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In this paper, new Cu-Ni-Sn-Ti-Cr and Cu-Ni-Sn-Ti-Cr-Ce alloys were prepared and studied. After solution
treatment and 60% cold rolling, the Cu-Ni-Sn-Ti—Cr alloy with micro-hardness of 221 HV, a tensile strength of
598.1 MPa, elongation of 9.9% and electrical conductivity of 45.2% IACS was obtained after aging at 500 °C for
60 min. Furthermore, the new Cu-Ni-Sn-Ti-Cr-Ce alloy was also obtained using aging at 500 °C for 60 min,
having 245 HV micro-hardness, 645.2 MPa tensile strength, elongation 9.4% and 44.6% IACS conductivity. The
comprehensive properties of high strength, hardness, and electrical conductivity of the alloy are attributed to the
composite effects of solution, deformation, grain boundary, and precipitation strengthening. Among them,
precipitation strengthening plays a major role, and the precipitates are mainly nanometer CuNi,Ti, Cr, and NiTi
phases. The interface between the nanometer CuNi,Ti phase and Cu matrix is a coherent, which can improve the
strength of the alloy without sacrificing plasticity. In addition, texture type transformation and texture strength
change of the alloy are closely related to the increase of micro-hardness. The micro-addition of trace rare earth
Ce can refine the alloy grains, and promote dynamic recrystallization to produce finer grains, significantly
improving the alloy’s micro-hardness.

comprehensive properties are adequate, the Cu-Be alloy is toxic and
very harmful to human health, so it is necessary to find a non-toxic alloy

1. Introduction

Various copper alloys with different properties can be formed by
adding other elements to copper. In general, the comprehensive prop-
erties of copper alloys are better compared with pure copper. Copper
alloys with excellent properties are widely used in communications,
transportation, high-voltage electrical appliances, and other fields
[1-5]. With the rapid development of electronic power devices and
mobile phone equipment, the demand for copper alloys and other metals
with high strength, electrical conductivity, and stability is increasing.
Although Cu-Be alloy’s strength, electrical conductivity, and other

to replace it. Cu-Ni-Sn [6,7], Cu-Ti [8,9], Cu-Fe-Ti [10,11], Cu-Al-Ni
[12,13], Cu-Cr-Nb alloys [14,15], and others have been used as po-
tential substitutes for Cu-Be alloys. In particular, Cu-Ni-Sn alloy has
attracted much attention because of its excellent mechanical properties
and good electrical conductivity. In the Cu-Ni-Sn alloy, Sn can improve
the ability of the copper to hinder dislocation and grain movement,
while Ni easily forms precipitates with Sn and Cu, which can improve
the strength and electrical conductivity of copper alloys. Ni and Sn
improve the strength of the Cu-Ni-Sn alloy and are non-toxic, so it is a
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potentially environmentally friendly elastic conductive material [16].

Adding trace alloying elements into the copper matrix is an effective
way to improve the strength and hardness of Cu alloys since they will
form precipitates with the copper matrix or between the alloying ele-
ments. On the one hand, the precipitates strengthen the copper matrix,
on the other hand, they hinder the dislocation and grain movement and
improve the strength and hardness of the alloy [17]. Cheng et al. [18]
found that Cu-15Ni-8Sn-0.8Nb alloy was mainly strengthened through
the precipitation of NbNi3 and NbNi,Sn phases at the nano-scale. Guo
et al. [19] investigated the influence of discontinuous precipitation
growth kinetics after adding Co to the Cu-15Ni-8Sn alloy and showed
that adding Co could greatly inhibit the formation of discontinuous
precipitation (DP) in the Cu-15Ni-8Sn alloy. Huang et al. [20] showed
that adding Ti could promote the precipitation of nano-scale Cr pre-
cipitates in the aging treatment of Cu-Cr-Ti alloy and improve its
strength. Si et al. [22] used the composite aging process to obtain the
excellent comprehensive performance of the
Cu-2.7Ti-0.15Mg-0.1Ce-0.1Zr alloy with 340 HV hardness, 1035 MPa
tensile strength, and 20.1% IACS electrical conductivity. Besides the
addition of trace alloying elements, different aging processes and aging
parameters have important effects on the properties of copper alloys.
Therefore, adding different trace alloying elements and optimizing
aging parameters improve the properties of copper alloys.

In previous work, the microstructure and hot deformation behavior
of the Cu~1Ni-0.9Sn-0.5Ti-0.3Cr alloy using the Gleeble-1500 simulator
were investigated [23]. To understand the optimal aging parameters and
hardening mechanisms of Cu-Ni-Sn-Ti-Cr-(Ce) alloy during aging, the
mechanical properties, electrical conductivity, and microstructure evo-
lution during aging were characterized by EBSD, TEM, HRTEM and
geometric phase analysis (GPA). Moreover, the effects of Ce on the
properties and microstructure evolution of the Cu-Ni-Sn-Ti-Cr alloy
were also investigated.

2. Materials and methods

The raw materials for the preparation of Cu-Ni-Sn-Ti-Cr and
Cu-Ni-Sn-Ti-Cr-Ce alloys included electrolytic cathode copper, pure
Ni, Sn, and Cr, along with Cu-33%Ti intermediate alloy and Cu-19%Ce
cut into small pieces for melting. The preparation diagram of the alloy is
shown in Fig. 1. The alloy smelting was carried out in an intermediate
frequency vacuum induction furnace (ZG-0.01-40-4). In addition, to the
above-mentioned raw materials, a small amount of deoxidizer should be
added and a certain amount of argon gas should be passed during

Smelter

Alloys

Aging
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smelting. The deoxidizer was used to remove impurities in the alloy, and
argon was used to prevent oxidation. The designed and measured
composition of the two alloys is listed in Table 1. The trace elements in
the alloy are prone to combustion loss and the alloy ingot is prone to
unbalanced solidification when cooled, so the measured components of
the general alloy are slightly lower than the designed composition. The
concentration of trace alloying elements in the alloy is slightly lower
than designed, which may slightly lower the mechanical properties of
the alloy. Therefore, for the alloying elements that can be easily lost in
combustion, a larger amount can be added in the mixing process. At the
same time, a certain amount of argon gas can be introduced in the
melting process to prevent the trace elements in the alloy from reacting
with oxygen. The molten alloy ingot (®90 mm x 190 mm) was placed
into a Muffle furnace (YB-1600XA) for homogenization annealing at
950 °C for 4 h, and then the annealed alloy ingot was cut into 100 mm x
10 mm x 2 mm rectangular sheets. The sheets were heated to 960 °Cin a
vacuum OTF-1200X furnace and held for 60 min. The sample was
immediately cooled in water to make the Ni, Sn, Ti, Cr, and Ce solute
atoms enter the copper matrix and form an oversaturated solid solution.
Then the sheet sample was cold-rolled by 60% using the three-phase
asynchronous motor cold rolling machine (Y132M1-6-4 kW), which
deformed and strengthened the alloy. Finally, the samples were placed
into the vacuum heat treatment furnace for aging experiments at
different temperatures (400-550 °C) and time (10-480 min). In order to
enable the precipitation phase in the alloy to precipitate, the alloy
should be aged in the two-phase zone. Therefore, according to the Cu-Ti
phase diagram (Fig. 2) and previous studies on aging of copper alloys
[20-22], the aging temperatures of 400 °C, 450 °C, 500 °C, and 550 °C
were selected for aging. When more alloying elements such as Ni, Sn, Cr,
Ti, and Ce are added to the alloy, the alloy will precipitate quickly.
Therefore, a small temperature gradient is set in the early stage of aging,
and a long time of 480 min is selected to make the alloy fully aged.
The properties of the alloy were tested by Sigma 2008A digital

Table 1
Composition of alloys.

Alloy Alloy elements (wt.%) Cu
Ni Sn Ti Cr Ce
Cu-1Ni-0.98n-0.5Ti-0.3Cr 0912 0.862 0.411 0.269 - Bal.
Cu-1Ni-0.95n-0.5Ti-0.3Cr- 0.886 0.837 0.424 0.254 0.108 Bal
0.15Ce
—
-
' =
—_—

Annealing Wire-electrode cutting

Solid solution

Cold rolling

Fig. 1. Schematic diagram of the Cu-Ni-Sn-Ti-Cr and Cu-Ni-Sn-Ti-Cr—Ce alloys’ preparation.



S. Tang et al.

20 30

Materials Science & Engineering A 871 (2023) 144910

50 60 70
|

ERAMAAAAAAY RARERRRLLY Lo

1400 =
1300 -

1200 3

»C

1100
1084.873

1000 =

|

900

800 3

700 =

CuyTi,
Cu,Tiy

600 3

-——————

CuTi

T

(BTi)
960 | 86.5

57

94.6
98.4

790

CuTi,

(aTi) —

o o e o o o o o e e o e o e

500 e e e

30 40

-

"

50

at%Ti

IRARARAEEES RRRRRL

LA RARARAR RS LARARARALS LRRRRRRR LY

70 80 2 o
Ti

~

60

Fig. 2. Cu-Ti phase diagram [24,25].

conductivity tester, HVS-1000 hardness tester, and AG-I 250 kN ma-
chine. Each sample was measured at least five times to obtain the
average electrical conductivity and reduce the experimental error. For
hardness measurements, clean areas on the sample surface were
indented to improve the measurement accuracy. EBSD and TEM char-
acterization was used to obtain the microstructure of the two alloys.
First, the aged sheets of Cu-Ni-Sn-Ti—Cr and Cu-Ni-Sn-Ti—Cr—Ce alloys
were mechanically polished. Then the EBSD samples of the two alloys
were prepared by electrolytic polishing of the thin sections in the 50%
H3PO4 and 50% CH3CH,OH solution. The parameters of electrolytic
polishing were 25 °C room temperature, 5 V voltage, and 1 min pol-
ishing time. The alloy sample was sanded to a 50 pm thickness and then
thinned for TEM observation using Gatan 691 ion miller. The EBSD
images were observed using a JSM-7800F field emission scanning
electron microscope with a 0.5 pm step length and 20 kV voltage. The
TEM experiments were conducted using a JSM-2100F transmission
electron microscope operated at 200 kV voltage to observe the micro-
structure and precipitates’ distribution in the alloy.

3. Results
3.1. Mechanical properties and electrical conductivity

To determine the effects of rare earth Ce on the properties of the
Cu-Ni-Sn-Ti-Cr alloy after aging and to obtain the best comprehensive
properties of the Cu-Ni-Sn-Ti-Cr-Ce alloy under the best aging condi-
tions, the micro-hardness and electrical conductivity of the two kinds of
alloys after aging were studied at different aging temperatures
(400-550 °C) and times (10-480 min). Fig. 3 shows the mechanical
properties and electrical conductivity of the Cu-Ni-Sn-Ti-Cr and
Cu-Ni-Sn-Ti-Cr-Ce alloys processed at different aging temperatures
and times. There are three main stages of the aging process in Fig. 3(a)
and (d), namely, the under-aging, peak-aging, and over-aging [26,27].
Taking the aging at 500 °C as an example in Fig. 3(a), the
micro-hardness of the alloy increased significantly with the aging time
of 10-45 min, which was called the under-aging stage. The maximum

micro-hardness of the alloy can reach 221 HV with the peak-aging stage
between 45 min and 90 min. After 90 min aging, the micro-hardness of
the alloy gradually decreased with the aging time, called the over-aging
stage. The electrical conductivity of the alloy gradually increased with
the aging time as seen in Fig. 3(b), which is related to the lattice
distortion of the copper matrix, solute atoms, precipitated phase, and
grain growth in the alloy. Fig. 3(c) shows the micro-hardness and elec-
trical conductivity of the Cu-Ni-Sn-Ti-Cr alloy after peak-aging at
different temperatures. With the aging temperature increase from
400 °C to 550 °C, the micro-hardness of the alloy first increases and then
decreases, mainly because the temperature increase can provide higher
energy for the solute atoms in the alloy, which is beneficial for the
precipitation of solute atoms, thus improving the hardness of the alloy.
However, when the temperature is too high (550 °C), the grain growth
plays a leading role in phase precipitation, which softens the alloy,
decreasing its hardness. The electrical conductivity of the
Cu-Ni-Sn-Ti-Cr alloy in Fig. 3(c) increased with the aging temperature.
The increase in aging temperature will promote grain growth and pre-
cipitation in the alloy, which will reduce the lattice distortion of the
copper matrix, thereby reducing the scattering effect of electrons and
increasing the electrical conductivity of the alloy.

Fig. 3(d) shows the micro-hardness of the Cu-Ni-Sn-Ti-Cr-Ce alloy
after different aging temperatures and time, which has a similar trend as
the Cu-Ni-Sn-Ti-Cr alloy. The micro-hardness of the alloys increased
with the aging time at the under-aging stage, peaked at the peak-aging
stage, and gradually decreased with the aging time at the over-aging
stage. For example, in Fig. 3(d), when the aging temperature was
500 °C and the aging time was 0-480 min, the micro-hardness of
Cu-Ni-Sn-Ti-Cr-Ce alloy was 146 HV, 168 HV, 189 HV, 216 HV, 245
HV, 220 HV, 196 HV, 193 HV, and 169 HV. The peak value of
Cu-Ni-Sn-Ti-Cr-Ce alloy hardness is 245 HV at an aging time of 60 min.
Fig. 3(e) shows the electrical conductivity of the Cu-Ni-Sn-Ti—Cr—Ce
alloy at different aging temperatures and times. The electrical conduc-
tivity of the Cu-Ni-Sn-Ti-Cr—Ce alloy increased rapidly at the under-
aging stage, while it increased slowly at the peak-aging and over-
aging stages. As seen in Fig. 3(e), when the aging temperature was
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Fig. 3. Mechanical properties and electrical conductivity of Cu-Ni-Sn-Ti-Cr and Cu-Ni-Sn-Ti-Cr-Ce alloys: (a) hardness of the Cu-Ni-Sn-Ti-Cr alloy, (b) electrical
conductivity of the Cu-Ni-Sn-Ti-Cr alloy, (c) hardness and conductivity of the Cu-Ni-Sn-Ti-Cr alloy during peak-aging, (d) hardness of the Cu-Ni-Sn-Ti-Cr-Ce
alloy, (e) electrical conductivity of the Cu-Ni-Sn-Ti-Cr—Ce alloy, (f) Hardness and conductivity of the Cu-Ni-Sn-Ti—Cr-Ce alloy during peak-aging, (g) tensile
strength of the Cu-Ni-Sn-Ti-Cr alloy under different conditions, (h) tensile strength of the Cu-Ni-Sn-Ti—Cr-Ce alloy under different conditions, (i) comparison of
tensile strength vs. electrical conductivity between the presented Cu-Ni-Sn-Ti-Cr-Ce alloy and conventional copper alloys [11,27-36].

550 °C, as the aging time increased from 10 min to 480 min, the elec-
trical conductivity was 23.2% IACS, 40.2% IACS, 44.8% IACS, 48.2%
IACS, 54.1% IACS, 56.7% IACS, 57.9% IACS, 59.5% IACS and 62.2%
IACS, respectively. Fig. 3(f) shows the peak-aging micro-hardness and
electrical conductivity of the Cu-Ni-Sn-Ti-Cr-Ce alloy at different
aging temperatures. The micro-hardness of the alloy is very sensitive to
aging temperature. As the aging temperature was raised from 400 °C to
550 °C, the hardness of the alloy increased first and then decreases, from
221 HV at 400 °C to 245 HV at 500 °C, and then to 224 HV at 550 °C. The
difference is that the conductivity of the alloy increases with the aging
temperature. When the aging temperature was raised from 400 °C to
550 °C, the conductivity increased from 34.5% IACS to 48.2% IACS.
Tensile experiments were also carried out using the Cu-Ni-Sn-Ti-Cr
and Cu-Ni-Sn-Ti-Cr-Ce alloy samples, shown in Fig. 3(g) and (h). The
tensile strength of the Cu-Ni-Sn-Ti—Cr alloy after O min, 10 min, 30 min,
60 min, and 120 min aging time was 402.1 MPa, 458.8 MPa, 523.6 MPa,
598.1 MPa, and 562.3 MPa. The tensile strength of the
Cu-Ni-Sn-Ti-Cr—Ce alloy after 0 min, 10 min, 30 min, 60 min, and 120
min aging time was 411.3 MPa, 446.3 MPa, 549.2 MPa, 645.2 MPa, and

586.2 MPa, respectively. The strength of the alloy increased first and
then decreased with aging time, and was greater than after cold rolling
without aging. The strength increase is consistent with the micro-
hardness but contrary to the plasticity of the alloy. The tensile
strength of the alloy was measured by tensile tests under different aging
parameters as seen in Fig. 3(a) and (d). The strength growth trend of the
alloy is consistent with the micro-hardness growth trend. The maximum
micro-hardness aging temperature of 500 °C was selected for the tensile
tests, and the highest tensile strength and elongation of the
Cu-Ni-Sn-Ti-Cr alloy are 598.1 MPa and 9.9%, and the highest tensile
strength and elongation of the Cu-Ni-Sn-Ti—Cr—Ce alloy are 645.2 MPa
and 9.4%, respectively. It can be seen from Fig. 3(a) that the hardness of
the Cu-Ni-Sn-Ti-Cr alloy reached the maximum value at the aging
temperature of 500 °C and the aging time of 60 min, and the tensile
strength of the Cu-Ni-Sn-Ti-Cr alloy reached the maximum value at the
aging time of 60 min in the tensile curve in Fig. 3(g) at 500 °C. The
optimal aging parameters of the Cu-Ni-Sn-Ti-Cr alloy were calculated
as follows: aging temperature 500 °C and aging time 60 min, micro-
hardness 221 HV, tensile strength 598.1 MPa, elongation 9.9% and
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conductivity 45.2% IACS. Interestingly, the Cu-Ni-Sn-Ti—Cr-Ce alloy
also had the maximum hardness at the aging temperature of 500 °C and
the aging time of 60 min, as seen in Fig. 3(d), and the maximum tensile
strength at the aging time of 60 min, as seen in Fig. 3(h). Finally, the
optimal aging parameters of the Cu-Ni-Sn-Ti—Cr-Ce alloy were ob-
tained, including 500 °C aging temperature and 60 min aging time, 245
HV micro-hardness, 645.2 MPa tensile strength, 9.4% elongation and
44.6% IACS electrical conductivity. Fig. 3(h) compares the tensile
strength and electrical conductivity of the Cu-Ni-Sn-Ti-Cr-Ce alloy
with the conventional copper alloy. The Cu-Ni-Sn-Ti-Cr-Ce alloy in the
current work has good comprehensive performance.

In the aging experiment, solute atoms in the alloy have a great in-
fluence on the hardness, strength, conductivity, other properties, and
microstructure of the alloy. In order to study the distribution of solute
atoms in the Cu-Ni-Sn-Ti-Cr—Ce alloy, EDS experiments after solid
solution strengthening and peak-aging were performed, as shown in
Figs. 4 and 5. The purpose of the Cu-Ni-Sn-Ti-Cr—Ce alloy solid solution
experiment was to fully dissolve Ni, Sn, Ti, Cr and Ce elements in the
alloy copper matrix to form a supersaturated solid solution. As seen in
Fig. 4, the trace solute elements in the Cu-Ni-Sn-Ti—Cr-Ce alloy are
evenly distributed, and the at.% contents of Ni, Sn, Ti, Cr, and Ce ele-
ments are 1.6%, 1.1%, 0.3%, 0.3%, and 0.1%, respectively. It can be

‘Ti  Cr
03 03 .01

A

96.6 16 11 .
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found by comparing Fig. 5 with Fig. 4, that the trace solute elements in
the Cu-Ni-Sn-Ti-Cr-Ce alloy increased significantly, the element dis-
tribution was more uniform after aging, and the at.% contents of Ni, Sn,
Ti, Cr, and Ce increased to 2.1%, 1.6%, 0.4%, 0.3%, and 0.1%, respec-
tively. During the alloy aging, the supersaturated solid solution
decomposed and the amount of solute elements precipitated in the alloy
increased, which promoted the formation of precipitated phases be-
tween alloying elements and the copper matrix or between alloying el-
ements [36]. The precipitated phase strengthens the copper matrix,
hinders dislocation movement and grain movement, and increases the
strength and hardness of the Cu-Ni-Sn-Ti-Cr-Ce alloy. At the same
time, the precipitated phase reduces the lattice distortion of the copper
matrix, which reduces the scattering effect of electrons and improves the
electrical conductivity of the Cu-Ni-Sn-Ti-Cr—Ce alloy.

3.2. EBSD analysis

In order to study the microstructure and texture evolution of the
Cu-Ni-Sn-Ti-Cr and Cu-Ni-Sn-Ti-Cr-Ce alloys, EBSD samples under
different aging conditions were observed. Fig. 6 shows the EBSD dia-
gram and grain size of the Cu-Ni-Sn-Ti-Cr and Cu-Ni-Sn-Ti-Cr-Ce
alloys. In Fig. 6(a) the grains are oriented along the <110> direction in

Fig. 4. Elements distribution in the Cu-Ni-Sn-Ti-Cr—Ce alloy after solution treatment: (a) SEM image, (b) combined EDS map, (c) Cu, (d) Ni, (e) Sn, (f) Ti, (g) Cr, and

(h) Ce elemental maps.
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Fig. 5. Elements distribution in the Cu-Ni-Sn-Ti-Cr-Ce alloy after peak-aging: (a) SEM image, (b) combined EDS map, (c) Cu, (d) Ni, (e) Sn, (f) Ti, (g) Cr, and (h) Ce

elemental maps.

the Cu-Ni-Sn-Ti—Cr alloy aged at 500 °C for 60 min. The average grain
size is 286.4 pm and 61% of the grains are larger than 200 pm. Fig. 6(b)
shows the EBSD diagram and grain size of the Cu-Ni-Sn-Ti-Cr alloy
aged for 240 min. The grain orientation of the alloy is mainly along the
<100> direction, the number of recrystallized grains increased, and the
proportion of grains larger than 200 pm increased to 74%. The main
reason is that the nuclei of fine crystalline grains in the alloy had enough
time to form and grow and the grains of the alloy had enough time to
grow. In addition, there are some twins in Fig. 6(b), which may be
caused by the cold deformation of the alloy. Fig. 6(c) and (d) show the
EBSD plots and grain size of the Cu-Ni-Sn-Ti-Cr—Ce alloy after 500 °C
aging for 60 min and 240 min. The average grain size increased from
135 pm to 178 pum, and the proportion of grains larger than 200 pm
increased from 31% to 51% with the aging time increased from 60 min
to 240 min in Fig. 6(c) and (d). The smaller the grain size, the higher the
strength and hardness of the alloy. Therefore, the hardness of
Cu-Ni-Sn-Ti-Cr-Ce alloy aged at 500 °C for 60 min is higher than for
240 min, which is consistent with the data in Fig. 3(d). The average
grain size of the Cu-Ni-Sn-Ti-Cr—Ce alloy and the proportion of grains
larger than 200 pm are much smaller than the Cu-Ni-Sn-Ti—Cr alloy in
Fig. 6(a) and (c), indicating that the micro-addition of Ce can refine the

grains of the Cu-Ni-Sn-Ti-Cr alloy. Thus, the strength and hardness of
the alloy are improved. The micro-hardness of the Cu-Ni-Sn-Ti-Cr-Ce
alloy aged at 500 °C for 60 min is 245 HV, higher than the
Cu-Ni-Sn-Ti-Cr alloy 221 HV, which confirms the idea that the micro-
hardness of the Cu-Ni-Sn-Ti-Cr alloy can be improved by the micro-
addition of Ce.

The dislocation existing in the alloy has an important impact on the
strength, conductivity and other properties of the alloy. The dislocation
density (p) can be calculated according to the data in KAM diagram [37]:

p=20/ub @

Here, p is the dislocation density of the alloy (m™2), ¢ is the mean
orientation angle in the alloy KAM map (rad), u is the scanning step
length (um), and b is Burger’s vector of copper (0.255 nm).

According to Fig. 7(a) and (c), the dislocation density of the
Cu-Ni-Sn-Ti—Cr alloy aged at 500 °C for 60 min and 240 min is p = 9.25
x 10® m? and p = 8.6 x 10> m?, respectively. According to Fig. 7(e)
and (g), the dislocation density of the Cu-Ni-Sn-Ti-Cr-Ce alloy aged at
500 °C for 60 min and 240 min is p = 7.34 x 10'®> m? and p = 8.25 x
10%° m’z, respectively. By comparing Fig. 7(a) and (e), Fig. 7(c) and (g),
it can be found that the dislocation density of the Cu-Ni-Sn-Ti—Cr—Ce
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(c) Cu-Ni-Sn-Ti-Cr-Ce aged for 60 min, (d) Cu-Ni-Sn-Ti-Cr—Ce aged for 240 min.

alloy is lower than the Cu-Ni-Sn-Ti-Cr alloy, which indicates that the
micro-addition of Ce can promote the dynamic recrystallization. The
main reason is that dynamic recrystallization occurs by consuming
dislocations to provide energy [38]. The dynamic recrystallization of the
alloy produces fine grains, resulting in a fine-grain effect, and thus im-
proves the strength and hardness of the alloy. Therefore, the hardness of
the Cu-Ni-Sn-Ti-Cr—Ce alloy is greater than the Cu-Ni-Sn-Ti-Cr alloy.
When the orientation angle of grains on both sides of the grain boundary
is small, the grain boundary migration speed is small, which is not
conducive to the formation of fine dynamically recrystallized grains [39,
40]. When the orientation angle is above 15°, the larger the orientation
angle is, the more alloy can form fine dynamically recrystallized grains,
to improve its strength and hardness. By comparing Fig. 7(b) and (f), it
can be found that the large angle grain boundary values of the
Cu-Ni-Sn-Ti-Cr-Ce alloy are larger than the Cu-Ni-Sn-Ti-Cr alloy,

which indicates that the micro-addition of Ce can promote the formation
of fine dynamically recrystallized grains, and improve the strength and
hardness. As seen in Fig. 7(f) and (h), the large angle grain boundary
value of the Cu-Ni-Sn-Ti-Cr-Ce alloy is 14.9% aged at 500 °C for 60
min. With the aging time increasing to 240 min, the large angle grain
boundary value of the alloy decreases to 6.5%. Therefore, the strength
and hardness of the Cu-Ni-Sn-Ti-Cr-Ce alloy aged for 60 min are
greater than for 240 min, which is consistent with curves in Fig. 3(d) and
(g). The Ce micro-addition can promote dynamic recrystallization,
which increases the strength and hardness of the alloy. Dynamic
recrystallization of the alloy mainly occurs during the aging phase
shown in Fig. 1, as aging of the alloy at 500 °C provides sufficient energy
for nucleation and growth of recrystallized grains.

In order to analyze the texture evolution of the Cu-Ni-Sn-Ti-Cr and
Cu-Ni-Sn-Ti-Cr-Ce alloys under different aging conditions, the polar
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diagram was obtained in Fig. 8, and the texture composition diagram in
Fig. 9. Fig. 8 shows the polar plots and the (001), (011) and (111)
directional texture types for both alloys. The main texture of the
Cu-Ni-Sn-Ti-Cr alloy is {001}<111> cubic texture after aging at
500 °C for 60 min and 240 min, but the main texture of the
Cu-Ni-Sn-Ti-Cr-Ce alloy is {011}<100> Goss and {001}<100> Cubic
texture. The maximum texture strength of the Cu-Ni-Sn-Ti—Cr-Ce alloy
is 18.309 when the aging time is 60 min, and the maximum texture
strength is 17.059 when the aging time is extended to 240 min. The
maximum texture strength of the Cu-Ni-Sn-Ti—Cr-Ce alloy has little
change. The higher performance of the Cu-Ni-Sn-Ti-Cr-Ce alloy after
60 min aging than after 240 min aging may be attributed to the {011}<
100> Goss texture change to {001}<100> cubic texture. Fig. 9 shows
the texture composition of the Cu-Ni-Sn-Ti-Cr and Cu-Ni-Sn-Ti-Cr-Ce
alloys after 500 °C, 60 min, and 240 min aging. The Cu-Ni-Sn-Ti-Cr—Ce
alloy is taken as an example to analyze the texture evolution. The ideal
texture composition of the alloy aged at 500 °C for 60 min is shown in
Fig. 9(a), where cubic, Goss, Brass, copper, S, <111>//X, <110>//X,
and <100>//X texture have the corresponding proportions of 0.0322%,
64.1%, 0.145%, 7.44%, 0.108%, 9.05%, 0.0322%, and 71.5%, respec-
tively. As seen in Fig. 8(b), with the aging time extending from 60 min to
240 min, the volume fraction of the main texture of the Cu—Ni-Sn-Ti—Cr
alloy cubic, Goss, Brass, copper, and S texture decreased and the texture
strength decreased slightly. It can be observed in Fig. 9(b) and (c) that
the volume fraction of Goss, Brass, copper and S texture increased, and
the texture was slightly enhanced due to the minor addition of Ce for the
two alloys aged at 500 °C for 240 min. This shows that the properties of
the alloy are related to its main texture, including cubic, Goss, Brass,
copper, and S texture. The stronger the five main textures, the better the
performance of the alloy.

3.3. Microscopic TEM analysis

The deformation structures such as deformation bands, dislocation
tangles, dislocation walls, twins, and precipitates from the copper matrix
are closely related to the properties of copper alloys [41,42]. Fig. 10
shows the TEM microstructure of the Cu-Ni-Sn-Ti-Cr alloy aged at
500 °C for 60 min. It can be seen from the bright field images in Fig. 10
(a) and (b) that there are multiple microstructure features such as
precipitated phase, dislocation entanglements, and dislocation walls in
the Cu-Ni-Sn-Ti-Cr alloy. The precipitated phase can strengthen the

copper matrix, hinder the dislocation movement and improve the
strength and hardness of the alloy. In addition, the precipitated phase
can reduce the lattice distortion of the copper matrix in the alloy,
thereby reducing the scattering effect of electrons and increasing the
electrical conductivity of the alloy [43]. Fig. 10(c) and (d) show the
HRTEM micrographs and fast Fourier transform (FFT) diagram of the
alloy, where the nano-scale precipitates were found to be CuNi,Ti by
calibration. Three planar directions were obtained: (103)cunizTi,
(200)cunizTi, and (103) cunioti- Fig. 10 (e) shows the inverse FFT (IFT)
diagram of nano-scale CuNi,Ti. The spacing of the (103)cynizri crystal
planes is 0.209 nm, 0.184 nm for the (200)cyni2Ti crystal planes, 0.207
nm for the (103) cynioti crystal planes, and no dislocations were found in
the IFT map. By calibrating the FFT diagram of Fig. 10(f), it was
determined that it was a copper matrix. The strip axis of the copper
matrix was calculated to be [011] ¢y, and the spacing of the (200)cy

crystal planes was measured to be 0.18 nm. The mismatch between the

2(da—dy) __ 2x(0.184-0.180)
d.+d; — (0.184+0.180)

100% = 2.2% < 5%, its interface is a coherent interface, where d, and
dj are the crystal plane spacing of two parallel planes (200)cuni2Ti and
(200)¢y, respectively. The precipitated phase and the matrix at the
coherent interface have a low mismatch strain, which means that the
coherent interface between the CuNiyTi phase and the Cu matrix can
improve the strength and hardness of the alloy without sacrificing
plasticity [26]. In addition, precipitates with large sizes were also found
in the Cu-Ni-Sn-Ti-Cr alloy, as seen in Fig. 11(a). According to the
HRTEM of Fig. 11(b) and (d) and FFT of Fig. 11(e), the larger precipi-
tated phase is Cr. Fig. 11(c) shows the XRD image of the larger precip-
itated phase in Fig. 11(a). The proportion of Cr atoms in the precipitated
phase is 94.6%, which verifies that the precipitated phase is Cr. The
crystal plane spacing of (011)¢; is 0.207 nm as seen in Fig. 11(e), (f), and
(g), while the crystal plane spacing of (211)¢, in the parallel plane of the
copper matrix is 0.181 nm in Fig. 11(h), (i) and (j). The mismatch be-

tween the Cr phase and Cu matrix is 5% < § = % x 100% =

13.4% < 15%, and its interface is semi-coherent. The precipitated phase
of the semi-coherent interface with a low mismatch degree produces
small elastic stress and low interfacial energy, which plays an important
role in improving the strength and hardness of the alloy [44]. Fig. 11(k)
is the GPA diagram of Fig. 11(d). According to the color change and
scale of the GPA diagram, the color of the Cr phase is light white rep-
resented by the +0.1 scale, which represents compressive stress and

nanometer CuNi,Ti phase and Cu matrix is § =
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Fig. 8. Pole figures of the Cu-Ni-Sn-Ti—Cr and Cu-Ni-Sn-Ti-Cr-Ce alloys: (a) Cu-Ni-Sn-Ti-Cr aged for 60 min, (b) Cu-Ni-Sn-Ti-Cr aged for 240 min, (c)

Cu-Ni-Sn-Ti-Cr-Ce aged for 60 min, (d) Cu-Ni-Sn-Ti-Cr-Ce aged for 60 min.

most of it is uniform strain, while the color of Cu is dark blue represented
by the —0.1 scale, which represents tensile stress and most of it is uni-
form strain. The interaction between compressive and tensile stresses
and lattice distortion of the Cr phase and Cu matrix play an important
role in strengthening the Cu-Ni-Sn-Ti-Cr alloy and improving its
hardness.

Fig. 12 shows TEM and HRTEM images of the Cu-Ni-Sn-Ti-Cr—Ce
alloy aged at 500 °C for 60 min. It can be seen from the bright field
images in Fig. 12(a), (b), and (c) that there is a typical microstructure
containing deformation bands, dislocation tangles, and dislocation lines
in the Cu-Ni-Sn-Ti-Cr-Ce alloy. In addition, there is a large number of
nano-scale precipitates. Fig. 12(d) shows the dark-field image of (c),
which can more intuitively reflect the distribution of nano-scale pre-
cipitates in the Cu-Ni-Sn-Ti-Cr-Ce alloy. Fig. 12(e) is the HRTEM
image of nano-scale precipitated CuNiyTi, and Fig. 12(f) is its FFT dia-
gram. Three planar orientations of (112)cynioti, (200)cunioTi and (112)
cunioTi Were obtained. The zone axis of the nano-sized precipitated

CuNi,Ti was calculated as [021] cyniori- Fig. 12(g) shows the grayscale
spectrum in the vertical direction of the (112)cynioTi crystal plane, which
is the measurement of the crystal plane spacing of the (112)cynizTi
crystal plane. It was obtained that d 1 2) = 0.217 nm. Fig. 12(h) shows
the small area diffraction pattern (SADP) image of the copper matrix and
the grayscale spectrum of the (111)¢, crystal plane in the vertical di-
rection, and the spacing of the (111)¢, crystal plane is 0.213 nm. The
mismatch between the nano-precipitated CuNi;Ti phase and the Cu
matrix is calculated from two parallel planes (112)cynizTi crystal plane

and (111) crystal plane: § = % x 100% = 1.9% < 5%. This

indicates that the interface between the nano-precipitated CuNiyTi
phase and Cu matrix in the Cu-Ni-Sn-Ti-Cr—Ce alloy is the same as the
Cu-Ni-Sn-Ti-Cr alloy, which is beneficial to improve the strength and
hardness. In addition, a precipitated phase with a large size was also
found in the Cu-Ni-Sn-Ti-Cr-Ce alloy, as seen in Fig. 12(i). Fig. 12(j)
and (k) show the HRTEM and FFT plots of the precipitated phase,
respectively. The precipitated phase was found to be the NiTi phase by
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Cu-Ni-Sn-Ti-Cr-Ce alloys aged at 500 °C for 60 and 240 min.

calibration. Fig. 13 shows the EDS and element distribution of the
Cu-Ni-Sn-Ti-Cr-Ce alloy aged at 500 °C for 60 min obtained in TEM. It
is known that Ni and Cu are infinitely miscible, and combined with the
distribution of elements in Fig. 13, some Ni atoms of the
Cu-Ni-Sn-Ti-Cr-Ce alloy replace Cu atoms to form CuNiyTi and NiTi
phases. It can be seen from Fig. 13(g) that there are still many Cr atoms
in the Cu-Ni-Sn-Ti-Cr-Ce alloy, so there are nano-scale Cr phases in the
Cu-Ni-Sn-Ti-Cr-Ce alloy. In the aging experiment of copper alloy, the
solute atoms in the solid solution in the copper matrix are precipitated.
The precipitated phase enhances the copper matrix, improves the
strength and hardness of the alloy, and reduces the lattice distortion of
the copper matrix, thus reducing the scattering effect of electrons and
improving the conductivity of the alloy, so that the alloy has good
properties [45].

4. Discussion
4.1. Ce micro-addition effects on properties

The above results indicate that the designed Cu-Ni-Sn-Ti-Cr and
Cu-Ni-Sn-Ti-Cr-Ce alloys have good mechanical properties and elec-
trical conductivity after homogeneous annealing, solution, cold rolling,
and aging treatments. The precipitated phase of CuNiyTi and NiTi in the
alloy or the intermetallic compound particles in the alloy can effectively
hinder the dislocations formed in the cold deformation process, and
effectively enhance the strength and hardness [46]. The micro-hardness
of the Cu-Ni-Sn-Ti-Cr alloy aged at 500 °C for 0-480 min is plotted in
Fig. 3(a), and the micro-hardness of the Cu-Ni-Sn-Ti-Cr alloy from
short to long aging time is 138 HV, 178 HV, 189 HV, 204 HV, 221 HV,

10

199 HV, 176 HV, 162 HV, and 152 HV. The micro-hardness of the
Cu-Ni-Sn-Ti-Cr-Ce alloy aged at 500 °C for 0-480 min is plotted in
Fig. 3(d), and the micro-hardness from short to long aging time is 146
HV, 168 HV, 189 HV, 216 HV, 245 HV, 220 HV, 196 HV, 193 HV, and
169 HV. The micro-hardness can be improved by the micro-addition of
Ce comparing the Cu-Ni-Sn-Ti-Cr and Cu-Ni-Sn-Ti-Cr—Ce alloys aged
at 500 °C for 0-480 min. According to Fig. 3(c) and (f), the peak
micro-hardness of the Cu-Ni-Sn-Ti—Cr-Ce alloy aged at 400-550 °C is
significantly higher than the Cu-Ni-Sn-Ti—Cr alloy, and the peak elec-
trical conductivity of the Cu-Ni-Sn-Ti-Cr-Ce alloy aged at 400-550 °C
is slightly lower than the Cu-Ni-Sn-Ti—Cr alloy. This indicates that the
micro-addition of Ce significantly improves the hardness of the alloy
with slightly reduced electrical conductivity. According to Fig. 3(g) and
(h), the tensile strength of the Cu-Ni-Sn-Ti-Cr—Ce alloy is greater than
the Cu-Ni-Sn-Ti-Cr alloy at the same aging temperature and time, and
the elongation is slightly lower than the Cu-Ni-Sn-Ti-Cr alloy. After
aging at 500 °C for 60 min, the tensile strength of the Cu-Ni-Sn-Ti-Cr
alloy was 598.1 MPa and the elongation was 9.9%, while the tensile
strength of the Cu-Ni-Sn-Ti-Cr-Ce was 645.2 MPa and the elongation
was 9.4%. Compared with Fig. 6(b) and (d), the average grain size of the
Cu-Ni-Sn-Ti-Cr alloy and the proportion of grain size larger than 200
pm is 257.5 pm and 74%, respectively. Both of them are much larger
than the 178.3 pm and 51% of the Cu-Ni-Sn-Ti-Cr—Ce, indicating that
the micro-addition of Ce can refine the grain and improve the strength
and hardness of the alloy. Under the same aging conditions, compared
with the Cu-Ni-Sn-Ti-Cr—Ce alloy, the Cu-Ni-Sn-Ti-Cr-Ce alloy has
higher hardness and tensile strength. However, the conductivity and
elongation of the Cu-Ni-Sn-Ti-Cr alloy are slightly higher than the
Cu-Ni-Sn-Ti-Cr—Ce alloy. In general, the Cu-Ni-Sn-Ti—Cr—Ce alloy has
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Fig. 10. TEM microstructure of Cu-Ni-Sn-Ti—Cr alloy aged at 500 °C for 60 min: (a) and (b) bright-field images, (c) HRTEM micrograph of CuNi,Ti, (d) FFT pattern
of CuNi,Ti, (e) IFT pattern of CuNi,Ti, (f) FFT pattern of Cu.

better comprehensive properties than the Cu-Ni-Sn-Ti—Cr alloy. the alloy is relatively important to enhance its strength and hardness. As
seen in Figs. 10 and 11, the nano-scale precipitated phase in the
Cu-Ni-Sn-Ti-Cr alloy is the CuNi,Ti phase, and the precipitated phase

4.2. Ce micro-addition effects on texture and precipitates with a large size is the Cr phase. The nanoscale precipitated phase in the
Cu-Ni-Sn-Ti-Cr-Ce alloy is the CuNi,Ti phase, and the precipitated
The texture evolution of the alloy during aging can be determined by phase with a larger size is the NiTi phase, as seen in Fig. 12. By
the polar diagrams and the texture component diagrams. The type, comparing Figs. 10(a) and Fig. 12(d), it can be seen that the number of
texture strength, and proportion of the texture in the alloy are closely nano-scale precipitates in the Cu-Ni-Sn-Ti-Cr—Ce alloy is significantly
related to the properties of the alloy [36]. It can be seen from Fig. 8 that higher than in the Cu-Ni-Sn-Ti-Cr alloy, and the precipitates are
the main texture of the Cu-Ni-Sn-Ti-Cr alloy aged at 500 °C for 60 min smaller. This indicates that the Ce micro-addition is conducive to the
is {001}<111>, and the maximum texture strength is 11.591. The main ~ precipitation of the NiTi phase, which can promote the refinement and
texture of the Cu-Ni-Sn-Ti-Cr—Ce alloy aged at 500 °C for 60 min is precipitation of the nano-scale precipitated phase in the alloy, and
{011}<100> Goss texture, and the maximum texture strength is 18.309. enhance the strength and hardness of the alloy. In addition, the nano-
These results indicate that the micro-addition of Ce can change the crystalline precipitates from the copper alloy matrix decrease the elec-
texture type and increase the maximum texture strength of the alloy. As tron scattering effects and increase the alloy’s electrical conductivity.

seen in Fig. 8, the texture groups of the Cu-Ni-Sn-Ti—Cr alloy aged at
500 °C for 240 min were cubic, Goss, Brass, copper texture, S,
<111>//X, <110>//X, and <100>//X texture with the corresponding 4.3. Strengthening and conductivity mechanisms
proportions of 6.47%, 0.0645%, 0.12%, 1.69%, 0.193%, 22.2%, 6.47%,

and 11.4%. For the Cu-Ni-Sn-Ti-Cr—Ce alloy, the corresponding texture The strengthening mechanisms of copper alloys can be divided into
proportions are 13.6%, 6.32%, 1.47%, 0.481%, 0.0115%, 5.04%, four types (solution, deformation, grain boundary, and precipitation
13.6%, and 54.2%. After Ce micro-addition, the volume fraction of Brass strengthening), among which precipitation strengthening is the main
texture and copper texture decreased slightly, while the volume fraction strengthening mechanism of aged copper alloys. The yield strength ¢ of
of cubic texture, Goss texture, and S texture increased significantly, the Cu-Ni-Sn-Ti-Cr-Ce alloy is mainly composed of the following five
indicating that the Ce micro-addition can change the volume fraction parts [47]:

and texture strength of the alloy. The higher properties of the

Cu-Ni-Sn-Ti—Cr—Ce alloy aged at 500 °C for 240 min may be attributed O =00+ O+ Ous +0p + Oap 2
to the higher volume fraction of cubic, Goss, and S texture in the alloy. In Here, oy is the lattice friction stress of the Cu matrix, 20 MPa [48]. o,
addition to the alloy texture effects on its properties, the precipitation in is the stress of solution strengthening, oy is the stress of work hardening,

11
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Fig. 11. HRTEM images and microstructure of the Cu-Ni-Sn-Ti—Cr alloy aged at 500 °C for 60 min: (a) bright field image, (b) HRTEM images of the white circle area
in (a), (c) EDS spectra of Cr in (b), (d) HRTEM images of the yellow rectangular region in (a), (e) FFT pattern of Cr, (f) and (g) IFT pattern of Cr, (h) FFT pattern of Cu,
(i) and (j) IFT pattern of Cu, (k) GPA map of (d). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

o, is the stress of precipitation strengthening, and ogg is the stress of
grain boundary strengthening. Solid solution strengthening is related to
the radius difference between solute Ni, Sn, Ti, Cr, and Ce atoms and
copper matrix atoms. The degree of solid solution strengthening can be
described as follows [27]:

1 3 (X
s =G| 6| +== | In]*1 /=
au=G(101+ 55

Here, G is the shear modulus of copper alloy (G = 46 GPa), § is the
lattice change factor caused by solution alloying (5 = 0.1105), 7 is the
factor describing the shear modulus change caused by solution alloying
(1 = 0.3171), and x, is the fraction of solute atoms in the solid solution.
The contents of Ni, Sn, Ti, Cr, and Ce in the alloy are 1.1%, 0.8%, 0.5%,
0.3%, and 0.1%, as shown in Fig. 5(b) xo = 1.1% +0.8%+0.5% + 0.3%+
0.1% = 2.8%. Therefore, the solution strengthening degree o, of the
Cu-Ni-Sn-Ti-Cr-Ce alloy can be calculated as 127.3 MPa.

The effect of grain boundary strengthening can be expressed by the
Hall-Petch formula [49]:

3

OGB :Kyd71/2 (4)
Here, K, is the Hall-Petch coefficient, which is equal to 150 MPa pm'/2, d
is the average grain size, which is 135 pm. Therefore, the grain boundary
strengthening o¢p of the Cu-Ni-Sn-Ti-Cr-Ce alloy can be calculated as
12.9 MPa.

In order to improve the strength and hardness of the
Cu-Ni-Sn-Ti-Cr-Ce alloy, the alloy after the solution strengthening was
cold-rolled with 60% deformation. The deformation bands, dislocations,
deformation twins, and other structures generated by cold rolling
strengthened the copper matrix. The effect of deformation strengthening
can be described as follows [50]:

645 =MaGb.\/p 5)

12

Here, M is the Taylor coefficient (3.06), a is the geometric constant (0.3),
G is the shear modulus (46 GPa), b is the Burgers vector (0.2556 nm), p is
the dislocation density of the alloy. Therefore, the deformation
strengthening o4, of the Cu-Ni-Sn-Ti-Cr—Ce alloy can be calculated as
185 MPa.

The type and size of the precipitated phase in the
Cu-Ni-Sn-Ti-Cr—Ce alloy and the relationship between the precipitated
phase and dislocations play an important role in the strengthening of the
alloy. The relationship between the precipitated phase and dislocations
in the copper alloy is usually a bypass mechanism. The effect of pre-
cipitation strengthening caused by the bypass mechanism (Orowan-
Ashby equation) of the Cu-Ni-Sn-Ti—Cr-Ce alloy can be described as
follows [51]:

0, =0.81 x Gb X o <dp/b)

(6)
27(1 — U)V2 (A—d,)

Here, G is the shear modulus of copper (G = 46 GPa), b is the Burgers
vector (b = 0.2556 nm), v is Poisson’s ratio (0.34), d, is the average
precipitated particle size (d, = 24.6 nm), and 4 is the spacing between
particles on the slip plane, which is related to the average precipitated
particle size dp,. Thus, A can be expressed as follows:

1 3n
A=dyy |5~
277\ 2f,

Here, f, is the volume fraction of the secondary phase particles (f, =
4.1%). Therefore, the precipitation strengthening degree ¢, of the
Cu-Ni-Sn-Ti-Cr—Ce alloy can be calculated as 312.1 MPa. In the end,
the yield strength ¢ of the Cu-Ni-Sn-Ti—Cr—Ce alloy is 6 = 6y + 05 +
0gs + 0p + 0gg = 20 + 127.3+185 + 312.1+12.9 = 657.3 MPa. This is
slightly higher than the measured value (645.2 MPa), which is mainly
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Fig. 12. TEM and HRTEM images of the Cu-Ni-Sn-Ti-Cr-Ce alloy aged at 500 °C for 60 min: (a—c), (i) bright field images, (d) dark field image showing the
precipitates’ distribution, (¢) HRTEM micrograph of CuNi,Ti, (f) FFT pattern of CuNi,Ti, (g) gray-scale spectrogram of the vertical direction of crystal plane in (e), (h)
diffraction spots of the matrix, (j) HRTEM micrograph of NiTi, (k) FFT pattern of NiTi.

related to the larger size of the particles equal to the Cr and NiTi phases.

In addition, for the conductivity of Cu-Ni-Sn-Ti-Cr-Ce alloy, the
resistivity of copper alloy is related to dislocation, grain boundary and
precipitated phase in the alloy. According to Matthiessen’s rule [52], the
resistivity can be expressed as:

Q=Q¢, + Qpis + Qg + Qp ®

Here, Qc, is the resistivity of pure Cu (Qc, =1.724 x 108 Q e m). Qp; is
the resistivity due to dislocation of the alloy, which can be expressed as:

©)]

Qpc is the resistivity of the dislocation caused by Cu (Qpc = 2 x
107® Qem?) [53]. p is the dislocation density of the alloy, so the
increased resistivity Qp; for the dislocation density of
Cu-Ni-Sn-Ti-Cr-Ce alloy can be calculated as 0.015x 108 Qem.
Moreover, the resistivity Qg caused by alloy grain boundaries can be
expressed as:

Qpis=p  Qpc

=20 on(2) (10)

3
Que_cp is the grain boundary resistivity caused by Cu (Que_cz =
2.04 x 107 Qem?®) [54], ¢ is the grain boundary area per volume,
assuming that the grain of copper alloy is a tetrahedron, then  is 2.37/d,

13

The grain boundary resistivity of Cu-Ni-Sn-Ti-Cr-Ce alloy is 0.25 x
108 Q em. The resistivity Qp caused by precipitated phase can be
expressed as:

— Qp;s (1)

The resistivity measured by Cu-Ni-Sn-Ti-Cr-Ce alloy(© = 3.86 x
108 Qem), the resistivity caused by the precipitated phase of
Cu-Ni-Sn-Ti-Cr-Ce alloy is Qp = Q— Q¢ — Qpis— Qg = (3.86 —
1.72 — 0.015 - 0.25)x 108 = 1.875x 108Qem. Qp >Qg
>Qep> Qpis, from the alloy resistivity calculation results,
Cu-Ni-Sn-Ti-Cr-Ce alloy caused by the precipitate phase is the largest
resistivity, is the main factor affecting the alloy resistivity.

The calculation results of strengthening mechanism and resistivity of
the alloy show that precipitation strengthening is the main factor
affecting the strength of Cu-Ni-Sn-Ti-Cr—Ce alloy, and the precipitated
phase is the main factor affecting the conductivity of the alloy. Several
techniques have been used to control the interactions between the nano-
precipitates and the matrix to improve the strength of the alloy, but the
chaotic phase relationship between the nano-precipitate and the matrix
often reduces the elongation of the alloy [55]. Generally speaking, the
strength of the alloy is negatively correlated with elongation, and
increasing the strength will reduce the elongation. The precipitated
CuNiyTi phase and the Cu matrix have coherent interfaces, and the

Qp=Q—Q¢, — Qs
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Fig. 13. EDS and element distribution of Cu-Ni-Sn-Ti—Cr-Ce alloy aged at 500 °C for 60 min under TEM: (a) EDS map, (b) EDS spectra, (c) Cu, (d) Ni, (e) Sn, (f) Ti,

(g) Cr, and (h) Ce elemental maps.

precipitated phase and the matrix at the coherent interface have a low
mismatch strain, which reduces the alloy cracking during deformation.
This means that the nanoscale CuNiyTi phase can improve the alloy
strength and ductility. Precipitates constantly form in the alloy at the
under-aged stage with increased aging time or temperature, improving
its hardness and electrical conductivity in Fig. 3. At the peak-aging
stage, the hardness of the alloy first increased to the maximum and
then decreased, while the electrical conductivity continued to increase.
The interaction is mainly between the precipitate’s growth and the dy-
namic softening of the alloy. When the hardness of the alloy reaches the
maximum, the dynamic softening dominates and the hardness of the
alloy begins to decline. In the over-aging stage, dynamic softening plays

a dominant role, and the hardness of the alloy decreases with the aging
time.

5. Conclusions

The new Cu-Ni-Sn-Ti-Cr alloy has been designed with solution
treatment, 60% cold rolling, and aging at 500 °C for 60 min, having 221
HV micro-hardness, 598.1 MPa tensile strength, 9.9% elongation, and
45.2% IACS conductivity. The new Cu-Ni-Sn-Ti-Cr—Ce alloy was also
obtained by aging at 500 °C for 60 min, having 245 HV micro-hardness,
645.2 MPa tensile strength, 9.4% elongation and 44.6% IACS conduc-
tivity. It is observed that the micro-addition of rare earth Ce can refine




S. Tang et al.

the grain of the Cu-Ni-Sn-Ti-Cr alloy, promote the formation of fine
dynamically recrystallized grains, and significantly improve the micro-
hardness and strength of the alloy. The excellent comprehensive prop-
erties of the alloy are attributed to the composite effects of solution
strengthening, deformation, grain boundary, and precipitation
strengthening, among which precipitation strengthening is the most
important. The strengthening effect of precipitation is largely due to the
presence of nano-scale CuNi,Ti, Cr, and NiTi phases in the alloy. In
addition, the nano-scale CuNiyTi phase and Cu matrix interface is
coherent, which can improve the strength and ductility of the alloy. The
electrical conductivity increases with aging time mainly because the
dynamic softening effects of the alloy and the precipitated phase reduce
the distortion in the copper matrix and the scattering effect of electrons,
leading to the continuous improvement of the electrical conductivity of
the alloy.
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