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ARTICLE INFO ABSTRACT

Keywords: Copper alloys are widely used as lead frames, electric contact wires and pantographs due to their high electrical
Cu-Co-Si-Ti-Ce alloy conductivity and excellent mechanical properties. At present work, a medium electrical conductivity and
Precipitation

excellent mechanical properties of Cu-Co-Si-Ti-Ce alloy was obtained by the vacuum melting process with the
optimum performance of 225 HV, 702.5 MPa and 40.8% IACS aging at 500 °C for 60 min via the combinations of
multiple strengthening. It can be inferred that the high-volume fraction of Goss, Brass, copper and S texture was
one of the main reasons for the increase of micro-hardness by comparing the texture content at different con-
ditions. Moreover, it was observed that Co,Si and Co14TigSi; phases exhibited coherent and semi-coherent
interface relationships with the copper matrix, respectively, which can relieve the interfacial stress and reduce
the interface energy by GPA analysis. Finally, the contributions of solid solution strengthening, work-hardening,
grain boundary strengthening and precipitation strengthening were calculated, contributing most to the pre-

Multiple strengthening
Mechanical properties

cipitation strengthening.

1. Introduction

Copper alloys have been widely used in the electronic and electrical
industries, lead frames, aerospace and other fields due to the combina-
tion of high strength and high electrical conductivity, which can be
attributed to the precipitation of nanoscale particles during aging [1-5].
Up to now, Cu-Ni-Si alloy [6,7], Cu-Ni-Sn alloy [8,9], Cu-Fe-P alloy [10],
Cu-Cr-Zr alloy [11,12], Cu—Ti alloy [13,14] and et al. can be potential
replacements for the Cu—Be alloys, as a result of toxicity for beryllium
was found to be harmful to human health especially in the
manufacturing process [15]. Especially, Cu-Ni-Si systems alloys have
attracted much interest due to their high strength and good electrical
conductivity [16-18]. The low content of Ni and Si make Cu-Ni-Si alloys
used as lead frames due to the combination of high strength and good
electrical conductivity. The high content of Ni and Si make Cu-Ni-Si
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alloys higher strength, which are potential elastic conductive mate-
rials [4,17,18].

Higher strength and better conductivity of copper alloys are required
for the rapid development of equipment and technologies. One of the
most effective ways is to add trace alloy elements, accompanied by
refining the grains, promoting precipitation and finally strengthening
the matrix. Advantageous addition elements include Co [5,19], Ti
[13,14], Cr [20,21], Al [17,22], Mg [23], et al. Zhao et al. [24] inves-
tigated the microstructure and properties of a Cu-Ni-Si-Co-Cr alloy with
high strength and high conductivity. It can be inferred that Co addition
promoted the precipitation of Cr, Ni and Si solute elements from the
matrix, while inhibited the growth of the (Cr, C0),Si, resulting in high
strength and good electrical conductivity of studied alloy. Cheng et al.
[25] observed the existence of three kinds of nanoscale precipitates,
ordered face-centered cubic 5-NisSi, orthorhombic 8-Ni,Si and ordered
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face-centered cubic (Ni, Cr, Si)-rich phase, increasing the mechanical
properties. Lei et al. [22] observed that Al addition enhanced the anti-
stress relaxation property and strength by refining grain size and pro-
moting the precipitation during the aging process. The other method is
to optimize the thermo-mechanical treatment following by an aging
process. Apart from alloying, the different aging parameters and related
morphology of the precipitated phases at different stages of the heat
treatment process play a vital role in the mechanical performance of
copper alloys. The thermomechanical treatment can result in a fine
structure and supersaturated solid solution. By following this with an
aging process, mainly including cold rolling and aging treatment, the
copper alloys are subsequently strengthened due to the multiple
strengthening mechanisms, which are employed commercially on a
wide variety of nonferrous materials, especially in some age-harden able
aluminum alloys with great success [18,22]. Additionally, the precipi-
tation purifies the Cu matrix to guarantee electrical conductivity.
Therefore, adding trace alloying elements, understanding and optimi-
zation of the aging process to control the precipitation process are the
vital key to improve the overall property of copper alloys.

In our previous work, the effects of Ti and Ce addition on hot
deformation were carried out on the Gleeble-1500 simulator in order to
understand the hot deformation studies [26,27]. To understand the
optimum aging parameters and age-hardening mechanisms in Cu-Co-Si-
Ti-Ce alloy, it is essential to investigate the microstructure evolution and
effects on the mechanical properties during aging treatment. Currently,
the microstructure evolution and mechanical properties of Cu-Co-Si-Ti-
Ce alloy were investigated by the scanning electron microscope (SEM),
electron backscatter diffraction (EBSD), transmission electron micro-
scope (TEM) and high-resolution transmission electron microscope
(HRTEM) during the aging process. In addition, the details of the
interfacial relationship between precipitates and Cu matrix can effec-
tively affect the stress state and accordingly the strength of the alloy. The
strain field distribution can be evaluated through the geometric phase
analysis (GPA) of HRTEM images.

2. Materials and methods
2.1. Materials preparation

The prepared raw materials mainly including electrolytic cathode
copper, pure Co, Si, Cu-45%Ti and Cu-19%Ce, were cut into small pieces
to facilitate the ingredients and melting. The melting of alloys was
carried out in a medium frequency vacuum induction furnace (ZG-0.01-
40-4), and a certain amount of argon was required to be put in at the
same time to prevent the oxidation of alloys. The nominal composition
and actual composition of the alloy designed can be observed in Ref. [26
and 27]. In order to remove the casting defects of the ingot, the risers of
the ingots cooled to room temperature were cut off, and the surface
oxide scale of the remaining ingots was removed. Then the Cu-Co-Si-Ti-
Ce alloy ingot was annealed at 960 °C x 1 h by a vacuum heat treatment
furnace, following by extruded into a bar with a diameter of 30 mm by
the XJ-500 hot extrusion machine. The hot extruded bar was heated at
960 °C x 1 h in the vacuum heat treatment furnace and water cooling,
making the solute atoms Co, Si, Ti and Ce enter into the matrix to form a
supersaturated solid solution. The solution- treated samples were cut
into specimens with the size of 100 mm x 10 mm x 1 mm by wire
cutting, and then 50% cold rolling (each reduction is 5% of the thick-
ness). Finally, aging treatment at a different time (10-480 min) and
temperature (400-550 °C) were carried out in the vacuum tubular
furnace. The performance tests mainly include electrical conductivity by
7Y9987 digital micro-ohm meter, micro-hardness by HVS-1000 hard-
ness tester and the tensile strength tests by the AG-I 250 KN machine
with a speed of 5.0 mm/min at room temperature.
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2.2. Characterizations

The microstructure evolution during the aging process was observed
by SEM, EBSD, TEM and HRTEM. The JSM-7800F backscatter scanning
electron microscope with an EBSD probe was used to observe the tensile
fractures and EBSD tests. The samples were mechanically polished to
remove the rough scratches, followed by the electro-polishing for 1 min
with DC power supply and magnetic stirrer in a solution of 50%
CH3CH20H and 50% H3POg4 at a voltage of 5 V at 25 °C. The TEM
observation was carried out on the FEI Talos F200X transmission elec-
tron microscope, and the sample was prepared by mechanical polishing
to a thickness of about 50 pm and then thinned by Gatan 695 ion thinner.
First, the samples are thinned to the appearance of holes under the
condition of ion beam energy of 5 kev and ion gun angle of +8°. Sub-
sequently, the samples can be used for TEM observations after being
thinned for 5 min at 4.5 kev + 6°, 5 min at 4 kev + 4° and 5 min at 3 kev
+ 3°, respectively.

3. Results
3.1. Conductivity and mechanical properties

Fig. 1 shows the micro-hardness and electrical conductivity of Cu-Co-
Si-Ti-Ce alloy aging at different temperatures and times, with approxi-
mate boundaries between different aging stages indicated. It can be seen
that there are three main stages in the aging process, including under
aging stage, peak aging stage and over aging stage [24,28]. In the under
aging stage, due to the strong supersaturation of copper alloy in the early
aging stage, the precipitation force and precipitation rate of the second
phase are large, resulting in a rapid increase in the microhardness and
electrical conductivity. Subsequently, the microhardness reaches the
maximum value, corresponding to the peak aging stage, which can be
attribute to the maximum value of precipitation rate in this stage. With
the further extension of aging time, the micro hardness starts to decrease
after reaching the over aging stage, which can be attributed to the
growth and softening of precipitates caused by the release of lattice
distortion energy. In addition, precipitation is a diffusion process of
atoms. With the increase of aging temperature, atomic activity increases
and precipitation is promoted, resulting in higher microhardness of
alloy. However, because of the softening effect caused by the growth of
precipitates and the release of lattice distortion energy in the over-aging
stage with aging temperature exceeds a certain limit, the microhardness
begin decrease.

In order to investigate the dependencies of the micro-hardness and
electrical conductivity of Cu-Co-Si-Ti-Ce alloy under the peak-aging
stage, the micro-hardness and electrical conductivity of Cu-Co-Si-Ti-Ce
alloy under different aging conditions were shown in Fig. 2(A) and
(B). The curves for micro-hardness illustrated that the micro-hardness
increased in the under-aging stage and then decreased in the over-
aging stage. With the aging time from 0 (cold rolling state) to 60 min,
the micro-hardness of Cu-Co-Si-Ti-Ce alloy increased rapidly and
reached the peak value of 225 HV at 500 °C for 60 min, 23% higher than
cold rolling state (173.9 HV). With the aging time exceeding 60 min, the
micro-hardness decreased gradually, while it was still higher than that of
the cold rolling state (185.5 HV, almost 6.5% higher) due to the aging
strengthening. In addition, with the aging temperature exceeding
500 °C, the micro-hardness also showed a downward trend (from 225
HV to 207.7 HV), as illustrated in Fig. 2(B). Referring to Fig. 2(A) and
(B), the electrical conductivity of Cu-Co-Si-Ti-Ce alloy increased sharply
and then grew slowly with prolonged aging time and increased of
temperature. For example, the aging time from 0 min (cold rolling state)
to 480 min, and the aging temperature increase from 400 °C to 550 °C,
the electrical conductivity increases from 21.3% IACS to 46.5 %IACS
and from 37.8 %IACS to 43.7 %IACS, respectively.

Moreover, Fig. 2(A) and (B) also manifested the tensile fractures
under specially selected conditions, and the magnified images of
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Fig. 1. Micro-hardness and electrical conductivity of Cu-Co-Si-Ti-Ce alloy aging at different temperatures and time: (a) micro-hardness, (b) electrical conductivity.
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Fig. 2. Mechanical properties and electrical conductivity of Cu-Co-Si-Ti-Ce alloy: (A) Variation of micro-hardness and electrical conductivity with aging time for Cu-
Co-Si-Ti-Ce alloy aged at 500 °C, (B) Variation of micro-hardness and electrical conductivity with aging temperature for Cu-Co-Si-Ti-Ce alloy aged at 60 min, (C)
tensile strength of Cu-Co-Si-Ti-Ce alloy under different conditions, (D) comparison of tensile strength vs. electrical conductivity between the present Cu-Co-Si-Ti-Ce
alloy and conventional copper alloys [11,12,17,19,22,25,32-37].

corresponding tissues can be observed in the supplementary materials
(Fig. S5). Generally speaking, the number and size of dimples are
important indexes to evaluate the plasticity of metals, which mainly
includes average diameter and depth [28-31]. In other words, the larger

the dimple size, the better the plasticity of the material under the same
fracture conditions. With the aging time from 10 min to 60 min (Fig. 2
(A)), the micro-hardness of Cu-Co-Si-Ti-Ce alloy increased rapidly,
accompanied by the decrease of the number and size of dimples. The
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same phenomenon can be also observed in Fig. 2(B). With the aging
temperature exceeding 500 °C, the number and size of dimples increased
gradually, implying the increase of plasticity.

Corresponding tensile curves aging at 500 °C for a different time
were illustrated in Fig. 2(C). It can be observed that highest tensile
strength (702.5 MPa) can be obtained by aging at 500 °C for 60 min.
Finally, the optimum aging parameter was aging at 500 °C for 60 min,
accompanied by the excellent aging performance of 225 HV, 702.5 MPa
and 40.8% IACS. The comparison of tensile strength vs. electrical con-
ductivity between the present Cu-Co-Si-Ti-Ce alloy and conventional
copper alloys can be obtained in Fig. 2(D) [11,12,17,19,22,25,32-37],
and it can be observed that Cu-Co-Si-Ti-Ce alloy possessed good
comprehensive mechanical properties.

3.2. EBSD analysis

Fig. 3 shows the EBSD maps of Cu-Co-Si-Ti-Ce alloy aging at 500 °C
for 60 min and 120 min, respectively. As illustrated in Fig. 3(A-C) for the
IPF map, KAM map and All Euler map, it can be observed that there were
still some typical deformed grains, although aging for 60 min. Moreover,
the grains in microstructure showed different orientations with three
different Euler angles (¢1, @, ¢2), such as (115.5, 47.1, 23.8), (4.0, 45.1,
76.3) and (273.0, 38.3, 51.0). With prolong aging time to 120 min, some
fine recrystallized grains appeared due to the dynamic recovery and
dynamic recrystallization, resulting in the orientation randomization. In
addition, it can be seen that the internal stress of the samples after 120
min aging treatment decreased through the KAM map, indicating the
weakening of work hardening. Meanwhile, the grains in the samples
aging for 120 min showed more different orientations, such as (337.8,
43.9, 23.8), (324.2, 44.6, 26.4), (179.4, 44.2, 77.1), (175.3, 33.2, 79.1)
and (99.7, 22.4, 51.3). According to the KAM maps (Fig. 3(B) and (E))
and corresponding data (Fig. 3(G)), the geometric necessary dislocation

(@]

1)58.428,°

o}

6,264
1783,33.2,290 .
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(GND) density of Cu-Co-Si-Ti-Ce alloy aging for 60 min and 120 min can
be calculated by referring to Ref. 38 and 39. Therefore, the GND density
for two different samples can be calculated to be p = 20/ub = 2.5 x 104/
m? and p = 20/ub = 1.8 x 10**/m?, respectively, 28% lower than aging
for 60 min.

It is worth noting that the samples aging for 60 min possessed more
obvious orientation compared with aging for 120 min. Consequently, it
is necessary to investigate the orientation (mainly including texture
evolution) of the Cu-Co-Si-Ti-Ce alloy after aging for a different time.
Fig. 3(H) and (I) show the (100), (110), (111) pole figures and 3D-ODF
maps of Cu-Co-Si-Ti-Ce alloy aging for 60 min and 120 min, respectively.
On the one hand, it presented a strong texture after aging for 60 min
with an average intensity of 10.5 mud, almost twice as much as 120 min.
On the other hand, the distributions of texture components showed big
differences according to the <100>, <110> and (111) pole figures tilted
away from Normal Direction (ND), which was given in Fig. 3(G). It can
be seen that distributions of texture components for <100>, <110> and
< 111> pole figures aging for 60 min were extremely uneven, especially
in the range of 0-10°of <110> pole figure. Instead, the distributions of
texture components were more uniform after aging for 120 min. This
indicated that both texture position and texture intensity were changed
by the dynamic recovery and dynamic recrystallization, which were
consistent with the results of EBSD maps in Fig. 3(A-F). Furthermore, the
texture components for the Cu-Co-Si-Ti-Ce alloy after different aging
time were calculated by texture component maps in Fig. S1 and the
corresponding contents of texture were illustrated in Fig. 3(K). For
example, it can be seen that the volume fraction of main texture com-
ponents for Goss, Brass, copper and S texture after 60 min aging process
were 22.7%, 46.8%, 32.6% and 46%, respectively. While the volume
fraction of Goss, Brass, copper and S texture decreased to 7.48%, 12.6%,
5.24% and 7.08% with prolonged aging time to 120 min. In this aging
time range, the volume fraction of main texture components decreased,

v
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Fig. 3. EBSD maps of Cu-Co-Si-Ti-Ce alloy aging at 500 °C for different time: (A-C) IPF map, KAM map and All Euler map aging for 60 min, respectively. (D—F) IPF
map, KAM map and All Euler map aging for 120 min, respectively. (G) <100>, <110> and < 111> pole figures tilted away from Normal Direction (ND) and the data
for KAM map, (H) pole figures and 3D-ODF map aging for 60 min, (I) pole figures and 3D-ODF map aging for 120 min, (J) figure legends for EBSD maps, (K) texture

components aging at 500 °C for 60 min and 120 min.
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whereas the fraction of randomly oriented grains increased, indicating a
slight texture weakening. Simultaneously, as shown in Fig. 4, repre-
senting the Grain Boundary (GB) maps and Misorientation angle dis-
tribution of Cu-Co-Si-Ti-Ce alloy aging at 500 °C for 60 min and 120 min,
respectively, the distribution of misorientation angles was almost
consistent, showing a considerable concentration at the low misorien-
tation angles, namely low angle grain boundaries (LAGBs, misorienta-
tion angle<15°), where it can be seen that the percent of high angle
grain boundaries (HAGBs) was 13.1% for the sample under 60 min aging
process. And the percent of HAGBs increased to 15.4% after 120 min
aging.

3.3. TEM analysis

Fig. 5 shows the HRTEM images, corresponding Fast Fourier Trans-
form (FFT) patterns and GPA analysis of the Cu-Co-Si-Ti-Ce alloy aging
at 500 °C for 60 min. The morphology of precipitates was shown in Fig. 5
(a), (c), (g) and (k), respectively, taken from [001]¢, direction. And
corresponding FFT patterns of HRTEM images were illustrated in Fig. 5
(b), (h) and (1), respectively. The precipitate (Fig. 5(a)) can be deter-
mined to be Co,Si with the orthorhombic system of a =7.109, b = 4.918
and ¢ = 3.737 (Fig. 6(a)), as evidenced by the super-lattice spots of the
Co,Si phase (Fig. S4(c)). Similarly, the precipitate in Fig. 5(c) can be also
determined to be Co,Si phase, indicating the rod shape of Co,Si phase
with a large diameter-thickness ratio. The precipitate in Fig. 5(g) and (k)
can be both determined to be Co;4TigSiy phase with the cubic system of
a=b=c=11.202 (Fig. 6(b)), as evidenced by the super-lattice spots of
the Co1¢TigSiy phase (Fig. 6(d) and (e)), indicating that the Co1¢TigSiy
phase possessing a disk-like shape. To verify the correctness of cali-
brated phases, we simulated the phase structure of Co,Si and Co1¢TigSiy
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and spots of CosSi phase with [230] zone axis, Co1TigSi; phase with
[001] zone axis and Co;¢TiSi; phase with [5156] zone axis. The results
of the above simulations (Fig. 6) can be well-matched with the actual
spots (Fig. 5(b), (h) and (1)), which proved the accuracy of the results.
Moreover, the enlarged part of the green rectangle in Fig. 5(a), the
enlarged part of green rectangle in Fig. 5(k) and the enlarged part of blue
and yellow rectangles in Fig. 3(g) were illustrated in Fig. S2(a-c),
respectively, where can observe the atomic arrangement of precipitates
clearly.

The FFT pattern results in Fig. 5(b) showed that there were obvious
orientation relationship (OR) between the Co,Si phase and copper ma-
trix, which can be expressed as (020)¢y || (320)¢o2si> (200)cy || (002)¢o2sis
(220)¢y || (322)¢ozsi and [001], || [230]¢,as;- However, it can be observed
that the Co,Si phase was not completely coherent with the matrix,
indicating that there was a certain lattice mismatch between them.
Lattice mismatch induced by the formation and growth of Co,Si phase
produced extra stains at the interface between Co2Si phase and copper
matrix, which can be evaluated by the geometric phase analysis (GPA) of
HRTEM images [40]. As illustrated in Fig. 5(d-f) for the GPA maps, the
color scale indicated the strain changes, positive values representing the
tensile strains and negative values representing the compressive strains,
where showed the strain distributions around the Co,Si in the specimen
calculated by GPA for (002), (320) and (322) planes, respectively. It can
be observed that there was a little bit of strain distribution in the (002),
(320) and (322) planes of the Co,Si phase, although the strain values
along different directions were different. By filtering the HRTEM images
of the Co2Si phase Fig. S3(a), we obtained the Inversed FFT images of
(002), (320) and (322) planes Fig. S3(c-e), in which many interface
defects, such as periodic interface dislocations were observed. These
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Fig. 5. HRTEM images, corresponding FFT patterns and GPA analysis of the Cu-Co-Si-Ti-Ce alloy aging at 500 °C for 60 min: (a) (c) HRTEM image taking from
[001]c, direction, (b) FFT pattern of (a), (d) (e) (f) The strain distributions around the Co,Si in the specimen calculated by GPA for (002), (320) and (322) planes,
respectively, (g§) HRTEM image taking from [001]¢, direction, (h) FFT pattern of (g), (i) (j) The strain distributions around the Co;TigSiy in the specimen calculated
by GPA for (400) and (220) planes, respectively, (k) HRTEM image taking from [001]¢, direction, (1) FFT pattern of (k).

interfacial structural ledges and dislocations between the CosSi phase
and copper matrix can relieve interfacial stress and reduce the interface
energy [29].

The OR between Co;6TigSiy phase and copper matrix was different
from that Co5Si, as illustrated in Fig. 5(g-1), which can be expressed as
(020)cy || (220)coremissizs  (200)¢, || (220)¢pi6miesizs  [001)cu ||
[001]co167i6si7> (220)cy 4 (400)co167i6517 and (220) ¢, #(040) o1 611657+ The
above results proved that the Co,Si phase was semi-coherent with the
copper matrix. In other words, (220)¢, and (400)co16Ti6si7> (2§O)Cu and
(040)co167i657 Were not parallel instead of angle deviation of 3.2° and
1.5°, respectively. It was worth mentioning that the angle deviation
between (220)¢, and (400)co167i65i7 Was almost twice of (220), and
(040) 1671657~ The semi-coherent relationship between the Coj¢TigSiz
phase and copper matrix will inevitably cause the internal strain, which
can be also evaluated by the GPA analysis of HRTEM images. Fig. 5@1)
and (j) showed the strain distributions around the Co1¢TigSiy in the
specimen calculated by GPA for (400) and (220) planes, respectively. It
can be observed that the strain gradient was near zero with the interface
relationship of (200)¢, || (220)cy16rigsi7- HOWever, there was a large
strain gradient and a large strain field in (220)¢, # (400)co16Ti6Si7, IN
which can observe large compressive strain in the copper matrix and
relatively large tensile strain at the interface of Co;TigSi; phase and
copper matrix, but no obvious strain in the Co;6TigSiy phase. By filtering
the HRTEM images of the Co1¢TigSiy phase Fig. S4(a), the IFFT images of
(400) and (2§0) planes were obtained. As illustrated in Fig. S4(c), there
was no lattice distortion observed in the precipitate, indicating no
obvious strain field. Only a few dislocations at the interface between the
Co16TigSiy phase and copper matrix were observed. In the IFFT image of

(400)¢o16Tissi7, @ large number of dislocations were distributed on the
interface and copper matrix marked by white oval, consisting with the
GPA analysis in Fig. 5.

4. Discussion
4.1. Effects of aging on electrical conductivity and mechanical properties

It is well known that the factors of electrical conductivity mainly
include the effects of electrons scattering by defects such as grain
boundaries, dislocations, solid solution atoms and et al. [17,18,24]. The
mechanical properties are mainly affected by the interactions between
precipitates and dislocations [40,41]. As shown in Figs. 1 and 2, the
electrical conductivity and micro-hardness of the Cu-Co-Si-Ti-Ce alloy
changed significantly with the aging process, both higher than those of
the solid solution state. In the early stage of aging, both electrical con-
ductivity and micro-hardness increased rapidly due to the precipitation
of the Co,Si and Co;eTigSiyphases. Then, the peak aging stage was
reached in the subsequent aging process, reaching the maximum value
for the micro-hardness. The micro-hardness began to decrease with
exceeding the peak aging stage, which can be attributed to the obvious
growth of precipitates, significant enhancement of dynamic recovery
and dynamic recrystallization [42,43]. As given in Fig. 3(D), some fine
recrystallized grains have appeared due to the dynamic recovery and
dynamic recrystallization, resulting in the decrease of micro-hardness
(Fig. 1(a) and Fig. 2(A)). Moreover, when the aging temperature
exceeded 500 °C, the micro-hardness also decreased due to the growth of
precipitates and the enhancement of the dynamic softening effect (Fig. 1
(a) and Fig. 2(B)). In the aspect of electrical conductivity, the change of
electrical conductivity is closely related to the number of solute atoms in
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Fig. 6. The generated atomistic structures of Co,Si (a) and Co;¢TigSiy (b) phases, (¢) Simulated spots of Co,Si phase with [2§0] zone axis, (d) Simulated spots of
Co16TigSi; phase with [001] zone axis, (e) Simulated spots of Co;¢TisSi; phase with [5156] zone axis.

the matrix. The grain boundaries and elements dissolved in the alloy will
distort the matrix, increase the scattering of electrons and reduce the
electrical conductivity of the alloy. With the increase of aging temper-
ature and time, alloy elements rapidly precipitate from the supersatu-
rated matrix in the form of precipitates, accompanied by the softening
effect of enhanced release of lattice distortion energy during aging,
electron scattering decreases and electrical conductivity increases. The
softening effect caused by the decrease of dislocation density and release
of lattice distortion in the copper matrix and the precipitation of solid
solution atoms made the electrical conductivity increase with the in-
crease of aging time and temperature [19,42]. Therefore, the optimum
aging parameter of Cu-Co-Si-Ti-Ce alloy was obtained as aging at 500 °C
for 60 min.

4.2. Correlation of microstructure and mechanical properties during aging

On the above analysis, the microstructure and the texture of Cu-Co-
Si-Ti-Ce alloy underwent substantial changes during the aging process,
accompanied by significant changes in performance. As illustrated in
Fig. 2(A), the micro-hardness of Cu-Co-Si-Ti-Ce alloy decreased from
225 HV to 208 HV with the aging time from 60 min to 120 min, which
can be attributed to the decrease of work hardening [42,43] and the
growth of precipitates [4,17]. Fig. 3 shows the EBSD maps of Cu-Co-Si-
Ti-Ce alloy aging at 500 °C for 60 min and 120 min, where it can be
observed that the appearance of dynamic recrystallization grains, a
decrease of texture strength and changes of texture content contributed
to the decrease of micro-hardness with the prolong of aging time. In
general, the orientation is closely related to deformation, which affects
the properties of polycrystalline materials [44]. The initial texture aging
at 60 min was characterized by a large volume fraction of Goss, Brass,

copper, S texture and a small amount of random orientations. After
prolonged aging times to 120 min, a weakening of the texture, i.e.
decrease of volume fraction for Goss, Brass, copper, S texture and the
texture index, accompanied with a characteristic decrease of the micro-
hardness was observed. Therefore, it can be inferred that the high vol-
ume fraction of Goss, Brass, copper and S texture was one of the main
reasons for the increase of micro-hardness. Furthermore, by the TEM
analysis (Fig. 5), it was observed that CoySi and Co;6TigSi; phases
exhibited coherent and semi-coherent interface relationships with the
copper matrix, respectively, which can relieve the interfacial stress and
reduce the interface energy [29]. The fine second phases precipitated
dispersedly kept the coherent and semi-coherent interface relationships
with the copper matrix, resulting in the high strength and medium
electrical conductivity of Cu-Co-Si-Ti-Ce alloy.

4.3. Strengthening mechanisms

In the aging process, solution treatment, cold rolling and aging
treatment contributed to the Cu-Co-Si-Ti-Ce alloy to obtain high
strength. In other words, multiple strengthening mechanisms, mainly
including the solid solution strengthening, work-hardening, precipita-
tion strengthening and grain boundary strengthening, contributed to the
high strength of Cu-Co-Si-Ti-Ce alloy. To evaluate the specific contri-
butions of mechanisms, the yield strength (o) of Cu-Co-Si-Ti-Ce alloy can
be given by:

®

Where oy represents the stress resulting from solid solution
strengthening, o4 represents the stress resulting from work-hardening
strengthening, o, represents the stress resulting from precipitation

G =04+ 04+ op +0Gs
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strengthening and ogp represents the stress resulting from grain
boundaries strengthening. And Table S1-S4 gives the parameters used in
the yield strength determination where difference strengthening mech-
anisms were considered.

The degree of solution strengthening can be described as [4]:

1 3 [ Xg
0y — G(‘é\ +ﬁ> m\z\/; @

Where G represents the shear moduli of copper alloy, 46GPa, §
represents the factor of lattice change, 0.1105, 5 represents the factor for
the change of the shear modulus, 0.3171, x, represents the fraction of
solute atoms within the solid solution. In this alloy, the lattice constant
of Co is similar to that of copper and is not considered. Moreover, the
fraction of Si, Ti and Ce were 0.12%, 0.04% and 0.15%, respectively,
which can be obtained from the EDS mapping in Fig. S6. Moreover, the
values of the calculation of the dislocation strengthening are listed in
Table S1. Therefore, the results of corresponding solution strengthening
can be calculated to be 42.4 MPa.

The degree of work-hardening strengthening can be described as
[45]:

645 = MaGb,/p 3)

Where M represents the Taylor factor, 3.06, a represents a geometric
constant, 0.3, G represents the shear moduli of copper alloy, 46GPa, b
represents the Burgers vector of copper alloy, 0.2556 nm, p represents
the dislocation density caused by cold deformation, which can be ob-
tained from the KAM map. The values of the calculation of the dislo-
cation strengthening are listed in Table S2. Therefore, the results of
corresponding work-hardening strengthening can be calculated to be
170.5 MPa.

Grain boundary strengthening can be described as the Hall-Petch
relationship [46,47]:

oos = Kyd, '? “

Where Ky represents the Hall-Petch coefficient, 150 MPa pm'/? and
dg represents the mean diameter of grain size, 26.8 pm. The values of the
calculation of the grain boundary strengthening are listed in Table S3.
The results of corresponding grain boundary strengthening can be
calculated to be 31.3 MPa.

The precipitation strengthening can be given by the Orowan-Ashby
Eq. [24]:

MGb__ In (d,/b)
27(1 — IJ)V2 (A—d,)
Where M represents the Taylor factor for the fcc matrix, 3.06, G
represents the shear moduli of copper alloy, 46GPa, b represents the
Burgers vector of copper alloy, 0.2556 nm, v represents the Poisson’s

ratio, 0.34, d, represents the average size of precipitates, 19.7 nm, 1
represents the spacing between particles in the glide plane (100 nm),

()

6, =081 x

which can be expressed by A =1d,, / 237’; fp represents the volume fraction

of the second-phase particles, which can be calculated to be 21.9%. The
values of the calculation of the precipitation strengthening are listed in
Table S4. Therefore, the results of corresponding precipitation
strengthening can be calculated to be 298.6 MPa. Finally, 6 = o + 645 +
oG + 0p = 42.4 +170.5 4 31.3 + 298.6 = 542.8 MPa, 4.4% error with
the actual measured tensile strength of Cu-Co-Si-Ti-Ce alloy (519.5
MPa).

5. Conclusions

In summary, a medium electrical conductivity and excellent me-
chanical properties of Cu-Co-Si-Ti-Ce alloy was obtained by incorpo-
rating the multiple alloy elements, resulting in multiple strengthening
during the aging process. The optimum aging parameter of Cu-Co-Si-Ti-
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Ce alloy was aging at 500 °C for 60 min, accompanied by the excellent
aging performance of 225 HV, 702.5 MPa and 40.8% IACS. The volume
fraction of Goss, Brass, copper and S texture after 60 min aging process
were calculated to be 22.7%, 46.8%, 32.6% and 46%, respectively,
higher than that of aging at 120 min, which can be inferred that the
high-volume fraction of Goss, Brass, copper and S texture was one of the
main reasons for the increase of micro-hardness. Moreover, it was
observed that CosSi and Co14TigSiy phases exhibited coherent and semi-
coherent interface relationships with the copper matrix, respectively,
which can relieve the interfacial stress and reduce the interface energy.
Finally, the contributions of solid solution strengthening, work-
hardening, grain boundary strengthening and precipitation strength-
ening were calculated, contributing most to the precipitation
strengthening.
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