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ARTICLE INFO ABSTRACT

Keywords: The high performance of copper alloys is widely welcomed due to their high electrical conductivity and excellent
Cu-Co-Si and Cu-Co-5i-Ti alloys mechanical properties. These alloys are mainly used in electrical, electronic and aerospace fields. In the present
Precipitation

work, we proposed a new class of Cu-Co-Si-Ti alloys by incorporating the multiple alloying elements, resulting in
the multiple strengthening during heat treatment. It can be observed that Ti addition can significantly improve
the micro-hardness of the Cu-Co-Si-alloy. Solution strengthening, deformation strengthening and dual-
nanoprecipitation strengthening led to the Cu-Co-Si-Ti alloy with excellent tensile strength (617.9 MPa) and
high electrical conductivity (41.7% IACS) using the optimal process of cold rolling by 50% and aging at 500 °C
for 30 min. Electron backscatter diffraction technology was used to analyze the microstructure and texture
evolution during the copper alloys aging process. It was found that the volume fraction of Goss, Brass, copper and
S texture had close connections with the mechanical properties. From multiple strengthening mechanisms, the
dual nanoprecipitation strengthening contributed the most due to the nanoprecipitation of CoSi and Cu4Ti.

Multiple strengthening
Mechanical properties

1. Introduction

Copper alloys are widely used in electrical, electronic, aerospace and
other fields due to their high electrical and thermal conductivity,
excellent mechanical properties, stable performance and long service
life [1-6]. The high strength of copper alloys is mainly attributed to the
precipitation of nano-precipitates during aging [7]. With the develop-
ment of all kinds of components in the direction of more precision,
higher requirements are put forward for the performance of copper al-
loys, which are closely related to the improvement of people’s living
standards. Cu-Ni-Si alloy is a typical aging strengthening alloy with the

characteristics of high elasticity, strength and conductivity, which is
expected to replace high elastic beryllium bronze [8-10]. Therefore,
further researches are required to improve the strength of Cu-Ni-Si al-
loys by understanding and optimizing the aging process.

A large number of basic researches on Cu-Ni-Si-X alloys have been
carried out for a long time in the past few years. Wu et al. [11]
demonstrated that the deformation-induced defects improved the pre-
cipitation and the number density of precipitates, resulting in the
improvement of both conductivity and mechanical properties. Yi et al.
[7] found a new orientation relationship between the precipitates and
the Cu matrix in the over-aged condition and put forward a coarsening
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mechanism of the metastable precipitates. Kim et al. [12] observed the
nano-twins in cold-drawn Cu-Ni-Si alloys, which show little effect on the
conductivity of copper alloys while effectively interfering with the
dislocation movement, and they are one of the key factors endowing
copper alloys with the trade-off characteristics of high strength and
conductivity. Multi-precipitation phases of NisSi, y'-NigAl, p-NigSi
showed a significant influence on the strengthening effects during the
aging process of Cu-Ni-Si alloy [13], and the low electron diffraction
influence of Mg and Cr contributed to both solution strengthening and
maintaining a high electrical conductivity. Wang et al. [14] confirmed
the presence of §-NiySi precipitates by TEM, which strengthened the
Cu-Ni-Si alloy through the Orowan mechanism. In addition, there are
also many studies on Cu-Ni-Co-Si alloys due to the similar properties of
Co and Ni [15-18]. However, there are few investigations on the anal-
ysis of microstructure evolution and the relationship between texture
and mechanical properties of the copper alloys during the aging process
by the electron backscatter diffraction (EBSD) technology, which need
to be further investigated.

In our previous work, based on a large number of researches on Cu-
Ni-Si and Cu-Ni-Co-Si alloys, we proposed to replace Ni completely with
Co and obtained a new class of Cu-Co-Si-(Ti) alloys. The hot deformation
was carried out on the Gleeble-1500 simulator to understand the hot
deformation studies. In addition, Ti and Ce addition on the flow stress
and microstructure evolution were investigated by EBSD and TEM [19,
20]. In the present work, the precipitation behavior of Cu-Co-Si-(Ti)
alloys was investigated by scanning electron microscope (SEM), EBSD,
transmission electron microscope (TEM) and high-resolution trans-
mission electron microscope (HRTEM). Moreover, the nanoscale strain
field generated by nanoscale twins was analyzed by the geometric phase
analysis (GPA). The optimum aging parameters with comprehensive
properties were obtained by the combination of solid solution
strengthening, deformation strengthening, grain boundaries strength-
ening and aging strengthening. In addition, the effects of Ti addition on
the electrical conductivity, micro-hardness and texture evolution were
analyzed.

2. Materials and methods

The specific smelting methods of the Cu-1.0C0-0.65Si and Cu-1.0Co-
0.65Si-0.1Ti alloys have been introduced in detail in our previous work
[19,201, so we will not introduce it too much here. The molten ingots
were homogenized annealed at 980 °C for 1 h in a vacuum heat treat-
ment furnace, and then hot-rolled in order to eliminate casting defects
and densify the microstructure. The hot-rolled samples were treated
with solution treatment at 960 °C for 1 h to make solute atoms melt into
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the matrix, followed by cutting into 1 x 10 x 100 mm sheets. The sheets
were further cold rolled up to 50% thickness reduction (0.5 mm). To
investigate the influence of additional heat treatment on the precipita-
tion behavior of Cu-Co-Si and Cu-Co-Si-Ti alloys and obtain the high
comprehensive properties, the cold-rolled sheets were aged in the range
between 400 °C and 550 °C for a different time in a vacuum furnace,
followed by air cooling. The corresponding schematic diagram of the
experiment was shown in Fig. 1. Ultimately, the samples before and after
aging were tested for electrical conductivity (ZY9987 digital micro-ohm
meter) and micro-hardness (HVS-1000 hardness tester), and the tensile
strength of the samples with the highest hardness was tested by the AG-I
250 KN machine with a speed of 5.0 mm/min at room temperature. It
should be pointed out that all the above measurements were carried out
at room temperature. Before the hardness test measurement, each
sample should be polished to ensure that the indentation contour was
clear and the field of vision was clear, to improve the accuracy of the
measured value. Each sample was measured five times to get the average
value with the load of 100 g and the loading time of 10 s.

The microstructure evolution during the aging process was observed
by SEM, EBSD, TEM and HRTEM. For SEM observation carried out on
the JSM-7800F backscatter scanning electron microscope, the samples
were rough ground on different types of sandpaper, and then polished on
the polishing machine. In addition, the EBSD tests in different states
were also carried out on the JSM-7800F backscatter scanning electron
microscope, which was 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% CH3CH2OH and 50%
H3POy4 at a voltage of 5 V at 25 °C. The TEM sample, carried out on FEI
Talos F200X and JEM-2100 transmission electron microscope, was
prepared by mechanical polishing to a thickness of about 50 pm and
then thinned by Gatan 695 ion thinner. The sample thinning parameters
were ion beam energy Skev, ion gun angle +8° thinning to hole, 4.5kev
=+ 6° thinning for 5min, 4kev + 4° thinning for 5min, 3kev + 3° thinning
for 5Smin.

3. Results
3.1. Conductivity and mechanical properties

In the aging process, it is very important to investigate the crystal-
lographic characteristics of the Cu-Co-Si-Ti alloy in different states for
analyzing its strengthening and conducting mechanism. After solution
treatment, the Co, Si and Ti elements were dissolved into the copper
matrix to form a supersaturated solid solution, which can be observed in
Fig. 2 with the element content of 0.45%, 0.28% and 0% for solute atoms

Fig. 1. Schematic diagram of the experiment for Cu-Co-Si and Cu-Co-Si-Ti alloys.
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Fig. 2. Element distribution after solution treatment of Cu-Co-Si-Ti alloy: (a) electronic image, (b) EDS map, (c) surface scan distribution of Cu, (d) surface scan
distribution of Co, (e) surface scan distribution of Si, (f) surface scan distribution of Ti.

(Co, Si and Ti). And then the supersaturated solid solution spontane-
ously decomposed in the aging process, forming new phases in the form
of precipitates, which improved the strength of the Cu-Co-Si-Ti alloy and
had high conductivity, simultaneously. Compared with the element
distribution in Fig. 2, a significant increase in the content of solute atoms
(1.05%, 0.59% and 0.1%) can be observed from Fig. 3. Moreover, it can
be seen that the element distributions were more uniform after the aging
process.

In order to determine the effects of Ti addition on the aging behavior
of Cu-Co-Si alloy and obtain the optimum aging parameters that result in
the superior performance of the Cu-Co-Si-Ti alloy, the variations in
micro-hardness and electrical conductivity of Cu-Co-Si and Cu-Co-Si-Ti
alloys at different aging temperatures for various times were investi-
gated. Fig. 4 shows the electrical conductivity and mechanical proper-
ties of Cu-Co-Si and Cu-Co-Si-Ti alloys under different aging
temperatures (400 °C-550 °C) for various times. It can be seen that there
were three main stage during the aging process, including under-aging
stage, peak-aging stage and over-aging stage [11,13,17]. In the

“Element Cu Co Si Ti

At% 9826 105 059 0.1

under-aging stage, the micro-hardness increased rapidly, which can be
attributed to that the super saturation of the copper alloy was strong at
the early stage of aging, and the precipitation force and precipitation
rate of the second phase were large at this time. The micro-hardness
reached the maximum, corresponding to the peak-aging stage, due to
the precipitation rate reaching the maximum at this stage. With the
further prolongation of aging time, the micro-hardness began to
decrease, corresponding to the over-aging stage, which can be attributed
to the grown-up precipitates and softening effect caused by the release of
lattice distortion energy [21,22]. In addition, precipitation is a diffusion
process of atoms. With the increasing of aging temperature, the activity
of atoms is stronger, promoting the precipitation, namely, the higher of
aging temperature, the higher micro-hardness of the Cu-Co-Si-Ti alloy.
With the temperature exceeding a certain limit, the micro-hardness
decreases with the increasing of temperature, which can be attributed
to the over-aging stage to the growth of the precipitates and softening
effect caused by the release of lattice distortion energy. As illustrated in
Fig. 4(a) and (b), the micro-hardness of the Cu-Co-Si and Cu-Co-Si-Ti

Fig. 3. Element distribution of Cu-Co-Si-Ti alloy after aging process: (a) electronic image, (b) EDS map, (c) surface scan distribution of Cu, (d) surface scan dis-
tribution of Co, (e) surface scan distribution of Si, (f) surface scan distribution of Ti.
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Fig. 4. Mechanical properties and electrical conductivity of Cu-Co-Si and Cu-Co-Si-Ti alloys aging at different temperatures: (a) micro-hardness of Cu-Co-Si alloy, (b)
micro-hardness of Cu-Co-Si-Ti alloy, (c) tensile strength of Cu-Co-Si-Ti alloy under different conditions, (d) electrical conductivity of the two alloys aging at different
temperatures, (e) comparison of tensile strength vs. electrical conductivity between the present Cu-Co-Si-Ti alloy and conventional copper alloys [9,11,13,17,23-30].

alloys increased rapidly in the under-aging stage, reaching the peak
aging stage in a short time, and then decreased with a further increase in
the aging time at all selected temperatures. For example, the
micro-hardness of Cu-Co-Si alloy aging at 500 °C from 10 min to 480 min
were 176 HV, 183 HV, 188 HV, 193 HV, 183 HV, 179 HV, 177 HV and
171 HV, respectively. The peak values of Cu-Co-Si alloy aging at
400 °C-550 °C were 165 HV for 60 min, 174 HV for 120 min, 193 HV for
60 min and 183 HV for 60 min, respectively. Moreover, the corre-
sponding peak values of Cu-Co-Si-Ti alloy were 180 HV for 60 min, 196
HV for 60 min, 208HV for 30 min and 199 HV for 20 min, respectively.
We take Cu-Co-Si-Ti alloy as an example to carry out tensile test aging at
500 °C for different times, and the tensile curves are shown in Fig. 4(c).
It can be obtained that the tensile strength under different conditions
were 499.6 MPa, 526.8 MPa, 617.9 MPa and 578.7 MPa, respectively,
higher than that of under cold rolled conditions. Instead, the plasticity of
the Cu-Co-Si-Ti alloy was opposite to the strength.

Besides, the electrical conductivity of the Cu-Co-Si and Cu-Co-Si-Ti
alloys also increased dramatically in the under-aging stage, which can
be attributed to the precipitation of precipitates and the reduction of
electron scattering, as shown in Fig. 4(d). Finally, electrical conductivity
curves showed a slow-growth trend. For example, the electrical con-
ductivity of Cu-Co-Si alloy aging at 500 °C from 10 min to 480 min were
41.8 %IACS, 43.6 %IACS, 46.2 %IACS, 50.7 %IACS, 53.9 %IACS, 55.8 %
IACS, 57.1 %IACS and 58.3 %IACS, respectively. The number and size of
solute atoms dissolved in the matrix are the main factors affecting the
electrical conductivity of the copper alloy [9,11]. 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 increasing of aging temperature, the alloy elements precipi-
tated rapidly from the supersaturated matrix in the form of precipitates,
softening effect was strengthened caused by the release of lattice
distortion energy in the aging process, and the electron scattering was

reduced, resulting in the increasing of electrical conductivity for the
Cu-Co-Si and Cu-Co-Si-Ti alloys. For example, the electrical conductivity
of Cu-Co-Si alloy aging at 60 min from 400 °C to 550 °C were 41.8 %
IACS, 47.3 %IACS, 50.7 %IACS and 53.8 %IACS and 58.3 %IACS,
respectively.

By connecting the electrical conductivity and micro-hardness of the
Cu-Co-Si and Cu-Co-Si-Ti alloys, the peak aging properties can be
determined to be 193 HV, 50.7 %IACS aging at 500 °C for 60 min and
208HV, 41.7%IACS aging at 500 °C for 30 min, respectively with
increasing by 7.8% for micro-hardness. It can be seen that Ti addition
significantly increased the micro-hardness based on sacrificing part of
the electrical conductivity of the Cu-Co-Si-Ti alloy according to Fig. 4(a
and b) and 4(d). Moreover, it can be also observed that Ti addition
shortened the aging time to reach the peak aging stage for the Cu-Co-Si-
Ti alloy (60 min for Cu-Co-Si alloy and 30 min for Cu-Co-Si-Ti alloy).

The tensile strength can be measured by tensile tests of samples
under different states (Fig. 4(a and b)), and the highest tensile strength is
617.9 MPa for Cu-Co-Si-Ti alloy aging at 500 °C for 30 min. Ultimately,
the optimum aging parameters of Cu-Co-Si-Ti alloy were aging at 500 °C
for 30 min with the properties of 208 HV, 617.9 MPa and 41.7% IACS.
The comparison of tensile strength and electrical conductivity between
the present Cu-Co-Si-Ti alloy and conventional copper alloys was shown
in Fig. 4(e), where can be seen that the present work for Cu-Co-Si-Ti
alloy has a good comprehensive property.

Dimple is the main microscopic feature of metal plastic fracture. It is
the mark left on the surface of the fracture after the micro cavity pro-
duced by the plastic deformation of the material in the micro area,
which leads to the fracture through nucleation, growth, aggregation and
finally connected with each other. The size of dimple includes average
diameter and depth [31,32]. Generally, under the same fracture condi-
tions, the larger the dimple size, the better the plasticity of the material.
Fig. 5 shows the SEM micrographs showing fracture surface aging at
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Fig. 5. SEM micrographs showing fracture surface aging at 500 °C for different time: (a) (e) 10 min, (b) (f) 20 min, (c) (g) 30 min, (d) (h) 60 min.

500 °C for a different time. For the condition of aging at 500 °C for 10 consistent with the high strength and poor ductility.

min (Fig. 5(a) and (e)), there were a lot of equiaxial dimples on the

fracture surface, implying the shear fracture mode. Serpentine sliding

and the sharp tearing edges can be observed on the dimple walls, i.e., the 3.2. EBSD analysis

fracture mechanism is micro-voids coalescence. With the aging time

reaching the peak stage (30 min), the number and size of dimples To investigate the effects of Ti addition on microstructure evolution

decreased significantly, as illustrated in Fig. 5(c) and (g), which were and micro texture of Cu-Co-Si and Cu-Co-Si-Ti alloys during aging
treatment, electron backscattering diffraction (EBSD) technology was

IPF TB KAM
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66 dam Do
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Fig. 6. EBSD-IPF, TB and corresponding KAM maps of Cu-Co-Si alloy aging at 500 °C for 60 min (A1-A3), EBSD-IPF, TB and corresponding KAM maps of Cu-Co-Si-Ti
alloy aging at 500 °C for 30 min (B1-B3), Corresponding figure legends and pole figures (C).
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used to observe the microstructure and texture evolution under different
aging conditions. Fig. 6 shows the EBSD-inverse pole figure (IPF) maps,
twin boundaries (TB) maps, Kernel Average Misorientation (KAM) maps
and corresponding figure legends of Cu-Co-Si and Cu-Co-Si-Ti alloys
aging at 500 °C for 60 min and 30 min, respectively. As illustrated in
Fig. 6(A1-A3), several twins were observed in Cu-Co-Si alloy after aging
at 500 °C for 60 min, indexed by blue grain boundaries. However, more
twins appeared in the Cu-Co-Si-Ti alloy due to the addition of Ti, as
given in Fig. 6(B1-B3). The corresponding micro-texture also changed
significantly, which can be obtained from Fig. 6(C). In order to analyze
the micro-texture evolution with non-Ti doped and Ti-doped, the pole
figures and 3D-ODF maps of Cu-Co-Si and Cu-Co-Si-Ti alloys aging at
500 °C for a different time were obtained (Fig. 7), respectively. It can be
observed that the maximum texture intensity for Cu-Co-Si alloy was 6.09
mud (Fig. 7(h)). Surprisingly, the maximum texture intensity increased
to 6.74 mud for Cu-Co-Si-Ti alloy due to the Ti addition, as given in
Fig. 7(i). Taking Cu-Co-Si-Ti alloy as an example, we illustrated the ideal
texture component maps of Cube texture, Goss texture, Brass texture,
copper texture, S texture, <111>//X, <110>//X and <100>//X in
Fig. 7(a-g). The volume fraction of ideal texture components of Cu-Co-Si
and Cu-Co-Si-Ti alloys can be observed in Fig. 7(j). In addition, the
volume fraction for the ideal texture components of {001} <100> Cube
texture, {011} <100> Goss texture, {011} <112> Brass texture, {112}
<111> copper texture, S texture, <111>//X, <110>//X and <100>//
X in Cu-Co-Si alloy were 5.6%, 4.96%, 14.3%, 15.3%, 9.6%, 18.9%,
30.3% and 29%, respectively. Corresponding volume fraction for the
ideal texture components of Cu-Co-Si-Ti alloy were 3.17%, 7.01%,
16.4%, 25%, 14.7%, 12.8%, 24.4% and 38.5%, respectively. It can be
observed that the volume fraction of the main deformation texture
components, including Goss texture, Brass texture, copper texture and S
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texture, increased due to the Ti addition, indicating a slight texture
strengthening.

Fig. 8 shows the EBSD-IPF map, TB map, corresponding KAM map
and figure legends of Cu-Co-Si-Ti alloy aging at 500 °C for 120 min. It
can be seen that there were still some twins in the microstructure due to
deformation. After aging for 30 min (Fig. 6(B1-B3)), a small amount of
recrystallization had occurred, that is, a small amount of recrystallized
grains appeared in the interior. With the increasing of aging time, the
grains had grown up obviously (Fig. 8(a)). Compared with Fig. 6(B1-B3)
and Fig. 8(a-c), the number of twins and internal strain decreased
correspondingly due to the increase of aging time. In addition, after
aging for a different time, the crystal orientation of the Cu-Co-Si-Ti alloy
changed obviously according to the pole figures, which can be seen from
Figs. 6(C) and Fig. 8(d).

Fig. 9(a) shows the pole figures and 3D-ODF map of Cu-Co-Si-Ti alloy
aging at 500 °C for 120 min. It can be observed that the maximum
texture intensity for Cu-Co-Si-Ti alloy was 6.65 mud, slightly lower than
that in 30 min. In addition, the volume fraction of ideal texture com-
ponents for Cu-Co-Si-Ti alloy aging at 500 °C for 30 min and 120 min can
be observed in Fig. 9(b). The volume fraction for the ideal texture
components of Cube texture, Goss texture, Brass texture, copper texture,
S texture, <111>//X, <110>//X and <100>//X in Cu-Co-Si alloy were
7.35%, 1.43%, 12.4%, 2.7%, 4.67%, 25.6%, 41.3% and 22%, respec-
tively. Taking the fiber texture as an example, the main fiber orientation
after aging for 30 min was <111>//X, while the main fiber orientation
after aging for 120 min were <110>//X and <100>//X. With the
prolonged of aging time, the volume fraction of main texture compo-
nents decreased, whereas the fraction of randomly oriented grains
increased, indicating a slight texture weakened [33]. In other words, the
random texture was developed in the samples aging for 120 min by the

Cu-Co-Si-Ti
Cu-Co-Si

100>/ X <1 10>/X< 1 11>/X

Cubic Goss Brass copper

Fig. 7. Texture composition of Cu-Co-Si-Ti alloy aging at 500 °C for 30 min: (a) Cube texture, (b) Goss texture, (c) Brass texture, (d) copper texture, (e) S texture, (f)
<111>//X%, (g) <110>//X, (h) <100>//X, (h) pole figures and 3D-ODF map of Cu-Co-Si alloy aging at 500 °C for 60 min, (i) pole figures and 3D-ODF map of Cu-Co-
Si-Ti alloy aging at 500 °C for 30 min, (j) texture composition of Cu-Co-Si and Cu-Co-Si-Ti alloys aging at 500 °C for 60 min and 30 min.
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Fig. 8. EBSD-IPF, TB and corresponding KAM maps of Cu-Co-Si-Ti alloy aging at 500 °C for 120 min: (a) IPF map, (b) TB map, (c¢) KAM map, (d) Corresponding figure

legends and pole figures.
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Fig. 9. (a) Pole figures and 3D-ODF map of Cu-Co-Si-Ti alloy aging at 500 °C for
120 min.

progression of recrystallization, resulting in a weaker texture.

3.3. TEM analysis

In this section, we took the Cu-Co-Si-Ti alloy as an example to
analyze the microstructure characterization during the aging process.
Fig. 10 shows the TEM and HRTEM micrographs of Cu-Co-Si-Ti alloy
aging at 500 °C for 30 min. It can be observed that there was a typical
deformation structure in the microstructure, including deformation
bands, dislocation entanglement, twins and et al., which can be observed
from Fig. 10(a—c). It should be noted that the dislocation density inside
the twins was higher, while that around the twin boundaries was lower,
which may be attributed to the decreasing of dislocation density due to
the consumption of surrounding dislocations by the formation of twins
[34,35]. The above results can be observed from the GPA analysis in
Fig. 10(e). There were obvious edge dislocations in the matrix due to the

Cubic

Aging at 30 min
Aging at 120 min

Goss  Brass copper S <100>/X<110>/X<111>//X

120 min, (b) texture composition of Cu-Co-Si-Ti alloy aging at 500 °C for 30 min and

cold deformation, as given by the HRTEM image taken from <111>¢, in
Fig. 10(i). The supersaturated solid solution will decompose spontane-
ously and precipitate a new nano-phase during aging [17,24]. After
aging at 500 °C for 30 min, two kinds of precipitates (Fig. 10(f) and (g))
precipitated from the copper matrix, which can be determined to be
Co,Si from Fig. 11(a—c) and CuyTi from Fig. 11(d and e), respectively.
Fig. 11(a) shows the three plane directions of (220),ys:> (301)cp0s @nd
(12T) 05 for CosSi with orthorhombic structure, as exemplified in
Fig. 11(h). Moreover, Fig. 11(d) shows the three plane directions of
(013)cpars (112)cpay; @nd (101) g4y for CugTi with orthorhombic
structure (Fig. 11(i)). According to the periodic contrast difference of the
high-resolution atomic images shown in Fig. 11(f) and (g), a tri-layered
periodicity exists in a selected Cu4Ti-phase nanodomain with the crystal
plane spacing of 0.425 nm for (101) 4y Ti atoms were enriched in this
orientation with three atomic layers per cycle, indicating that the



Y. Geng et al.

¢ 8

Materials Science & Engineering A 821 (2021) 141639

Fig. 10. TEM and HRTEM micrographs of Cu-Co-Si-Ti alloy aging at 500 °C for 30 min: (a) (b) (f) Bright field image, (c) Diffraction spots of twins, (d) HRTEM
micrograph of twins, (e) GPA map of blue rectangle in (d), (g) Dark field image showing the precipitates distribution, (h) Diffraction spots of matrix, (g) HRTEM
image taken from <111>c,, showing the edge dislocation in the matrix. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

short-range ordering of Ti atoms occurred in the CusTi-phase [36]. It can
be seen that there was no dislocation from the HRTEM image taken from
< 101>¢uar, as illustrated in Fig. 11(f), which can indicate that the
strengthening effect of the second phase particles was non-deformable.
When the moving dislocations are met with the second phase parti-
cles, they will be blocked by the particles and the dislocation will bend
around particles. As the deformation continuing, the bending of dislo-
cations intensified, resulting in the dislocations around the particles
meeting at the left and right ends. Ultimately, the positive and negative
dislocations offset to form dislocation loops, and the remaining dislo-
cations continued to move forward, as illustrated in Fig. 11(j) for the
schematic diagram of dislocations bypassing the second phase particles.

4. Discussion
4.1. Effect of Ti addition on properties and texture
The above results show that the designed Cu-Co-Si-Ti alloy has

excellent mechanical and conductivity properties after the cold rolling
and aging treatment. In our previous work, it was found that Ti addition

can effectively improve the flow stress of Cu-Co-Si alloy during hot
deformation, which can be attributed to that the addition of Ti can
promote the precipitation, effectively inhibiting the dynamic recovery
and recrystallization process [19]. Kim and et al. [29] proved that
Ti-alloying improved the mechanical and electrical properties, which
was attributed to a decrease of the solution solubility of Ni and Si in the
Cu matrix by the formation of smaller and denser 8-NiySi precipitates.
During the aging process of Cu-Co-Si and Cu-Co-Si-Ti alloys after cold
rolling, the electrical conductivity and micro-hardness with the
increasing of aging time, which could be attributed to the effective
precipitation due to the high storing energy and enough nucleation sites
that formed during the cold rolling process [37]. However, the
micro-hardness decreased after exceeding the peak aging time due to the
appearance of grown-up precipitates, as illustrated in Fig. 4(a) and (b).
Compared Fig. 4(a) with 4(b), it can be observed that the micro-hardness
of Cu-Co-Si-Ti alloy in peak aging state was higher than that of Cu-Co-Si
alloy due to the Ti addition, increasing from 193 HV (non-Ti doped) to
208 HV (Ti-doped). Moreover, it was more surprising that the addition
of Ti accelerated the peak aging rate of the Cu-Co-Si-Ti alloy. The results
can be attributed that solute atoms (Co, Si, Ti) continued precipitating
from the matrix because of the storing energy and nucleation sites
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Fig. 11. TEM and HRTEM micrographs of Cu-Co-Si-Ti alloy aging at 500 °C for 30 min: (a) HRTEM image of Co,Si, (b) (c) FFT pattern of Co,Si, (d) (f) HRTEM image
of CuyTi, (e) FFT pattern of (d), (g) Gray-scale spectrogram of vertical direction of crystal plane in (d), (h) Schematics crystal structure of Co»Si, (i) Schematics crystal
structure of CuyTi, (j) Schematic diagram of dislocations bypassing the second phase particles.

introduced by the cold rolling during the aging process [27]. Moreover,
the dynamic interactions among the dislocations and precipitates could
definitely improve the mechanical properties of the Cu-Co-Si-Ti alloy
[38,39]. Certainly, the addition of Ti can significantly improve the
micro-hardness of the Cu-Co-Si-Ti alloy, which was obtained based on
sacrificing part of the electrical conductivity of the alloy (Fig. 4(d)).
The addition of Ti not only has a significant effect on the properties
of the Cu-Co-Si-Ti alloy, but also effectively influences the microstruc-
ture of the Cu-Co-Si-Ti alloy. As given in Fig. 6, it can be observed that
there were more twins in the Cu-Co-Si-Ti alloy due to the addition of Ti.
The reason may be that the addition of Ti increased the lattice distortion
in the Cu matrix and produced higher density dislocations, which made
the sliding more difficult and led to more twins (Fig. 6(A3) and (B3)). In
addition, due to the Ti addition, the texture underwent substantial
changes. It can be observed that the volume fraction for the ideal texture
components of Goss texture, Brass texture, copper texture and S texture
in Cu-Co-Si alloy were, 4.96%, 14.3%, 15.3% and 9.6%, respectively.
Corresponding volume fraction for the ideal texture components of Cu-
Co-Si-Ti alloy were 7.01%, 16.4%, 25% and 14.7%, respectively. This
caused an increase of the Goss, Brass, copper and S texture components
and a substantial decrease of random orientations, indicating a slight
texture strengthening. In other words, the main texture components
were retained. Similar features have also been observed in copper alloys
[40]. In addition, this behavior has also been observed in fcc materials
that have been subjected to low and medium rolling degrees [41,42].

4.2. Correlation of texture and mechanical properties

As a result of the rolled sheets subjected to both tensile stress and
compressive stress during deformation, some crystallographic directions
are parallel to the rolled surface and some crystal planes are parallel to
the rolled surface, which have a close relation with the properties of the
metallic materials [33,34]. On the one hand, the addition of Ti can
significantly improve the micro-hardness of the Cu-Co-Si-Ti alloy,
comparing Fig. .4 (a) and (b). On the other hand, Ti addition caused an
increase of the Goss, Brass, copper and S texture components and a
substantial decrease of random orientations according to Figs. 6 and 7.
Moreover, as illustrated in Figs. 8 and 9, the volume fraction of the main
texture components for Cu-Co-Si-Ti alloy aging at 30 min, including
Goss, Brass, copper and S texture, decreased compared with the aging
time of 120 min, whereas the fraction of randomly oriented grains
increased, indicating a slight texture weakened. Meanwhile, the above
results were accompanied by a characteristic decrease of the
micro-hardness (Fig 0.4). Based on the pole figures, 3D ODF maps and
changes of main texture components, it can be concluded that the high
performance of Cu-Co-Si-Ti alloy can be attributed to the higher volume
fraction of Goss, Brass, copper and S texture.

4.3. Strengthening mechanisms

During the heat treatment, the microstructure and the texture un-
derwent substantial changes. In the Cu-Co-Si-Ti alloy, owing to the large
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difference of atomic radius between solute atoms (Co, Si, Ti) and copper
matrix, lattice distortion occurred in the local crystal of solid solution
during solution treatment, resulting in the interaction between stress
fields and dislocations and strengthening effect. In the process of cold
rolling by 50%, large deformation occurred in the matrix, resulting in
the dislocation aggregation, entanglement, formation of dislocation cells
and deformation twins, which further strengthen the matrix. Finally,
after aging treatment at different time and temperature, the supersatu-
rated solid solution spontaneously decomposed into new phases to
further strengthen the matrix, namely multiphase strengthening.
Multiple strengthening mechanisms contributed to the high strength
of Cu-Co-Si-Ti alloy. To evaluate the specific contributions of each
mechanism, mainly including the solid solution strengthening, work-
hardening and precipitation strengthening (Orowan strengthening),
the yield strength (o) of the current Cu-Co-Si-Ti alloy can be given by:

6 =0y + 04 + 0, + 0gp (€8}
where oy is the stress from solid solution strengthening, ;s is the stress
from work-hardening strengthening, o, is the stress from precipitation
strengthening, o¢p is the stress from Grain Boundaries.

The melting of solute atoms will cause lattice distortion and different
shear modulus, due to the size difference between solute atoms and
matrix [43]. The degree of solution strengthening can be described as
follows [13]:

1 3 X
— 2[4
0 =Gl + sl [

where G is the shear moduli of copper alloy (46 GPa), § is the factor of
lattice change (0.1105), 5 is the factor describing the change of the shear
modulus (0.3171), x, is the fraction of solute atoms within the solid
solution. In this alloy, the fraction of Co, Si and Ti were 1.0%, 0.65% and
0.1%. Hence, the degree of solution strengthening can be calculated as
99.8 MPa.

To further improve the strength of the Cu-Co-Si-Ti alloy, the alloy
was subjected to 50% cold rolling after solution treatment, strength-
ening the copper matrix by dislocation stacking. The degree of work-
hardening strengthening can be described as follows [44]:

(2)

645 =MaGb\/p 3)
where M is the Taylor factor (3.06), a is a geometric constant (0.3), G is
the shear moduli of copper alloy (46 GPa), b is the Burgers vector of
copper alloy (0.2556 nm), p is the dislocation density caused by cold
deformation, which can be obtained from the KAM map (Fig. (As3)),
calculated by p = 26/”17 (2 x 10 m~2). Therefore, the contribution

from the work-hardening strengthening can be calculated to be 152
MPa.

The strengthening from the precipitates can be given by the Orowan-
Ashby equation [45]:

Gb

0,=0.81 x X
! 27(1 71))V2 (A—dp)

4

where G is the shear moduli of copper alloy (46 GPa), b is the Burgers
vector of copper alloy (0.2556 nm), v is the Poisson’s ratio (0.34), d, is
the average size of precipitates (9.8 nm), 4 is the spacing between par-

ticles in the glide plane, which can be expressed by 1 = 1d,, /237’;. fpisthe

volume fraction of the second-phase particles (2.1%). Therefore, the
contribution from the precipitation strengthening can be calculated to
be 343 MPa.

The movement of dislocations was further hindered by the grains at
the boundaries during aging, resulting in a strengthening effect. Grain
boundary strengthening can be obtained from the Hall-Petch relation-
ship [46,471]:
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oen =K,d,"'? (5)
where Ky is the Hall-Petch coefficient (150 MPa pml/ 2), an expression of
the effect of surrounding grains on the flow resistance, and dg is the
mean diameter of grain size (25.1 pm in this work). The contribution
from the grain boundary strengthening can be calculated to be 30.2
MPa. Ultimately, 6 = o5+ 04; + 0p + 668 = 99.8+ 152+ 343+ 30.2 =
625MPa, there was little difference with the actual measured tensile
strength (617.9 MPa).

Microstructure analysis can explain the above reinforcement phe-
nomena for Cu-Co-Si-Ti alloy. With the prolongation of aging time for
the same aging temperature (500 °C), on the one hand, the diffusion of
atoms promoted the precipitation of new phases to strengthen the ma-
trix (Fig. 5), on the other hand, the micro-hardness decreased slightly
due to the effect of dynamic softening (Figs. 3 and 5), whereas the effect
of work hardening still existed, which can be seen in Fig. 3 (D) for the
texture evolution. Surprisingly, the strengthening degree of precipita-
tion strengthening was larger [17,22], resulting in the high mechanical
property during aging due to the multiple strengthening. However, after
a certain time (aging for 30 min), the micro-hardness decreased, as a
result of the growth of precipitates and increasing dynamic softening
effect [7,13,24]. As illustrated in Fig. 3(D), the volume fraction of Goss,
Brass, copper and S texture decreased with the aging process. In other
words, the texture was further randomized with progressing recrystal-
lization after aging at 500 °C for 2 h. Moreover, the specimen aging for 2
h was hardly capable to store further dislocations, resulting in a strongly
decreased work-hardening. In the same aging time, with lower aging
temperature, the precipitation power of the second phase was insuffi-
cient, and the solute atoms of supersaturated solid solution were difficult
to precipitate completely [48], which made the micro-hardness of the
Cu-Co-Si-Ti alloy increase slowly (Fig. 2(a)). In the proper aging tem-
perature (500 °C), the de-solvation process of supersaturated solid so-
lution atoms was relatively smooth, which was conducive to the uniform
precipitation of the second phase particles. The precipitates were fine
and dispersed in the matrix, and the dislocations moved around the
particles during deformation, resulting in the significant strengthening
effect. When the aging temperature exceeded 500 °C, it will cause the
opposite effect, resulting in the decreasing of mechanical properties due
to the growth of precipitates and increasing of dynamic softening effect.
For the precipitation strengthened copper alloy, the content of solute
atoms in the matrix is the main factor affecting the electrical conduc-
tivity [2]. The higher content of solute atoms can result in a greater
scattering effect on electrons and the lower electrical conductivity. At
the initial stage of aging, with the extension of aging time or the
increasing of aging temperature, new phases were formed through the
diffusion of solute atoms, which made decreasing of the content of solute
atoms in the matrix and increasing of the electrical conductivity (as
given in Figs. 2(B) and Fig. 5). When all the solute atoms were precip-
itated, the conductivity still increased with the aging process, which was
mainly because the dynamic softening effect of the alloy increased with
the holding time for a long time at a certain temperature. The lattice
distortion in the matrix decreased and the scattering effect on electrons
decreased through the diffusion of atoms, resulting in the continuous
increase of electrical conductivity.

5. Conclusions

In summary, high electrical conductivity and excellent mechanical
properties of Cu-Co-Si-Ti alloy were obtained by incorporating the
multiple alloy elements, resulting in the multiple strengthening during
heat treatment. In addition, it can be observed that Ti addition can
significantly improve the micro-hardness of Cu-Co-Si-alloy. Based on the
achievement of solution strengthening, deformation strengthening and
dual-nanoprecipitation strengthening, Cu-Co-Si-Ti alloy acquired the
excellent comprehensive performances with the tensile strength of
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617.9 MPa and electrical conductivity of 41.7%IACS by cold rolling by
50% and aging at 500 °C for 30 min. Moreover, it was found that the
volume fraction of Goss, Brass, copper and S texture had close connec-
tions with the mechanical properties by the EBSD technology, which was
seldom used in copper alloys during the aging process. By comparing
with the contributions of multiple strengthening mechanisms, dual-
nanoprecipitation strengthening contributed quite a lot due to the
nanoprecipitation of Co,Si and CuyTi.
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