr phase (Fig. 7). Compared with the forged Cu-Cr-
Zr alloy, the Cu-Cr-Zr alloy prepared by laser-beam 
powder-bed fusion exhibits no Cr or CuxZr precipita‐
tion without aging (Salvan et al., 2021; Wegener et al., 
2021). After aging, the Cr phase is evenly distributed 
in the matrix, and Zr precipitates are distributed at the 
grain boundary or Cr phase.

The properties of the alloys obtained by the 
above-mentioned modification methods are summa‐
rized in Table 2. Cu-Cr-Zr alloys have great potential 
in developing high-strength conductive Cu alloys. New 
high-quality precipitates (such as Cr2Nb) can be ob‐
tained by using the appropriate alloying method, and 
the distribution, morphology, and size of precipitates 
can be controlled by new production processes. In fu‐
ture research, the alloy’s principle should be further ex‐
plored to determine how to combine modern material-
preparation technologies and modification technolo‐
gies (such as powder-metallurgy technology, rapid 
solidification technology, or laser-additive technology) 

to change the alloy’s microstructure and improve its 
properties for adaptation to complex and harsh work‐
ing conditions.

3.2 Cu-Zr alloys

Strictly speaking, the main strengthening effect of 
Cu-Cr-Zr alloy comes from the Cr phase. The Zr el‐
ement is added to hinder the growth of the Cr phase 
from playing a better strengthening effect and anti-
softening effect. The remaining Zr forms precipitates 
such as Cu5Zr with Cu and plays a strengthening role. 
However, Cu-Zr alloys are also essential for studying 
compound precipitates and the development of new 
high-performance alloy systems.

The solubility of Zr in Cu is very low, up to 
0.15% (mass fraction). According to the binary phase 
diagram of Cu-Zr (Fig. 8) (Okamoto, 2012), the solu‐
bility of Zr will decrease sharply with decreasing tem‐
perature. When the temperature is 500 °C, the solubil‐
ity of Zr is only 0.01% (mass fraction). This change 
is conducive to the formation of precipitates by Zr 
through aging. Therefore, the Zr element often ap‐
pears in high-strength conductive Cu alloys systems 

Fig. 7  Microstructure of Cu-Cr-Zr/Cu180 min: (a and b) bright-field TEM images; (c) high angle annular dark field 
(HAADF) image of intragranular precipitates; (d) enlarged image of intragranular precipitates; (e) Zr element map of 
Fig. 7d. Reprinted from (Lai et al., 2022), Copyright 2022, with permission from Elsevier

Table 2  Properties of some Cu-Cr-Zr alloys mentioned above and their compositions and processes

Alloy composition 
(%, mass fraction)
Cu-0.3Cr-0.5Zr

Cu-0.81Cr-0.07Zr

Cu/CuCrZr

Cu-0.7Cr-0.11Zr

Processing

High-pressure torsion

Equal-channel angular pressing

Heterogeneous microstructures

Laser beam powder bed fusion

Hardness (HV)

271

191

171

184

Electrical 
conductivity (IACS)

63%

83.5%

83.15%

85%

Reference

Shangina et al., 2017

Caldatto Dalan et al., 2022

Lai et al., 2022

Wegener et al., 2021
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to strengthen precipitation and reduce weakening of 
conductivity.

Researchers have explored and debated the com‐
pound precipitates in Cu-Zr alloys over the past few 
decades. At first, they thought that the precipitates in 
the alloy were the Cu3Zr phase (Kawakatsu et al., 
1967), but only with the development of electron micro‑
scopy was the Cu5Zr phase determined (Lou and 
Grant, 1984; Holzwarth and Stamm, 2000; Watanabe 
et al., 2008). As computer science developed, research‐
ers could use thermodynamic models and first princi‐
ples to verify the relative stability of some precipi‐
tates. For example, the relative stability of Cu5Zr and 
Cu51Zr14 at low temperature can be verified through 
experiments and first-principle calculations (Zhou and 
Napolitano, 2010), and they also found that decompo‐
sition of Cu5Zr→Cu51Zr14+Cu occurred in the tempera‐
ture range of 802–955 K. At the same time, it was 
pointed out that the previously proposed Cu5Zr8 (Zait‐
sev et al., 2003) was an unstable phase. These precipi‐
tates are displayed in the phase diagram updated by 
Okamoto (Fig. 7).

Researchers have also conducted in-depth explo‐
ration of the morphology of Cu-Zr precipitates. Micro‐
scope technology has enabled ongoing discovery. The 
transformation process of precipitates in Cu-0.12Zr 
(%, mass fraction) alloy aged at 450 °C was studied 
by TEM (Peng et al., 2015a). It was found that the 
transformation law was supersaturated solid solution
→Zr-rich atomic clusters→semi-coherent Cu5Zr phase, 
and the orientation relationship with the matrix was 
[112]Cu//[011]P and (1̄1̄1)Cu//(111̄)P. In addition, in their 
previous study (Peng et al., 2015b), they had also con‐
ducted a characteristic of Cu-Zr precipitates, and the 
two studies were logically progressive. In the pre‐
pared Cu-0.12Zr (%, mass fraction) alloy, the as-cast 
structure was mainly Cu matrix and a delicate, lay‐
ered structure of CuxZr (x=1–5). After aging at 450 °C 
for 8 h, the precipitates tended to move in a certain di‐
rection. Based on TEM photos (Fig. 9), it was found 
that the precipitates were plate-shaped and disk-shaped, 
with a diameter of 50–100 nm. The two correspond‐
ing habitual surfaces were (111)Cu and (1̄11)Cu, and 
they had a semi-coherent relationship with the matrix, 
a lattice constant of 0.687 nm, and a face-centered 
cubic (FCC) structure. Therefore, it was determined 
to be the Cu5Zr phase.

Cu-Zr alloy is a promising system for develop‐
ing new high-strength conductive copper alloys. Its 
microstructure and properties can be controlled by 
adding other elements or adopting other unique pro‐
cesses. Some experiments tried to add the rare earth 
element Y to Cu-0.2Zr, and prepared precipitation-
strengthened Cu-0.2Zr-0.15Y alloy after solid-solution, 
rolling, and aging (Gao et al., 2019). After TEM ob‐
servation, it was found that a large number of Cu10Zr7 
precipitates with a size of 5–8 nm. It can be seen that 
the addition of Y changed the types of precipitates in 
Cu-Zr alloy. Finally, the properties of samples were 
hardness of 145 HV and conductivity of 90.6% IACS. 

Fig. 8  Binary phase diagram of Cu-Zr alloys. Reprinted 
from (Okamoto, 2012), Copyright 2012, with permission 
from Springer Nature

Fig. 9  TEM photos of Cu-Zr alloy: bright-field images with crystal band axis of [011]Cu (a) and [112]Cu (b); electron 
diffraction pattern of selected area of Fig. 9b (c); high-resolution image of [112]Cu (d). Reprinted from (Peng et al., 
2015b), Copyright 2015, with permission from Elsevier
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The existing research (Zhang et al., 2017) showed 
that rare earth elements could promote the grain refine‐
ment and increase the grain boundaries, to provide 
more sites for nucleation. Meanwhile, they used the 
phase-transformation dynamics method to analyze the 
rationality of the selected process parameters. The 
Cu-0.15Zr (%, mass fraction) alloy prepared by rapid 
solidification and the hot forging process overcame 
the macro-segregation phenomenon caused by low so‐
lidification rates in traditional casting methods, and 
exhibited a uniform and fine structure (Zhang et al., 
2021). The group then carried out high-temperature 
annealing at 700 °C for 2 h. Ultimately, they found 
that Cu5Zr had a blocking effect on grain growth and 
that Zr-rich clusters had a strengthening effect. The 
conductivity of the samples reached a peak value of 
88% IACS. It is clear that the Cu5Zr phase and Zr-rich 
clusters in Cu-Zr alloy have good thermal stability, 
which will enable researchers to study and improve 
the composition and process to develop more high-
performance copper alloy systems.

3.3 Cu-Ni-Si alloys

Cu-Ni-Si alloy is a widely used precipitation-
strengthened alloy. After solid-solution and aging treat‐
ment, Ni and Si elements precipitate to form the nano 
Ni-Si phase, which hinders migration of dislocations 
and improves the strength of the alloy. The precipita‐
tion of solute atoms reduces the scattering effect of 
electrons to improve conductivity (Krupińska et al., 
2020). Therefore, Cu-Ni-Si alloy offers high strength 
and maintains excellent electrical conductivity. The 
alloy has been widely used in lead frames, electrical-
contact devices, electro-elastic devices, and other ap‐
plications (Zhang et al., 2014).

Precipitation has a decisive influence on the prop‐
erties of Cu-Ni-Si alloys. The precipitate of Cu-Ni-Si 
alloy is generally considered to be a Ni-Si binary 
phase. Early study showed that the precipitate was 
δ-Ni2Si phase and the orientation relationship with Cu 
matrix was (100)Cu//(001)P, [001]Cu//[010]P (Lockyer and 
Noble, 1994). The calculation results verified this 
conclusion (Long et al., 2011), and the lattice constant 
of the δ-Ni2Si phase in cubic system was found to 
be a=0.708 nm, b=0.502 nm, and c=0.371 nm (Hu 
et al., 2013). The structure of some precipitates that 
may appear in the alloy has been determined, as 
shown in Fig. 10. The actual precipitation behavior 

of Cu-Ni-Si alloy was studied experimentally (Zhao 
et al., 2003a, 2003b). During aging, the alloy first 
formed an amplitude-modulated structure with fluc‐
tuating concentration through amplitude-modulated 
decomposition, then nucleated and formed an ordered 
DO22 type (Cu, Ni)3Si phase, and finally transformed 
into a discoid δ-Ni2Si phase.

Because Cu-Ni-Si alloy has high strength, a non-
toxic production process, and low requirements for pro‐
duction conditions, it is a cheap and high-performance 
Cu alloy with excellent market prospects. In recent 
years, two main approaches have been used to im‐
prove the comprehensive properties of the alloy: add‐
ing alloy elements and improving processing technol‐
ogy. Adding Co to Cu-2Ni-0.5Si alloy could form the 
(Ni, Co)2Si phase, promote precipitation of the Co2Si 
and Ni2Si phases, reduce the second phase spacing, 
increase dislocation density, and significantly improve 
strength and heat resistance (Izawa et al., 2014). After 
studying the secondary aging behavior and precipitate 
characteristics of Cu-Ni-Co-Si alloy (Feng et al., 
2019), the results showed that the secondary aging 
produced a (Ni, Co)2Si phase with orthogonal struc‐
ture as the primary aging, and the precipitate distribu‐
tion of secondary aging was denser and more minor. 
These delicate and dense δ-(Ni, Co)2Si phases play 
the central strengthening role in the alloy. After study‐
ing the coarsening behavior of the (Ni, Co)2Si phase 
in Cu-Ni-Co-Si alloy after aging at different tempera‐
tures and times, Xiao et al. (2019) discovered that the 
critical particle radius of coherent mismatch of (Ni, 
Co)2Si phase was 10.3 nm, and the particle size distri‐
bution conformed to the Lifshitz-Slyozov-Wagner 
coarsening theoretical distribution (LSW distribution) 
(Fig. 11). Fig. 12 shows the clear morphology of the 
two kinds of precipitates obtained by using HRTEM 
(Zhao et al., 2019). The Co2Si phase usually presented 
large particles, while other phases were more dispersed 

Fig. 10  Models of δ-Ni2Si (a), γ-Ni5Si2 (b), and β-Ni3Si (c) in 
Cu-Ni-Si alloy. Reprinted from (Long et al., 2011), Copyright 
2021, with permission from Springer Nature
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Fig. 12  TEM image of a Cu-1.5Ni-1.0Co-0.6Si alloy (a); electron diffraction pattern of the large particle in Fig. 12a (b); 
corresponding energy-dispersive spectrometer results (c); dark-field image showing nano-precipitates (d); corresponding 
electron diffraction pattern (e); high-resolution image of nano-precipitates (f). Reprinted from (Zhao et al., 2019), Copyright 
2019, with permission from Elsevier

Fig. 11  Lifshitz-Slyozov-Wagner (LSW) theoretical distribution function and experimental results for (Ni, Co)2Si phase 
with different aging times at 500 °C: (a) 1 h; (b) 2 h; (c) 4 h; (d) 16 h. rave is the average radius of precipitates. Reprinted 
from (Xiao et al., 2019), Copyright 2019, with permission from Springer Nature
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and fine. Adding Co into Cu-Ni-Si alloy is expected 
to broaden the application prospect of the material 
further.

Some researchers added Cr and Zr elements into 
Cu-Ni-Si alloy and rolled them at liquid-nitrogen tem‐
perature (Wang et al., 2018). The microscopic results 
showed that the addition of Cr and Zr formed Cr3Si 
and Ni2SiZr phases in the alloy (Fig. 13). The remain‐
ing Cr and Zr elements were evenly distributed in the 
matrix. In addition, Ni and Si segregated at the inter‐
face to form the Ni2Si phase. The effects of Cr and Zr 
on the precipitates can compensate for each other to 
some extent. The former can refine the precipitates, 
inhibit the disappearance of dislocation, and improves 
the strength, but reduces the conductivity. The latter 
can promote the precipitation and growth of precipi‐
tates, reducing the strength of the alloy but improving 
its conductivity. However, when studied the fatigue 
properties of Cu-Ni-Si-Cr-Zr alloy, it was found that 
the addition of Cr and Zr can improve the strength 
(Atapek et al., 2020). Still, the precipitation of hard‐
core will adversely affect the fatigue properties of the 
material and establish a location for crack formation.

The precipitates in Cu-Ni-Si alloy can also be 
controlled by an appropriate preparation process. Re‐
searchers explored the microstructure of Cu-Ni-Si 
alloy after heat treatment, especially the morphology, 

quantity, and size of Ni-Si precipitates (Xie et al., 
2020). The results showed that solid-solution, hot 
forging, and aging could make the Ni3Si phase at the 
grain boundary and the δ-Ni2Si phase in the Cu ma‐
trix more evenly dispersed and more delicate, to im‐
prove the electrical breakdown performance of the 
alloy. A method to guide the processing parameters of 
Cu-Ni-Si alloy based on thermal simulation and calcu‐
lation was summarized and proposed (Zhang et al., 
2019). The effects of primary cold rolling and second‐
ary cold rolling on the properties of Cu-Ni-Si alloy 
were compared (Jiang et al., 2020). The results showed 
that precipitates in the alloy would break and re-
dissolved into the matrix during the second cold roll‐
ing, so finer and more dispersed precipitates could be 
obtained during the second aging. Discontinuous pre‐
cipitation occurred in the Cu-Ni-Si alloy. Under 
normal conditions, the discoid δ-Ni2Si phase obtained 
by continuous precipitation in the alloy was fine and 
dispersed, which could dramatically hinder disloca‐
tions and improve the strength of the Cu-Ni-Si. How‐
ever, discontinuous precipitation may occur in the over-
aging grain or large deformation (Han et al., 2018), re‐
sulting in significant fibrous δ-Ni2Si phases, which 
greatly reduce the strength. The orthogonal types 
of the two δ-Ni2Si precipitates are the same. Still, 
the discontinuous precipitation has micro-scale fibers 

Fig. 13  Scanning TEM image (a) and element maps of Cu (b), Ni (c), Si (d), Cr (e), and Zr (f) of a Cu-Ni-Si-Cr-Zr alloy. 
Reprinted from (Wang et al., 2018), Copyright 2018, with permission from Elsevier
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consistent with the crystal orientation, and has a pref‐
erential extension direction on the (111)Cu plane. It 
even replaces the formed continuous δ-Ni2Si phase 
(Semboshi et al., 2016). Therefore, selecting appropri‐
ate processes and parameters to avoid discontinuous 
precipitation is very important for preparing high-
strength Cu-Ni-Si alloy. In addition, the discontinu‐
ous precipitation of Ni2Si phase will also occur dur‐
ing cold rolling of pre-aged Cu-Ni-Si alloy (Goto 
et al., 2021). They found that its strength (Fig. 14a) 
and fatigue properties (Fig. 14b) were better than 
those of the original sample (annealed Cu). Its con‐
ductivity also rebounded to a certain extent. Using the 
sub-rapid solidification characteristics of twin-roll 
thin-strip continuous casting, a Cu-Ni-Si alloy with 

fine grain and no micro-segregation was prepared 
(Cao et al., 2021). Electric-pulse aging treatment was 
also used for the preparation of Cu-Ni-Si alloys (Zhu 
et al., 2021). Compared with the conventional heating-
furnace aging method, when the properties of the 
obtained alloy were the same, the electric-pulse-aged 
sample only needed lower temperature and less time. 
The main reason was that the local Joule heat and 
drift electrons generated by electric pulse caused ki‐
netic energy conversion, which increased the migra‐
tion rate of solute atoms and reduced the energy bar‐
rier of the precipitation process. Finally, it accelerat‐
ed the formation of precipitation. Electric-pulse aging 
is expected to be an ideal process for preparing high-
strength conductive Cu alloys.

Table 3 lists the properties of some alloys men‐
tioned above. The strength of Cu-Ni-Si alloy is its ad‐
vantage compared with other systems, but its poor 
conductivity limits the improvement of its comprehen‐
sive properties. Therefore, finding a way to control 
the conductivity of the alloy by means of the critical 
factor of the Ni-Si binary phase is a compelling entry 
point. On the one hand, other elements could be added 
to promote the precipitation of alloying elements.

On the other hand, new technology could be used 
to regulate the precipitated phases of the alloy.

3.4 Cu-Fe-P alloys

Cu-Fe-P alloy has become the most widely used 
material for lead frames because of its excellent per‐
formance, low cost, and ease of processing. The solu‐
bility of Fe in Cu decreases significantly with decreas‐
ing temperature, which is conducive to obtaining fine 
dispersed precipitates. While the addition of Fe can re‐
fine the grain and delay the recrystallization process, 
too much Fe will seriously affect the conductivity of 
the alloy. The precipitates formed after the addition of 
P are mainly Fe, Fe2P, and Fe3P, which can hinder the 
dislocation movement and have a strengthening effect. 
The type of precipitates depends on the content ratios 

Fig. 14  Stress amplitude-number curves (a) and crack-
growth curves (b) of continuous precipitate (CP) samples, 
discontinuous precipitate samples (DP), and cold-rolled 
discontinuous precipitate samples (CR-DP). * Goto et al., 
2019. ** Goto et al., 2008. σa is the stress amplitude, which is 
half of the difference between the maximum stress and the 
minimum stress of the applied load. Reprinted from (Goto 
et al., 2021), Copyright 2021, with permission from Elsevier

Table 3  Properties of some Cu-Ni-Si alloys mentioned above and their compositions and processes

Alloy composition 
(%, mass fraction)

Cu-1.6Ni-1.2Co-0.6Si

Cu-2Ni-0.5Si-0.15Cr-0.15Zr

Cu-2.2Ni-0.42Si

Cu-3.2Ni-0.75Si

Cu-2.84Ni-0.62Si-0.12Mg

Processing

Solid solution, rolling, and aging

Solid solution, rolling, and aging

Secondary cold rolling

Twin-roll strip casting

Electropulsing aging treatment

Hardness/
Strength

253.43 HV

232 HV

754 MPa

711 MPa

600 MPa

Electrical 
conductivity (IACS)

46.21%

35.5%

38.6%

43.2%

33.45%

Reference

Feng et al., 2019

Wang et al., 2018

Jiang et al., 2020

Gao et al., 2019

Zhu et al., 2021
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of Fe and P (Geng et al., 2020a). Fig. 15 shows calcu‐
lated phase diagrams of the Cu-rich angle of Cu-Fe-P 
alloy at 1000 °C and 700 °C and summarizes various 
possible precipitates.

As the Cu-Fe-P system is relatively mature in 
terms of application, the exploration of the system in 
recent years has mainly looked at its unique proper‐
ties and mechanism. The addition of B and Ce in 
Cu-Fe-P alloy affects corrosion resistance (Zou et al., 
2016). The results from this study showed that the ad‐
dition of B promoted grain refinement and increased 
grain boundaries, so that corrosion resistance was 
reduced. At the same time, it was easy to combine 
Ce with O, S, H, and other elements in the material 
to form compounds and then discharge the system 
so as to purify it and improve corrosion resistance. 

High-performance Cu-Fe-P alloy could be successfully 
prepared by alloying and hot pressing (Han et al., 
2019). They found that the alloy had ultra-fine grain 
and nanocrystalline structure. The results showed that 
P only reduced the solubility of Fe in Cu without 
forming Fe2P or Fe3P phases with Fe. And thanks to 
the ultra-fine grains in the alloy, the tensile strength of 
Cu-Fe-P alloy was 517 MPa, and the conductivity 
was maintained at about 80% IACS, which was far 
better than the traditional system. The effect of C ad‐
dition on the microstructure of as-cast Cu-Fe-P alloy 
was systematically studied (Chen et al., 2019). The re‐
sults showed that the addition of C could refine the 
matrix structure and Fe particles, helped to decom‐
pose the supersaturated solid solution and promote the 
precipitation of Fe. Some researchers focused on the 
martensitic transformation of Fe phases in Cu-Fe-P 
alloy (Du et al., 2020). The results showed that when 
external stress aging, the element Fe will undergo a 
martensitic transformation during precipitation, spe‐
cifically reflected in the change of the orientation rela‐
tionship between Fe precipitates and the matrix. The 
changes in Fe3P and Fe particles during solid-solution 
treatment of as-cast Cu-Fe-P can be observed by sim‐
ulation (Papaefthymiou et al., 2018). The group found 
that only when the temperature was higher than 
1000 °C could all the particles dissolve into the matrix.

Cu-Fe-P alloy also faces limitations in large-
scale application, such as possible magnetism and low 
strength. Adding some alloying elements, such as Ti, 
can form a compound precipitate Fe2Ti phase (or FeTi 
phase) with excess Fe in alloys, which may be a way 
to prevent magnetism. Inhibiting the growth of precip‐
itates and grains is the key to improving the strength 
of Cu-Fe-P alloys.

4 Promising systems 

The research progress on some mature precipitation-
strengthened Cu alloys in terms of exploration of pre‐
cipitates is described above, and these systems have 
been widely used in production. However, there is no 
end to the development and performance improvement 
of high-strength conductive copper alloys. Below, we 
outline several alloy systems with development poten‐
tial, including some work done by our research group 
in recent years.

Fig. 15  Calculated phase diagrams of Cu-Fe-P at 1000 °C 
(a) and 700 °C (b). Reprinted from (Raghavan, 1998), 
Copyright 1998, with permission from Springer Nature
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4.1 Cu-Co-Si alloys

One disadvantage of Cu-Ni-Si alloys is that the 
content of Ni and Si is difficult to control, and the re‐
maining dissolved Ni drastically affects electrical con‐
ductivity (Li et al., 2019). Therefore, we developed 
Cu-Co-Si into a new precipitation-strengthened cop‐
per alloy. The precipitates that play a major strength‐
ening role in Cu-Co-Si are the Co2Si phase with an or‐
thogonal structure similar to Ni2Si and the CoSi phase 
with a cubic structure. The ternary phase diagrams of 
Cu-Co-Si alloy at the Cu-rich corner were calculated 
by Pandat software (Fig. 16), and the appropriate 
composition point was used to obtain Cu-1.06Co-
0.45Si (Lei et al., 2021).

The hardness and electrical conductivity of the 
Cu-Co-Si alloy after solution strengthening, cold roll‐
ing, and aging heat treatment reached 190 HV and 
30% IACS, respectively. The specific data are shown 

in Table 4. We attribute the high hardness of the Cu-
1.06Co-0.45Si alloy to the CoSi phase coherent with 
the copper matrix. The high-angle annular dark-field 
image of the CoSi phase is shown in Fig. 17.

Using machine learning and computational phase 
diagrams, we found that the various types of precipi‐
tates caused by compositional differences in Cu-Co-Si 
alloys significantly affect performance. Based on this, 
we developed a Cu-1.45Co-0.18Si alloy (207.39 HV 
and 59.45% IACS) with better comprehensive prop‐
erties, which is mainly strengthened by the Co2Si 
phase (Zhao et al., 2022).

4.2 Cu-Co-Ti alloys

Cu-Ti is also a typical precipitation strengthen‐
ing alloy system. Cu-Ti has a spinodal decomposition 
process during aging. The precipitates in the Cu-Ti 
alloys were investigated to be β’-Cu4Ti and β-Cu3Ti 
(Nagarjuna et al., 1997). Cu-Ti alloys have very high 
strength (>1 GPa) but poor conductivity (<30% IACS) 
(Nagarjuna et al., 1999). We can learn that Co and Ti 
can form CoTi2, CoTi, Co2Ti, and Co3Ti intermetallics, 
according to a Co-Ti binary phase diagram (van der 
Straten et al., 1976). The researchers added Co and Ti 
to Cu simultaneously to explore whether the Cu-Co-
Ti alloy could precipitate CoxTi compounds, and thus 
reduce the deterioration effects of Co and Ti on elec‐
trical conductivity.

Some researchers have suggested that the precip‐
itates should be CoTi phases in the Cu-0.49Co-0.44Ti 
(%, atom fraction) alloy and CoTi and Co2Ti phases in 
the Cu-1.03Co-0.52Ti (%, atom fraction) alloy, based 
on differential scanning calorimetry analysis (Donoso 
et al., 2010). The addition of a small amount of Co 
could inhibit the precipitation of Cu3Ti, which was the 
overaged phase of the Cu-4.5Ti (%, mass fraction) 
alloy, thus delayed over-aging (Nagarjuna et al., 2001). 
This phenomenon was proved by others in the Cu-
4.0Ti-0.5Co (%, mass fraction) alloy (Batra et al., 
2005). In 2021, we found that CoTi compounds pre‐
cipitate in Cu-0.61Co-0.43Ti (%, mass fraction) alloy 
(Fig. 18) (Yang et al., 2021a). As for the properties of 
the Cu-Co-Ti alloy, Table 5 lists some existing results. 

Fig. 16  Calculated ternary phase diagrams of the Cu-rich 
corner of Cu-Co-Si alloy at 450 °C (a) and 1050 °C (b). HCP: 
hexagonal lose-packed. Reprinted from (Lei et al., 2021), 
Copyright 2021, with permission from Springer Nature

Table 4  Actual contents, precipitates, and properties of Cu-Co-Si alloys

Composition
Cu-1.45Co-0.18Si (%, mass fraction)

Cu-1.06Co-0.45Si (%, mass fraction)

Hardness (HV)
207.39

190.04

Electrical conductivity (IACS)
59.45%

34.39%

Precipitate
Co2Si

CoSi
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We also found that a strength of 480 MPa and an ex‐
cellent softening temperature up to 600 °C were si‐
multaneously obtained (Fig. 19), while the alloy re‐
tained a conductivity of 81% IACS, proving that Cu-
Co-Ti is a potential high-performance system.

In addition, we studied the effect of adding Cr to 
Cu-Co-Ti alloy and discovered that a new mechanism 
improved the softening resistance of these alloys (Yang 
et al., 2022). As mentioned above, the growth of 
precipitates weakens the strengthening effect achieved. 
In Cu-Cr-Co-Ti alloy, the CoTi phase nucleated around 
the preferentially precipitated Cr phase, and finally 
formed the core-shell structure of CoTi/Cr (Fig. 20). 
The low diffusion rates of Co and Ti further inhibited 
the growth of precipitated phases. This study also pro‐
vides a new idea for developing high-performance 
copper alloys: that the interaction of different precipi‐
tates can have a positive impact on alloy properties.

4.3 Cu-Fe-Ti alloys

Both Fe and Ti contribute significantly to deteri‐
oration of the electrical conductivity of Cu. According 
to the Fe-Ti phase diagram, Fe and Ti can combine 
into FeTi and Fe2Ti compounds (Raghavan, 2009). 
Currently, not much research is focused on the ternary 
Cu-Fe-Ti alloy. It was found that the main precipitates 
in Cu-0.8Fe-0.4Ti (% , atom fraction) and Cu-0.4Fe-
0.4Ti (%, atom fraction) alloys were Fe2Ti and FeTi 
phases, respectively (Mineau et al., 1993). Our prelim‐
inary studies (Yang et al., 2021b; Zhao et al., 2021) 
also proved the precipitation of Fe-Ti compounds, as 
shown in Fig. 21. We prepared Cu-0.44Fe-0.23Ti and 
Cu-0.74Fe-0.33Ti alloys (%, mass fraction) with solid-
solution, cold rolling, and aging. The tensile strength 
and conductivity of the former were 488 MPa and 
78% IACS, respectively. The latter alloy achieved a 
tensile strength of 590 MPa and conductivity of 69% 
IACS.

Fig. 17  HAADF image of a precipitate in the aged Cu-
1Co-0.5Si alloy (a); electron diffraction pattern of the 
nano-precipitates (b). At.%: atom fraction. Reprinted from 
(Lei et al., 2021), Copyright 2021, with permission from 
Springer Nature

Fig. 18  Three-dimensional atom-probe results showing that 
CoTi compounds precipitate in a Cu-0.61Co-0.43Ti alloy. 
Reprinted from (Yang et al., 2021a), Copyright 2021, with 
permission from Elsevier. References to color refer to the 
online version of this figure

Table 5  Properties of some Cu-Co-Ti alloys and their compositions and processes

Alloy composition
Cu-0.49Co-4.5Ti 

(%, mass fraction)

Cu-1.03Co-0.52Ti 
(%, atom fraction)

Cu-0.49Co-0.44Ti 
(%, atom fraction)

Cu-0.61Co-0.43Ti 
(%, mass fraction)

Processing
860 °C solution treatment and 400 °C 

aging treatment

900 °C solution treatment and 527 °C 
aging treatment

900 °C solution treatment and 450 °C 
aging treatment

1050 °C solution treatment, cold 
deformation, and 450 °C aging treatment

Hardness (HV)
430

277

200

170

Electrical conductivity
8% IACS

–

–

81% IACS

Reference
Nagarjuna et al., 

2001

Donoso et al., 
2010

Donoso et al., 
2010

Yang et al., 2021a

219



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2023 24(3):206-225

These three systems provide a new direction for 
balancing the trade-off between strength and conductiv‐
ity, and also offer some superior properties compared 
to common alloys, such as the softening resistance of 
Cu-Fe-Ti alloys. They deserve to be further studied 
with a view to large-scale application.

5 Conclusions and prospect 

High-strength conductive Cu alloys have been 
widely used in many fields with high performance 
requirements, and precipitation-strengthened Cu alloys 
represent an essential segment of this market. An 
important aspect of this research is finding ways 
to control the properties of each system. One can regu‐
late properties by adding alloying elements or chang‐
ing the preparation process, and use characterization 
technology and simulation methods to provide an un‐
derstanding of the mechanisms involved. By summa‐
rizing the contents of this review, the current pros‐
pects of high-strength conductive Cu alloy with nano‐
precipitates become clear:

(1) It is through the addition of different ele‐
ments that a variety of high-performance Cu alloy sys‐
tems can be developed. For example, Cu-Ni-Co-Si 
alloy with better comprehensive properties is a prom‐
ising replacement for Cu-Ni-Si alloy as the next gen‐
eration lead-frame material. By studying the effects of 
various elements on precipitates and microstructure, it 
should also be possible to find exciting mechanisms 

Fig. 19  Tensile test curves of the Cu-0.61Co-0.43Ti alloy 
in different states (a); softening temperature test results of 
the alloy (b). Reprinted from (Yang et al., 2021a), Copyright 
2021, with permission from Elsevier. References to color 
refer to the online version of this figure

Fig. 20  Schematic diagram of formation process of CoTi/Cr core-shell structure in alloys. Reprinted from (Yang et al., 
2022), Copyright 2022, with permission from Elsevier. References to color refer to the online version of this figure
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in different systems, such as purification of the matrix 
and grain refinement with rare earth elements.

(2) Recent science and technology will help us 
achieve unexpected changes in precipitates and prop‐
erties. Rapid cooling of the melt can help to eliminate 
micro-segregation in Cu alloys. Plastic deformation 
before aging can promote precipitation, but it is neces‐
sary to avoid the re-dissolving of alloy elements caused 
by excessive deformation.

(3) High-strength conductive Cu alloys have 
many aspects worthy of in-depth exploration. How‐
ever, conventional blind attempts lead to increased 
costs and reduced research efficiency. In recent years, 
the rising big data processing technology (such as ma‐
chine learning, federal learning, and data mining), the‐
oretical calculation, and mathematical simulation have 
proved effective in solving this problem.

(4) It is an open question how the co-existence 
of multiple precipitates in the Cu matrix affects the 
properties of an alloy. Research should be done to 

pinpoint positive interactions that improve the com‐
prehensive properties over past experiments. For ex‐
ample, the Cu5Zr phase and Cr phase in the Cu ma‐
trix work together to produce a Cu-Cr-Zr alloy. The 
CoTi phase inhibits the growth of the Cr phase, there‐
by providing the Cu-Cr-Co-Ti alloy with excellent 
softening resistance. Positive interactions between dif‐
ferent precipitates may be a promising way to improve 
the properties of Cu alloys.
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