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Abstract: A Cu—1.9Ni—1.9Co—0.9Si (mass fraction, %) alloy with high strength and electrical conductivity was designed
by cluster formula approach. The microstructure evolution of the alloy during thermomechanical treatment was
systematically investigated. The strengthening mechanism and electrical conductivity of the alloy were discussed in detail.
The optimal thermomechanical treatment process was as follows: solid solution — 80% cold rolling — (450 °C, 4 h)
aging — 50% cold rolling — (400 °C, 4 h) aging. The designed alloy achieved excellent comprehensive properties with
a microhardness of HV 260, a yield strength of 843 MPa, a tensile strength of 884 MPa, and an electrical conductivity of
42.6%(IACS). Compared to direct aging treatment, the designed alloy subjected to multi-stage thermomechanical
treatment had refined grains, high density of dislocations, and accelerated of precipitation of (Ni,Co),Si precipitates. High
strength was mainly attributed to the combined effect of dislocation strengthening, work hardening and sub-grain
strengthening, while good electrical conductivity was maintained through the precipitation of the large number of
nanoparticles.
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the electron scattering, resulting in an increase
in electrical conductivity [6]. The precipitates
characteristics (e.g., type, size, volume fraction,

1 Introduction

Cu—Ni—Si alloys have been widely used as
integrated circuit lead frames and electronic
component connectors due to their high strength,
good electrical conductivity, and good anti-stress
relaxation properties [1,2]. As typical precipitation-
strengthened  copper alloys, the excellent
comprehensive performance of Cu—Ni—Si alloys
was attributed to nanoparticles precipitated
from supersaturated solid solution during aging
treatment [3,4]. Nano-scale precipitates hindered
dislocation movement, thereby improving mechanical
properties [5]. Additionally, the precipitation process
consumed solute atom concentration and weakened

and distribution) were critical in determining
the effectiveness of precipitation strengthening [7].
Thus, alloy design with modifying precipitates
characteristics was an effective method to achieve
high-performance copper alloys [§].

There have been numerous reports on the
composition design of Cu—Ni—Si alloys [9]. LI
et al [10] investigated the microstructure and properties
of a series of Cu—Ni—Si alloys with different Ni/Si
mass ratios, concluding that Cu—Ni—Si alloys with
Ni/Si mass ratios close to 4—5 (atomic ratio close
to 2) presented good comprehensive properties.
Additionally, several researchers have investigated
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the effect of microalloying elements in Cu—Ni—Si
alloys, including Cr [11,12], Ti [13,14], Nb [15],
Al[16],Zr[17,18], Ag[19], and notably Co [20—23].
The incorporation of Co formed orthorhombic
0-(N1,Co),Si, suppressing spinodal decomposition
process [24] and promoting the growth of the
precipitates [22]. Cu—Ni—Co—Si alloys (ASTM,
C70350) were developed by substituting some Ni
with Co in Cu—Ni—Si alloys (ASTM, C70250). The
mechanical properties and electrical conductivity of
C70350 alloys were better than those of C70250
alloys [25]. LI et al [26] prepared a series of
Cu—Ni—Co—Si alloys with varying Ni/Co mass ratios
to study the effect of Ni/Co ratio on mechanical
properties and electrical conductivity of the alloys.
This experimental exploration made it hard to allow
for the optimization of alloy composition to achieve
the desired properties, highlighting the drawbacks
of traditional trial-and-error method in terms of
inefficiency and high cost.

A cluster formula approach has been proposed
to serve the development of alloys, which has been
successfully applied in the compositional design
of Cu—Ni system alloys [27—29]. For instance, a
[(Feo7Mng25)1Nii2]Cuszos  cupronickel alloy was
developed using the cluster formula approach,
exhibiting higher corrosion resistance compared
to commercial C71500 alloys [27]. In the
compositional design of precipitation-strengthened
Cu—Ni—Sn alloys, a {[Cu—Cui2]Cus}4{[Sn—Nii>]Sns}
alloy (Cu—13Ni—9Sn, wt.%) with superior
conductivity and hardness compared with C72900
alloy (Cu—15Ni—8Sn, wt.%) was obtained [28].
Similarly, the [(Ni,Si,M);—Cui2]Cu; (M=Cr, Fe, Mo,
Zr) cluster formula approach was employed in
Cu—Ni—Si alloys to achieve high performance [29].
Above all, the effective application of cluster
formula approach reduced designing time and costs
in alloys development. However, there existed a
notable scarcity in applying the cluster formula
approach to design copper alloys with high strength
and conductivity. Besides, it was hard to use the
cluster formula approach to design the processing
parameters of high-performance alloys, exposing
limitations in evaluating the properties of the
alloy. Hence, the investigation of the cluster
formula approach in combination with multi-stage
thermomechanical treatment is of great significance
for the preparation of high-performance copper
alloys.

In this work, a Cu—Ni—Co—Si alloy was
designed using the cluster formula approach, and
the alloy sheet was produced by multi-stage
thermomechanical treatment. The microstructure,
mechanical properties, and electrical conductivity
of the alloy were thoroughly investigated under
various thermomechanical treatment processes.
The cluster formula approach was used to design
the composition of the Cu—Ni—Co—Si alloy,
and the impact of thermomechanical treatment
on its properties was extensively discussed. A
compositional design strategy for Cu—Ni—Co—Si
alloys was formulated, offering valuable guidance
for the development of high-performance Cu—Ni—
Co—Si alloys.

2 Alloy design and experimental methods

2.1 Cluster formula approach design of alloy

For typical precipitation-strengthened Cu—
Ni—Si alloys, the formation of a high-purity solid
solution was a prerequisite to achieve high
performance [29]. The solute atoms exhibited a
chemically short-range ordered distribution, and
long-range still maintained the matrix structure in
solid solution. This was the basis for the cluster
formula to design stable solid solution [30]. The
cluster type, as a basic molecule-like structure unit in
solid solution, which was the same as the unit cell,
was the most basic geometrical unit for describing
crystals in traditional crystallography [28].

The cluster formula could be described as a
structural unit of a first-neighbor cluster plus a
number of second-neighbor glue atoms, expressed as
[cluster](glue atoms), [31]. The cluster and number
of glue atoms (x) need to be determined as follows:

(1) Cluster structure: The cluster represented
a generalized nearest-neighbor coordination poly-
hedron with a central atom (M). There were 12 atoms
(polyhedral shell atoms) in the nearest-neighbor
around central atom M for copper alloys (FCC
structure), namely a cube-octahedron cluster [M—Cuuz]
with a coordination number of 12, as shown in
Fig. 1(a).

(2) Central atom M: There was strong
interaction between central atom M and polyhedral
pellet atoms, and the interaction was reflected in the
mixing enthalpy [28,31]. According to the mixing
enthalpy of matrix Cu with alloying elements
(AHcuni=0.04 €V, AHcu-c=0.06 €V, and AHcu-si=
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—0.19eV [32]), there was a strong interaction
between Si and Cu. Si, as the central atom, was
attached to Cu. Moreover, Co and Ni had negative
mixing enthalpies with Si and positive mixing
enthalpies with Cu (AHni-si=0.41 eV, and AHco-si=
—0.39 eV [32]), indicating that Ni and Co were in
close proximity to Si and away from Cu. Considering
(Ni,Co)/Si molar ratio close to 2 with good
properties [26], the cluster was given as
[(N1,Co)23S115—Cuyz2].

(3) Number of glue atoms [30]: Cu was the glue
atoms, acting as a connection between clusters. The
number of glue atoms x decided the stability of the
cluster formula structure. Based on the effective pair
potential function (Fig. 1(b)), clusters losing valence
electrons preferentially populated negative potential
region (Trough: r=1.251f;), and the connecting
atoms were located in the positive charge region
(peak: r15=1.75Ag:). r1 corresponded to the nearest-
neighbor distance (r1=a/ V2 ), and 7 s corresponded
to the radius of cluster formula (The theoretical
radius of cluster formula was equal to 1.764k: (the
first charge-neutral position) interfered by near-
neighbor clusters). The total number of atoms in a
cluster formula structure was (4m/3)(1.764)°p.<16,
i.e., x value was given to be 3.

In conclusion, the stabilized cluster formula
for the Cu—Ni—Co—Si alloy was expressed as
[(N1,C0)253S115—Cui2]Cusz  (Cu—1.9Ni—1.9Co—0.9Si,
wt.%). The main chemical composition of the
commercial Cu—Ni—Co—Si alloys (ASTM, C70350)
was: 1.0-2.5 wt.% Ni, 1.0-2.0 wt.% Co, and 0.5—
1.2 wt.% Si [33], with the popular alloys being
Cu—1.5Ni—1.1Co—0.6Si. The composition of the
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designed alloy by cluster formula approach was
situated in this range, but it had higher content
alloying elements than the popular Cu—1.5Ni—
1.1Co—0.6Si alloys.

Equilibrium structure was the basis of alloy
design and a prerequisite for designing high-
performance precipitation-strengthened alloys. The
equilibrium structure of the cluster-designed alloys
was discussed based on thermodynamic data. From
the binary phase diagrams of Cu—Ni, Cu—Co, and
Cu—Si (Springer materials data source), Ni was
infinitely dissolved in Cu, while Co and Si had a
certain degree of solid solubility in Cu (the solubility
of Co and Si in Cu at 950 °C was approximately
3.5 wt.%, and 5.0 wt.%, respectively). It was inferred
that the designed alloy would be a single solid
solution at high temperatures. The isothermal cross-
sectional phase diagrams of the Cu—Ni—Si,
Cu—Ni—Co, and Cu—Co—Si ternary alloys at 950 °C
were calculated by Thermo-Calc software, as shown
in Figs. 2(a—c), respectively. With Ni (1.9 wt.%),
Co (1.9wt.%) and Si (0.9 wt.%) contents, the
compositional points fell within the single-phase
(a-solid solution, FCC) region of the Cu—Ni—Si and
the Cu—Ni—Co systems, respectively, while belonged
to the two-phase (FCC+Co,Si) region of the
Cu—Co—Si system. The formation enthalpies of
NizSi, Co,Si, and (Ni,Co),Si were similar (—30.58,
—29.06 and -29.85¢V, respectively [3]). The
interaction among Ni, Co, and Co affected the
equilibrium structure of the alloys, necessitating
further consideration of the phase structure of the
tetradentate alloys as well. Figure 2(d) shows the
variation of phase fraction of the designed alloy as a
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Fig. 1 Schematic diagram of Cu—Ni—Co—Si alloy cluster formula design: (a) Cluster structure of Cu matrix; (b) Effective

pair potential function [30]
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Fig. 2 (a—c) Calculated isothermal sections of Cu—Ni—Si, Cu—Ni—Co and Cu—Co—Si systems at 950 °C, respectively;

(d) Phase fraction of designed alloy versus temperature

function of temperature. The designed alloy had
mainly FCC structure and tiny amount of
Co,Si phase after high temperature solid solution
treatment, which was similar to that reported by
WANG et al [34].

2.2 Alloy preparation

The Cu—Ni—Co—Si alloy was prepared by
vacuum intermediate frequency induction furnace,
with the raw materials of pure Cu, Ni, Co, and Si.
The chemical composition of the alloy was measured
by a SPECTROBLUE inductively coupled plasma
optical emission spectrometer (ICP-OES), as
shown in Table 1. The ingot was subjected to
homogenization at 950 °C for 4h, and then
immediately underwent hot rolling with 70%
reduction. The hot-rolled plate was solid-solution
treated at 950 °C for 2 h, followed by quenching in
water. Finally, samples were produced from the solid
solution state (SSS) plate subjected to direct aging
treatment (DAT) and multi-stage thermomechanical
treatment (TMT) with cold rolling (CR) and aging
alternately, as listed in Table 2.

Table 1 Chemical composition of Cu—Ni—Co—Si alloy

Measured content/

Alloy
Cluster composition/ wt.%
formula o - :
wt.% Ni Co Si Cu
[(N1,C0)25Si13—  Cu—1.95Ni—

1.91 1.93 1.01 Bal.

Cu12]Cus 1.96C0—0.93Si

Table 2 Process of sample preparation

Heat treatment Process
Direct aging SSS + aging at 400/450/500 °C
treatment (DAT) for different time

First-stage TMT
(FTMT)

SSS + 80% CR+ aging at
400/450/500 °C for different time

Second-stage
TMT (STMT)

Selected FTMT + 50% CR+ aging at
300/350/400 °C for different time

2.3 Properties tests

The Vickers microhardness of the samples was
tested by an HV—5 hardness tester with a load of
0.5 kg and a dwelling time of 15 s. The hardness of
each sample was averaged from five tests at different



876 Shi-fang LI, et al/Trans. Nonferrous Met. Soc. China 36(2026) 872—886

locations. The electrical conductivity of the samples
with a size of 15 mm % 15 mm was measured by an
eddy-current conductivity meter (SIGMASCOPE
SMP350) with the international annealed copper
standard (%(IACS)) as a reference. An Instron 5565
universal testing machine equipped with an Instron
video extensometer was employed to carry out room
temperature tensile tests on the samples at a tensile
rate of 1 mm/min. The dimensions of the dog-bone-
shaped flat tensile samples were 40 mm x 6 mm X
1 mm. Tensile tests were performed three times and
the average value was taken as the mechanical
properties of the samples.

2.4 Microstructure characterization

The structure of the samples was identified
using a D/Max 2550VB X-ray diffraction (XRD)
within a scanning range of 20°—100° and a scanning
speed of 4 (°)/min. An MIRA4 LMH field emission
scanning electron microscope (SEM) was used to
observe the fracture morphology of the tensile
samples. An SEM equipped with a NordlysMax2
electron backscatter diffraction (EBSD) detector was

used to obtain crystallographic data from the samples.

The EBSD samples were prepared by mechanical
polishing followed by Ar-ion thinning. An FEI Talos
F200x transmission electron microscope (TEM) was
employed to observe the microstructure of the
samples and analyze the structure of precipitated
phases.

3 Results

3.1 Hardness and electrical conductivity

Figure 3 shows the variation in microhardness
and electrical conductivity of the alloys after DAT
and multi-stage TMT. At a given aging temperature,
the microhardness initially increases to a peak before
declining with prolonged aging time, while the
electrical conductivity increases rapidly in the early
stage of aging and then stabilizes with further
aging. The variation in hardness corresponds to the
generation and coarsening of precipitates, with
generation prevailing in the early stage of aging and
coarsening dominating in the later stages [35].
Similarly, the variation in conductivity refers to the
precipitation kinetics, with rapid precipitation in the
early stage of aging and limited precipitation in the

late aging stage. Higher aging temperature results in
shorter time to reach peak microhardness and
faster increase in conductivity. The optimal aging
conditions for achieving desirable comprehensive
properties (product of microhardness and elec-
trical conductivity) after DAT, FTMT and STMT
are (500 °C, 480 min), (450 °C, 240 min), and
(400 °C, 240 min), respectively, with corresponding
microhardness and electrical conductivity values of
HV 235, 38.7%(ACS), HV 247, 36.1%(IACS) and
HV 260, 42.6%(IACS). Compared to DAT, multi-
stage TMT enhances the combined properties of
microhardness and electrical conductivity. Selected
samples from the aforementioned DAT, FTMT, and
STMT treatments with desirable comprehensive
properties (labeled as selected-DAT, selected-FTMT,
and selected-STMT) are further analyzed.

3.2 Tensile properties

Figure 4 shows typical engineering stress—
strain curves and mechanical properties of alloys in
different states. For the multi-stage TMT samples,
there is a noticeable increase in strength and a sharp
decrease in elongation compared to the SSS samples.
The yield strength increases from (509+17) MPa for
the selected-DAT samples to (843+7) MPa for the
selected-STMT samples, while the corresponding
elongation decreases from (10.3+1.9)% to (3.1£1.2)%.
Figure 5 shows the fracture morphologies of tensile
samples in different states at room temperature.
Plethora dimples are observed, showing typical
ductile fracture behavior. The dimensions of dimples
decrease for samples after multi-stage TMT, aligning
with the reduced elongation.

3.3 Microstructure

Figure 6 shows the XRD patterns of samples in
different states. The diffraction peaks corresponding
to the marked Cu matrix and the precipitates are
evident. The precipitates, identified as (Ni,Co),Si,
exhibit similar diffraction peaks to Ni»Si and Co,Si,
which have orthorhombic structure with comparable
lattice parameters (Ni,Si: ¢=0.706 nm, 5#=0.499 nm,
¢=0.372nm; Co,Si: ¢=0.710 nm, 5=0.491 nm,
¢=0.378 nm [22]). The intensity of diffraction peaks,
primarily attributed to the precipitates, gradually
increases after multi-stage TMT, indicating an
increase of the content of precipitates.



Shi-fang LI, et al/Trans. Nonferrous Met. Soc. China 36(2026) 872—886 877

260 = 45 | (b)
240 2
> < a0t
z 220 3
2 200 BRI
2 Z
g 180 B 30l
£ 160 S
g g
g 0r —— 450 °C i —— 450 °C
120 + —e— 500 °C 2 —e— 500 °C
—— 550 °C 5 20 —— 550 °C
100 - 2
m
80 L , , , , ‘ , , 15 r ) , , , , , .
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Aging time/min Aging time/min
280
260 $
S
2 240 I
Z >
2 220 z
2 kst
= 200 =
£ g
g 180 =
£ g 25t —=— 400 °C
160 B 20k —e— 450 °C
3 —— 500 °C
140 = o5t
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Aging time/min Aging time/min
(e) ®
280 760
Q
260 | . | =
= I 55F
T 240 S
200 2 50F
_§ 220 _;5
<200 g 45t
b= o
2 —=— 350 °C =
S 180 —e— 400 °C 2 40r —s— 350 °C
——450°C 3 —e— 400 °C
160 | @ 35f —— 450 °C
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Aging time/min Aging time/min

Fig. 3 Microhardness (a, c, €) and electrical conductivity (b, d, f) of alloys after DAT and multi-stage TMT: (a, b) DAT;
(c, d) FTMT; (e, f) STMT

L(a b rAYield strength 135
1000 () —SSS 1000 -®) 3.5 Tensile strength e84
200 — Selected-DAT B Elongation s12 s 430
- — Selected-FTMT , 800 7631h
& 600 /‘\ — Selected-STMT E 688 125 =
% | = 600 509 120 .§
5} o0 <
= 1 = i &0
= 400 2400+ 10.3 15 5
N 305 110 E
200 h 200|174
a 33 3115
0 1 1 1 1 1 1 1 1 O . l 0
0 5 10 15 20 25 30 35 SSS  Selected- Selected- Selected-
Strain/% DAT FTMT STMT
Alloy state

Fig. 4 Typical engineering stress—strain curves (a) and corresponding mechanical properties (b) of alloys in different states



878 Shi-fang LI, et al/Trans. Nonferrous Met. Soc. China 36(2026) 872—886

3

Fig. S Fracture morphologies of tensile samples in different

(d) Selected-STMT

v Cu (PDF#04-004-4624)
+ (Ni,C0),Si (PDF#97-016-5256)
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A
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Fig. 6 XRD patterns of samples in different states

Figures 7(a—c) show inverse pole figure (IPF)
coloring maps of samples in different states. The
grains in the selected-DAT sample appear equiaxed
with numerous twin boundaries, and the grain
orientation distribution is relatively random. After
TMT, the grains elongate along the rolling direction,
showing fibrous structure. Excessive green and blue
areas are evident in the selected-FTMT and selected-
STMT samples, indicating grain rotation towards

Sy Ero Tl ‘
(b) Selected-DAT; (c) Selected-FTMT;

(110) and (111). Additionally, fine polygonized
grains are observed in some areas, suggesting a
recrystallisation process. Figures 7(d—f) and (g—i)
show the orientation distribution function (ODF)
sections (¢,=0°, 45°, 65°) and texture component
(TC) distributions of the samples in different states,
respectively. Referring to typical face-centered cubic
(FCC) crystal system ODF sections [36], the
selected-DAT sample presents R-Cube texture and
G/B texture with a content of 5.9% and 3.6%,
respectively. The sample subjected to FTMT shows
significant R/B and S deformed textures at 15.7%
and 9%, respectively. Subsequent to STMT, G/B
texture shifts to a stable Brass texture, and the
density of S texture increases. A low density of Cube
recrystallization texture is also observed. It has been
revealed that grains close to the [111] crystal plane
exhibit high strength with a low Schmid factor value,
whereas grains close to the [100] crystal plane have
low strength [37]. This phenomenon explains the
increase in hardness of the samples subjected to TMT.

Figures 8(a—c) show bright field (BF) images
of the selected-DAT sample. A large number of fine
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Fig. 7 EBSD maps of samples in different states: (a—c) Inverse pole figure (IPF); (d—f) Orientation distribution function
(ODF); (g—j) Texture component (TC)

Fig. 8 TEM images of selected-DAT sample: (a, b, ¢) BF images; (ci—c4) EDS mappings of (¢); (d) HRTEM image and
FFT patterns of Zones [-1V
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precipitates are uniformly dispersed in Cu matrix. It
can be observed that nano-scale precipitates with the
strain contrast have a zero-contrast line in Fig. 8(c),
indicating that these precipitates are completely
coherent with Cu matrix. The precipitates appear
as disk-shaped and rod-shaped morphologies.
Figures 8(ci—c4) show the corresponding energy
dispersive spectrometer (EDS) analysis results of
Fig. 8(c), reflecting that the precipitates mainly
consist of Ni, Co, and Si. Figure 8(d) shows the high
resolution TEM (HRTEM) image and fast Fourier
transformation (FFT) patterns with the beam
direction along [110]cy zone axis. The precipitates
are identified as J-(Ni,Co),Si, as confirmed by EDS
mapping and FFT patterns. The average size of
the precipitates is approximately 10 nm. Different
shapes of precipitates are mainly related to different
growth directions, namely growth along the direction
of low energy [20]. The crystal orientation
relationships of the disk-shaped precipitates
(Zones I and 1V) and rod-shaped precipitates (Zones
II and IIT) with the Cu matrix are (021)s//(111)cy,
[100]s//[110]cu and (301)s,//(111)cy, [010]5,/[110]cu,
respectively, which are in agreement with the
available reports [20].

Figure 9 shows TEM images of the selected-
FTMT sample. There are numerous dislocation
configurations in the sample, such as dislocation

150 nm

o dods b

tangles, dislocation walls, and dislocation cells.
These defects are a representation of work hardening.
Additionally, the interaction between precipitates
and dislocations is also observed in Fig. 9(b), which
is responsible for aging strengthening. The
precipitates exhibit heterogeneous dimensions, with
large and small sizes corresponding to coarsened
precipitates and freshly generated ones, respectively.
The average particle size of precipitates in the
selected-FTMT sample is approximately 13 nm,
significantly larger than that of the selected-DAT
sample. Figures 9(c, ¢) show HRTEM images of
larger-size precipitates. It is worth noting that the
growth of precipitates leads to the damage of the
coherent relationship between the precipitates and
Cu matrix.

Figure 10 shows TEM images of the selected-
STMT sample. A reduced dislocation density within
the intracellular region tends to be pure and the
thinning of the cell wall tends to be polygonized in
the selected-STMT sample, suggesting a typical
recovery process. Compared to the selected-FTMT
sample, the selected-STMT sample has a higher
dislocation density and more significant interaction
between precipitates and dislocations. The size of
the precipitates further increases with an average
particle size of about 27 nm. The coarsening of
precipitates plays the dominant role from interfacial

vﬂﬂﬂh
[002] s,

Fig. 9 TEM images of selected-FTMT sample: (a, b, d) BF images; (di—d4) EDS mappings of (d); (c, ¢) HRTEM image

and FFT patterns of Zones I-IV, respectively
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Fig. 10 TEM images of selected-STMT sample: (a, b, d) BF images; (di—d4) EDS mappings of (d); (c, ) HRTEM image

and FFT pattern of Zones I and II

energy to strain energy, leading to the incoherence of
larger-size precipitates with Cu matrix.

4 Discussion

The process is also a crucial factor to
significantly consider the properties of Cu—Ni—
Co—Si alloys. The designed alloy is subjected
to the multi-stage TMT, progressively improving
its comprehensive performance (selected-DAT <
selected-FTMT < selected-STMT). The first cold
rolling deformation leads to numerous dislocations,
improving the strength of the alloy. Besides, these
defects accelerate precipitation during aging
treatment, thus increasing the number of precipitates.
The formation of precipitates simultaneously
improves both mechanical properties and electrical
conductivity. The precipitates developed in the first-
stage TMT play a significant role in the second
cold rolling process, hindering the movement of
dislocations and grain boundaries, and enhancing the
work-hardening effect. The precipitates associated
with high deformation stored energy continue to
precipitate during subsequent aging treatment,
further improving the properties of the alloy. The

designed alloy is subjected to multi-stage TMT,
resulting in grain refinement, increased dislocation
density and precipitates. The optimal multi-stage
thermomechanical treatment to obtain excellent
comprehensive properties is as follows: solid
solution — first cold rolling by 80% — aging at
450 °C for 240 min — second cold rolling by
50% — aging at 400 °C for 240 min. The selected-
STMT sample achieves a yield strength of 843 MPa,
a tensile strength of 884 MPa, and an electrical
conductivity of 42.6%(IACS). The effects of multi-
stage TMT on mechanical properties and electrical
conductivity are discussed.

4.1 Effect of multi-stage TMT on mechanical
properties
The strength is derived from precipitation
strengthening, strengthing caused by the work
hardening, sub-grain strengthening and solid
solution strengthening [26]. The strength of the
alloys (caioy) can be expressed as follows [6,38]:

Oalloy=00TAopistAoctAoy,+Aos (1)

where oy is the strength of Cu matrix (60 MPa [6]),
Aonpis 1s the strengthening caused by work hardening,
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Ao is the sub-grain strengthening, Acgp, is the
precipitation strengthening, and Aogs is the solid
solution strengthening. For the precipitation-
strengthened alloys, the contribution of solid
solution strengthening to the strength of Cu—Ni—
Co—Si alloys is limited and negligible [39,40].

The alloy is deformed by cold rolling to
introduce a large number of dislocations, as shown
in Fig. 8(a). The interaction of dislocations, such as
pile-up, entanglement, and jog impedes movement,
increasing the strength of the alloy. The
strengthening caused by work hardening can be
expressed by the Bailey—Hirsch equation [40]:

Ao =aMGhy[p (2)
16.1¢”
== (3)

where a is a constant (0.26 [40]), M is the
Taylor factor (3.08 [40]), G is the shear modulus
(44 GPa, [40]), b is the magnitude of Burger vector
(0.255 nm [40]), p is dislocation density, and ¢ is
micro-strain obtained from XRD result, as shown in
the following equation [6,41]:

B
4tan @

where £ is the FWHM of XRD peak, and 26 is the
diffraction angle. The micro-strain ¢ of the selected-
STMT samples is 0.248. The dislocation density
and dislocation strengthening contribution of the
selected-STMT samples are obtained to be
1.6x10" m2 and 359 MPa, respectively.
Additionally, the conventional grains are
fragmented and numerous substructures are formed
during cold rolling. Dislocation entanglement forms
a dislocation cell consisting of a cell wall with high
dislocation density and an intracellular region of low
dislocation density. The sub-grains with nearly
dislocation-free intracellular regions and thinned cell
walls are formed as a result of recovery during aging.
The sub-grain strengthening can be expressed as [6]

X 5)
NR
where K, is a constant (0.14 MP-m'? [6]), and d, is
the average size of sub-grains, which is 2.7 um for
the selected-DAT samples and 0.4 um for the
selected-STMT samples (measured using Imagel
software statistics of several TEM images). The sub-
grain strengthening contribution of the selected-DAT

(4)

Aos=

samples and the selected-STMT samples is 85 and
221 MPa, respectively.

Nanoscale precipitates are dispersed during
the aging treatment. The interaction between
precipitates and dislocations hinders the movement
of dislocations (Fig. 8(b)), increasing the strength of
the alloy. The hard particles ((Ni,Co).Si) are difficult
to deform, and the interaction between precipitates
and dislocations is a bypassing mechanism, i.e., the
Orowan mechanism. The contribution of precipitates
to strength can be expressed as [8]

MGb In(d,/b)
n(1-v)" (d \[3n/f, —2d)

where d, is the average size of the precipitates, which
is 10 nm for the selected-DAT samples and 26 nm for
the selected-STMT samples (measured using Image
J software statistics of multiple TEM images); v is
Poisson ratio (0.34 [8]); fv is the volume fraction of
precipitates, which is 2.9% for the selected-DAT
samples and 3.4% for the selected-STMT samples.
The precipitation strengthening contribution of
the selected-DAT samples and the selected-STMT
samples is 357 and 199 MPa, respectively.

The contribution of precipitation strengthening
is significantly higher for the selected-DAT samples
than that for the selected-STMT samples, as reflected
by the wvariation in microhardness. The micro-
hardness of the selected-DAT samples aged at
500 °C for 480 min has an increment of HV 143,
while the increment in microhardness of the
selected-STMT samples is HV 79 after twice aging.
The precipitates in the selected-DAT samples are
uniformly nucleated with small size and hardly
coarsen. In contrast, the precipitates in the selected-
STMT samples are nucleated in highly defective
region and coarsen easily due to stored energy
introduced by deformation to improve the phase
transformation driving force. This is evidenced by
the fact that the aging temperature and aging time
at peak microhardness decrease successively
along with multi-stage thermomechanical treatment,
as shown in Fig. 1. Ultimately, the strength of
the selected-DAT samples lacking sub-grain
strengthening and work hardening is lower than that
of the selected-STMT samples.

Ac,=0.81 (6)

4.2 Effect of multi-stage TMT on electrical
conductivity

The electrical conductivity of alloys is



Shi-fang LI, et al/Trans. Nonferrous Met. Soc. China 36(2026) 872—886 883

governed by solid solution atoms, grain boundaries,
precipitates, and dislocations. According to the
Matthiessen’s law, the resistivity of alloys (paloy) 1S
expressed by the following equation [10,42]:

palloy:pO+Apd+Apg+App+Aps (7)

where po represents the resistivity of the Cu matrix,
Apq represents the resistivity caused by dislocations,
Ap. represents the resistivity caused by grain
boundaries, Ap, represents the resistivity caused by
precipitates, and Ap, represents the resistivity caused
by solid solution atoms. Among these, the resistance
caused by solid solution atoms against electron
scattering is much larger than the other factors [5].
The formation and growth of precipitates are
a process that decreases the solute atom content
in the matrix, primarily affecting the electrical
conductivity of alloys. For the selected-DAT samples,
the insufficient precipitation kinetics makes it
difficult for precipitates to consume solute atoms
by forming and growing precipitates, resulting
in low electrical conductivity. A large number of
dislocations are introduced after multi-stage
thermomechanical treatment. These defects provide
nucleation sites for precipitates and act as diffusion
channels for atoms, accelerating precipitation [6].
Besides, the stored energy introduced by the
deformation acts as a driving force, enhancing the
precipitation kinetics for the phase transformation.
Ultimately, the selected-STMT sample has a large
volume fraction of precipitates and exhibits high
electrical conductivity.

4.3 Properties comparison

Figure 11 shows the tensile strength and
electrical conductivity of the designed Cu—Ni—Co—
Si alloy and other reported alloys [5,23,24,26,35,40,
43—-47]. The composition of the studied alloys
mostly adheres to a (Ni+Co)/Si mass ratio of 4—4.5.
The Ni/Co mass ratio has a significant effect on the
properties of the alloys. Generally, Cu—Ni—Co—Si
alloys with a high Ni/Co mass ratio exhibit high
tensile strength whereas those with a low Ni/Co mass
ratio have good electrical conductivity. HUANG
et al [5] reported Cu—4.5Ni—1.2Co—1.0Si—0.1Mg
alloy with an ultra-high tensile strength of 1111 MPa
and an electrical conductivity of 30.1%(IACS).
OZAWA et al [24] reported Cu—1.4Ni—0.6Co—0.5S1
alloy with a tensile strength of 690 MPa and a good
electrical conductivity of 50%(IACS). The alloy

studied in this investigation achieves excellent
comprehensive properties with a tensile strength of
884 MPa and an electrical conductivity of 42.6%
(IACS) (a product of tensile strength and electrical
conductivity of 37.6 GP-%(IACS)) through cluster
formula approach design combined with multi-stage
thermomechanical treatment.

1100 - 37.6 GPa-% (IACS)
1000 F+ e
< : This work
E 900 ‘ e
= c %
go o .
5 800« . o
= 7001 2% ey oY
=l C
ﬁ Cu-4.5Ni-1.2Co-1.08i-0.1Mg [5] ® ¢ )

600 | © corsnit Cr [35]

» Cu-19Ni-1 r[43]

® Cu-1.6Ni=1.2Co-0.6Si-0.1V [44]

© Cum1.6Ni=1.2C0-0.68i-0.2V [44]
1 1 I

500 L L L L L
27 30 33 36 39 42 45 48 51

Electrical conductivity/%(IACS)
Fig. 11 Comparison of properties of Cu—Ni—Co—Si alloys
with different compositions

5 Conclusions

(1) A Cu—-19Ni—-1.9Co-0.9Si alloy was
designed by cluster formula approach. The
alloy subjected to multi-stage thermomechanical
treatment had a hardness of HV 260, a yield strength
of 843 MPa, a tensile strength of 884 MPa, and an
electrical conductivity of 42.6%(IACS).

(2) After multi-stage thermomechanical
treatment, the grains of the alloy were refined from
2.7 to 0.4 um, the volume fraction of (Ni,Co),Si
precipitates increased from 2.9% to 3.4%, and the
dislocation density of the alloy was up to
1.6x10" m™,

(3) The high strength was attributed to
work hardening, sub-grain strengthening, and
precipitation strengthening, with corresponding
contribution of 42%, 26%, and 23%, respectively.
The high electrical conductivity mainly resulted
from the precipitation of a large number of
nanoparticles.
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