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ARTICLE INFO ABSTRACT

Keywords: Copper alloys are widely used in the electrical and electronic devices due to their excellent electrical and thermal

CQPPCI: alloy conductivity. However, the trade-off relationship between strength and conductivity limits their application in

ISV[‘“OﬁEer the electrical contacts and circuit leads. In this study, an experimental strategy based on melt extraction and
trengt - appropriate post-heat treatment was proposed to design one kind of B2-phase ordered Cu-Pd-Ag-Ru microfiber. It

Electrical conductivity . . § . .

B2 phase was found that this microfiber displays the excellent comprehensive performance of the strength and the con-

ductivity. In comparison with the cast alloy, the strength for the designed microfiber is increased by 2.75 times
and there appears the 70 % enhancement for the electrical conductivity. The strengthening mechanisms can be
attributed to the phase transition from FCC to B2 phase, grain refinement, and the formation of Ru and Ag
precipitates. Furthermore, the significant improvement in electrical conductivity is primarily due to the intro-
duction of the B2 ordered phase and the elongation of longitudinal grains. The current study not only provides
one kind of excellent copper alloys for the electrical contacts and circuit leads, but also offers a new strategy for
surmounting the strength-conductivity trade-off in metals.

Nano-precipitate

1. Introduction Meanwhile, with the rapid advancement of technology, there are

increasing demands on small-sized copper alloys used in high-density

Conductor materials are of vital importance in a wide range of ap-
plications including rail transportation, military, aviation, electronics
and numerous other fields, as high electrical conductivity and high
strength are indispensable in these areas. Copper and its alloys are
extensively utilized in the electronic industry, high energy facilities, rail
transportation and other fields because of their remarkable electrical
conductivity, thermal conductivity, corrosion resistance, easy-to-
process nature and cost-efficiency [1-4]. Up to now, researchers have
already developed a large number of copper alloys of various systems,
such as Cu-Ag, Cu-Cr, Cu-W, Cu-Ni-Si, Cu-Mg, Cu-Ti and Cu-Fe [2,5-21].
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miniaturized electrical contacts and integrated circuit leads [3,4]. For
these special fields, it is required that copper alloys must possess
ultra-high strength while maintaining excellent electrical conductivity.
For commonly used high-strength electrical contact points, sliding
contacts and sliding wires, the required properties typically include the
electrical conductivity of over 20 % IACS, the tensile strength of
500-1000 MPa, and the hardness of at least 3 GPa [22]. For example,
beryllium copper alloys, which are commonly used for high-strength
probes and spring contacts, exhibit a hardness of 3.5-4 GPa, electrical
conductivity of 20-22 % IACS, and a tensile strength of 1000-1400 MPa.
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However, copper alloys generally have low strength and are prone to
softening and deformation, which limits their applicability in these
fields. To overcome the bottleneck of the low strength, researchers
proposed various strengthening strategies, including grain boundary
strengthening, solid solution strengthening, strain strengthening and
precipitation strengthening [1-6,11-21]. Unfortunately, in copper al-
loys, strength and electrical conductivity are not compatible and even
opposed. This is because traditional strengthening mechanisms usually
increase the yield strength, which leads to electron scattering effect and
a loss in conductivity [10-14,23,24]. Therefore, it is crucial to develop
new strategies to achieve ultrahigh strength and electrical conductivity
in copper alloys to meet the high requirements of high-tech fields,
especially the chip industry being closely related to the electrical con-
tacts and circuit leads.

For various metals and alloys, the size deduction usually leads to the
increase of the strength and the elongation considering the size effect
induced the grain refinement [2,25-28]. What is more, the grain
refinement has been verified to be beneficial for the improvement of the
electrical conductivity of alloys [29-31]. Meanwhile, for the industrial
applications in the field of electrical contacts and circuit leads,
small-sized fiber-like metal materials are the first-choice materials to be
given top priority. Thus, it is of great importance for developing the
alloy fiber with the high strength and conductivity. For the traditional
copper alloy fibers, it is usually fabricated by cold drawing technology
[32,33]. With increasing tensile strain, cold drawing elongates the
grains along the tensile direction and introduces dislocation sub-
structures, significantly enhancing the strength of copper. Nevertheless,
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it has a detrimental effect to the electrical conductivity since the cold
drawing induces a great deal of the lattice distortion, dislocations and
the residual stress [23,34,35]. In contrast, recent researches have
demonstrated that rapid solidification (melt extraction) shows great
potential for the fabrication of fiber alloy materials [36-38]. This pro-
cessing enables fabrication of alloys with metastable structures and
predefined grain size due to the ultrafast cooling rate during solidifi-
cation. Meanwhile, without the serious deformation, the electron scat-
tering can be enormously reduced during rapid solidification. From this
perspective, this fast-cooled melt extraction technology may provide a
preferable framework to fabricate the fiber-like copper alloy with the
good electrical conductivity.

Except for the typical copper alloys of Cu-Cr-Zr, Cu-Ni-Si, Cu-Ag, Cu-
Ti and Cu-Mg, Cu-Pd alloy system has received increasing attention due
to its excellent electrical conductivity and mechanical properties [5-9].
From a historical perspective, Pd-Cu alloys were initially used in the
field of electrical conductors. However, due to the high cost of palladium
and its relatively low strength, alloying became essential. The addition
of copper to palladium aimed to enhance mechanical properties through
solid solution strengthening while minimizing the loss of electrical
conductivity. Since 2010, elements such as Au, Ni, Mg, and Ag have been
added to Pd-Cu alloys to enhance their mechanical properties while
maintaining good electrical conductivity [39-42]. Recently, alloys with
a composition of 44-55 % Cu, 35-45 % Pd, and 6-12 % Ag (atomic
percent) are highly favored in the field of electrical contacts [43].
Additionally, researchers have explored the addition of insoluble metals
such as ruthenium and rhodium. Platinum group metals are primarily
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Fig. 1. (a) Phase diagram for the Cu-Pd alloy system. (b) Mixing enthalpy diagram for the elements of Cu, Pd, Ag and Ru. (c) Scheme of alloy-melt extraction process.
(d) Optical picture of the Cus4Pd4sAg9 4RU; ¢ cast alloy sample (Left) and the alloy microfiber (Right). SEM images of the Cus4Pd4sAgo 4Ru; ¢ alloy microfiber: (e)

Longitudinal view; (f) Cross-sectional view.
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chosen due to their melting points and densities being similar to those of
palladium, copper, and silver, which simplifies the metallurgical
melting process. Moreover, ruthenium and rhodium are less prone to
oxidation, further enhancing the material’s stability. Currently,
Cu-Pd-Ag-Ru quaternary alloys in strip and wire forms are considered
highly promising electrical contact materials [44]. However, the
fiber-forming process is relatively complex, and the high cost of Ru and
Pd, as noble metals, limits large-scale applications.

As seen from the Cu-Pd phase diagram shown in Fig. 1(a), Cu-Pd
alloys (36-47 at. % Pd) undergo a structural phase transition below
600 °C, transforming from a disordered FCC structure (Al-type) to an
ordered BCC structure (B2-type) [45]. Previous researches reported that
the resistivity of the Cu-Pd alloy decreases by nearly tenfold during the
phase transformation from Al-type phase to B2-type phase [46,47].
What is more, due to the differing plastic deformation mechanisms of the
FCC and BCC phases, the phase transformation from Al-type phase to
B2-type phase also contributes to an increase in strength [48]. There-
fore, the combination of the enhanced strength and good electrical
conductivity may be achieved by introducing a B2 ordered
micro-structure into the Cu-Pd copper alloys.

In this work, aimed at the microscale electrical contacts and circuit
leads in the field of integrated circuit, we developed one new Cu-Pd-Ag-
Ru alloys with combined strength and electrical conductivity by simply
melt-extraction and appropriate post-heat treatment. Cu-Pd alloys are
widely used in electronic and electrical contact materials due to their
excellent electrical conductivity and corrosion resistance. However,
their strength and hardness are generally low. Cu-Pd alloys with 36-47
at. % Pd undergo a phase transition below 600 °C, forming an ordered
Cu-Pd B2 structure. This crystalline structure significantly enhances the
strength of the alloy while maintaining good electrical conductivity.
Moreover, minor-alloying is an effective strategy for enhancing the
strength of alloys. The doping of Ag and Ru was to introduce the
nanoscale strengthening precipitation considering that the positive
mixing enthalpy between Ag, Ru and Cu, Pd, further enhancing the al-
loy’s strength [49,50], (as shown in Fig. 1(b)). Thus, based on the above
considerations, this study designed the Cus4Pd4s5Ag9 4RU1 6 (at. %) alloy
composition. It was found that the developed Cu44Pd45Agg 4Ru; ¢ fiber
alloy displays excellent comprehensive properties of strength and elec-
trical conductivity. Compared to the traditional cast alloy, the
melt-extracted fiber alloy with order B2 phase has the finer grains and
nanoscale precipitations. Finally, the physical mechanism for the
enhancement of the strength and electrical conductivity was discussed.
The research findings of this work can offer some enlightenment for
designing the novel copper alloys for the industrial production and
various high-tech applications.

2. Experimental methods

The alloy ingot with the nominal composition of Cus4Pd45Ag9 4Ru1 ¢
(at. %) were fabricated by arc melting pure metals of Cu, Pd, Ag with a
purity of 99.99 % and Ru with a purity of 99.95 % in a Ti-gettered high-
purity argon atmosphere. To ensure the chemical homogeneity, the
ingot was re-melted at least five times and the mass loss of the ingot is
less than 0.3 %. Then, the ingot was cut into several small pieces. One of
these pieces was firstly melted and was suctioned into the water-cooled
copper mold. The diameter of the fabricated rod sample is about 5 mm.
Finally, the shredded rod-shaped samples were placed into a glass tube
of the melt extraction instrument and the melt-extracted fiber sample
can be prepared. The isothermal heat treatment was conducted on the
obtained as-cast fiber alloys at 400 °C for 5 h under vacuum.

The information of the microstructure of the prepared Cus4Pd4sA-
89.4Ru; ¢ rod and fiber samples were analyzed thoroughly using various
advanced technologies, including X-Ray Diffraction (XRD, Bruker D8),
scanning electron microscope (SEM, Zeiss Sigma 300), electron back-
scattered diffraction (EBSD, Verios G4 UC)), transmission kikuchi
diffraction (TKD, 8230) and transmission electron microscope (TEM,
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Talos F200x). Before the TKD test, the samples were carefully treated by
firstly mechanical polishing and then ion beam milling. The formed
phases of the prepared Cus4Pd4sAg9 4RU; ¢ rod and fiber samples were
analyzed using X-ray diffraction (XRD, Bruker D8). The surface
morphology of the Cus4Pd4sAgg 4Ru; ¢ fiber sample was observed using
scanning electron microscopy (SEM, Zeiss Sigma 300). The atomic
structure for the prepared Cu44Pd4sAgg4Ru; e rod and fiber samples
were measured by transmission electron microscope (TEM, Talos
F200x). The TEM samples were prepared using a focused ion beam (FIB,
Helios-G4-CX).

The hardness tests were performed at room temperature using a
nanoindenter equipped with a Berkovich diamond indenter tip (Bruker,
Hysitron TI980). The tip radius is about 100 nm. The strength was
determined by uniaxial tensile tests using a universal testing machine
(Zwick/Roell Z1.0) with a constant strain rate of 0.001 s . The elec-
trical resistance of the prepared samples was measured by DC resistance
meter (CXT 2515) at room temperature. Thus, the corresponding elec-
trical conductivity of these specimens can be calculated using the
following equation:

EC= L 100% 1

“Reses8e10s° 100% W
where EC is the relative electrical conductivity, expressed in relation to
the International Annealed Cu Standard (% IACS), referred to as the
electrical conductivity in the following section; L is the length of the
specimen; R is the electrical resistance of the specimen; S is the radial
cross-sectional area of the measured specimen. In order to make the data
real and reliable, R usually needs to be measured more than three times
to confirm the average value. And the electrical conductivity is the
average of the three measured values, expressed by % IACS. For ensuring
the reproducibility, all of the tests for the strength and the conductivity
were repeated at least three times under the same experimental
conditions.

3. Results and discussion

3.1. Characterization of surface morphology and phase structure for
various CuyqPd45Ag9 4RU; ¢ alloys

To fabricate the fiber-like alloy for the electrical contacts and circuit
leads, the melt extraction method was applied and the scheme of the
experimental instrument was displayed in Fig. 1(c). For comparison, the
5 mm rod-like sample with the same chemical composition was also
prepared by the suction-casting method [51,52]. The optical photos of
the prepared fiber and rod samples were exhibited in Fig. 1(d). From
Fig. 1(d), it seems that the cast Cu44Pd4s5Agg 4Ru; ¢ fiber displays a
smoother and more shining surface compared to that of cast alloy
sample. To further check the surface morphology of the cast Cug4P-
d4s5Agg 4Ru; ¢ fiber sample, the SEM was used to observe from the lon-
gitudinal and cross-section views, respectively. Clearly, there is no
obvious surface defects or cracks for the cast CugqPd4sAg9 4RU; ¢ fiber
sample based on the result in Fig. 1(e). What is more, from Fig. 1(f), the
diameter of the prepared alloy fiber is about 50 pm. For the melt
extraction method, the diameter of the fabricated fiber samples can be
precisely controlled by setting the applied rotation speed. Generally, the
faster the rotation speed, the smaller the resulting fiber diameter. Thus,
the melt extraction technology provides a good and flexible tool to
prepare the smooth and size-controllable fiber-like alloys.

To confirm the phase structure of the prepared Cus4Pd4s5Ag9 4Ru; ¢
cast alloy and cast fiber samples, the corresponding XRD patterns were
obtained and shown in Fig. 2. One can see that the main crystalline
phase for the cast alloy and cast fiber is FCC phase. Based on the
designing object in Fig. 1(a), the promising crystalline phase is the or-
dered B2 phase with potential high electrical conductivity and high
strength. Previous researches reported that the FCC phase for the cast
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Fig. 2. XRD patterns of the cast alloy, cast CuqqPd45Ag9 4Ru; ¢ alloy fiber and
annealed Cug4Pd4sAg 4Ru; ¢ alloy fiber.

Cu-Pd alloys by electrodeposition and mechanical alloying can be
transformed into the B2 phase under 400 °C for 5 h [53-56]. Herein, to
obtain the Cu44Pd4s5Ag9 4Ru; ¢ fiber alloy with the B2 phase, the same
annealing treatment was conducted on the cast fiber sample. And the
corresponding XRD pattern was also included in Fig. 2. After annealing
treatment, the CuyqPdssAgo 4RU; ¢ fiber sample displays the complete
B2-phase structure. The above results obviously confirm that the com-
bination of the fast-cooled melt extraction and the proper annealing
treatment promotes the formation of the B2-ordered microstructure in
Cu-Pd alloys. It should be noted that the XRD signal of the formation of
nanoscale precipitated phases originated from the minor additions of Ag
and Ru does not appear due to the low concentration and the small sizes.
Int the below, more detailed experiments will be conducted.

3.2. Mechanical and electrical performance characterization
For the electrical contacts and circuit leads, the combination of the
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excellent mechanical property and electrical conductivity are crucial.
Higher hardness and high strength contribute to the wear resistance and
long service life of electrical contact copper alloys. As shown in Fig. 3(a),
the hardness of the annealed Cu44Pd4sAg94Ru; e fiber sample was
measured using the Continuous Stiffness Measurement (CSM) method
based on nanoindentation [57]. Cus4Pd45Ag9 4RU; ¢ cast alloy was also
used as a reference sample. The nanoindentation continuous
load-displacement curves for the annealed fiber and cast alloy samples
were plotted in the insertion of Fig. 3(a). Obviously, compared to the
cast alloy, the annealed fiber displays an obvious hardening behavior.
The corresponding hardness is also consistent with the above hardening
phenomenon. The hardness for the annealed fiber sample is 6.22 GPa,
which is larger 56 % than that of the cast alloy (3.99 GPa).

To determine the strength of the annealed fiber, tensile tests were
conducted on both the annealed fiber and the cast alloy. The corre-
sponding tensile stress-strain curves were presented in Fig. 3(b). For the
micro-scale fiber sample, the experimental setup for the tensile test was
illustrated in the insertion of Fig. 3(b) [58]. In order to prevent the fiber
sample from slipping during tensile deformation, the fiber sample were
fixed inside a paper frame and glued firmly. Then, the fiber sample and
the paper frame were clamped with a holder, and the two sides of the
paper frame were cut off for the tensile test. From Fig. 3(b), one can see
that the yielding strength for the Cus4Pd4sAgg 4Ru; ¢ cast alloy is only
490 MPa. In contrast, the strength for the annealed fiber is about 1350
MPa, resulting in a remarkable enhancement of over 175 % compared to
the cast alloy.

For the electrical conductivity, it was measured by the standard four-
point probe measurement method and the measurement scheme was
shown in the insertion of Fig. 3(c). For each sample, the tests were
repeated for at least three times and the detailed values of the electrical
conductivity were plotted in Fig. 3(c). One can see that the average
electrical conductivity of the annealed Cu44Pd45Ag9 4R ¢ fiber is about
28.45 % IACS and there is only 16.64 % IACS for the cast alloy. The
annealed alloy fiber displays an improvement of over 70 %. This result
indicates that the electrical conductivity for the annealed fiber is much
higher than that of the cast alloy and it is consistent with our design
objective.

To further compare the overall performance of various copper alloys,
the plot of the electrical conductivity and the yielding strength for
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Fig. 3. Characterization of mechanical and conductive properties for the annealed Cu44Pd4sAg9 4RU; 6 alloy fiber and cast alloy. (a) Hardness comparison using the
continuous-stiffness-measurement (CSM) based on the nanoindentation. The inserted graph gives the nanoindentation displacement-load curves for two samples. (b)
Tensile stress-strain curves for the annealed Cuy4Pd4sAgo 4RU; ¢ alloy fiber and cast alloy. For microscale fiber sample, the measurement method for the uniaxial
tensile test was inserted in Fig. 3(b). (c) Conductivity comparison for the annealed Cus4Pd4s5Ag9 4Ru; ¢ alloy fiber and cast alloy. The conductivity measurements were
based on the four-terminal method and the scheme was inserted in Fig. 3(c). (d) Plot of yield strength vs. conductivity for various copper alloys [2,7,9-21,44,

46,59-65].
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various copper alloys was obtained and shown in Fig. 3(d) [2,7,9-21,44,
46,59-65]. The detailed values of the strength and conductivity for
various copper alloys were included in Table 1. For clarity, the guideline
for the trade-off of the strength and conductivity was given by one blue
dashed curve in Fig. 3(d) [2,7,9-21,44,46,59-65]. It is clear that the
Cug4PdysAgo 4Ru; ¢ cast alloy displays the smaller strength and the
conductivity compared to other copper alloys. In contrast, after
annealing treatment, the yielding strength for the B2-ordered fiber
sample displays 175 % increase and the conductivity displays a 70 %
increase. The synchronous improvement of the strength and the con-
ductivity successfully makes the annealed Cu44Pds4sAgg4Ru; ¢ fiber
overcome the strength-conductivity trade-off for the copper alloys.

3.3. Microstructural characterization of the annealed Cu44Pd45Ago Ru; ¢
alloy fiber

3.3.1. Grain size distribution comparison for the cast alloy and the
annealed alloy fiber

From the results in Fig. 2, the phase structures for the cast alloy and
the annealed alloy fiber were significantly different. For copper alloys,
except for the phase structure, the grain size for different phases is vital
for the mechanical and electrical properties. Thus, it is essential to
investigate the grain size distribution for the cast alloy and the annealed
alloy fiber. Herein, the EBSD tests were used to characterize the spatial
distribution of various crystalline phases and the detailed results were
exhibited in Fig. 4(a)-(e). Firstly, for the Cus4Pd4s5Ag9 4RU; ¢ cast alloy,
there appear various FCC grains with different sizes and there is no grain
orientation. To quantitatively obtain the size distribution, the detailed
grain size distribution column plot was shown in Fig. 4(b). One can see
that the average grain size of the cast alloy is about 15.1 ym. In contrast,
as shown in Fig. 4(c) and (d), the grain morphologies along the cross-
sectional and longitudinal views exhibit different patterns and the size
seems much smaller than that of the cast alloy. Moreover, for the
annealed alloy fiber sample, there is also no grain orientation along the
cross-sectional view. However, the grains display the obvious orienta-
tion along the longitudinal view. The quantitative grain size distribu-
tions along the cross-sectional and longitudinal views were displayed in
Fig. 4(e). The average grain sizes of the annealed alloy fiber along the
cross-sectional and longitudinal views are 80 nm and 275 nm,
respectively.

It is noteworthy that the grain size of the annealed Cu44Pd4sA-
g9.4Ru; ¢ alloy fiber remains very small compared to that of cast alloy.
Considering that the fiber sample is fabricated by the fast-cooled melt
extraction method, this fine-grain micro-structure should be originated
from this special preparation procedure. Previous researches indicated
that the cooling rate for the melt extraction can reach 10° K/s [36-38].
Such a high cooling rate significantly enhances the nucleation of the
crystals and suppresses the growth of grains, resulting in the formation
of ultra-fine grains for the alloy fiber sample. For the elongated grains in
Fig. 8(d), it is due to the high rotational speed of the copper wheel

Table 1
List of conductivity and yield strength for various Copper alloys.
Cu alloys Conductivity (% Yield strength References
TACS) (MPa)
Cu-Ag 80-91 422-541 [83]
Cu-Cr-Zr 21-74 289-587 [7,11,12,
22]
Cu-W 70-74 348-554 [10]
Cu-Ni-Si 4-28 692-1405 [9,23,
54-56]
Cu-Mg 9-48 707-1207 [13-15]
Cu-Ti 6-20 679-1226 [16-19,57]
Cu-Fe 14-37 337-1049 [20,21]
Cu-Pd-Ag-Ru (cast 16.45-16.83 485-495 This work
alloy)
Cu-Pd-Ag-Ru (fiber) 28.41-28.49 1345-1355 This work
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during the melt extraction. During this process, considering that the
fiber sample is super large aspect ratio, the heat within the melt dissi-
pates more quickly along their length. As a result, the longitudinal
temperature gradient is larger, increasing the driving force for crystal
growth along the fiber length direction. Additionally, the rapid rotation
of the copper wheel exerts a longitudinal force on the alloy fiber, pro-
moting the atomic movement and rearrangement along the direction of
the stress, thus facilitating crystal growth in the longitudinal direction
[66,67].

3.3.2. Characterization and analyses of the grain structures for the
annealed alloy fiber

To investigate the microscopic structure of the annealed alloy fiber,
the atomic structure and the chemical composition for the grains need to
be confirmed. One local region within the annealed fiber sample was
selected and the SEM image was shown in Fig. 5(a). The corresponding
EDS maps for different elements were exhibited in Fig. 5(b). Obviously,
the solvent elements in the matrix were primarily composed of uni-
formly distributed Cu and Pd and there is no obvious segregation
behavior for these two elements. In contrast, there appear the segrega-
tion for the elements of Ag and Ru. Based on the mixing enthalpy dia-
gram in Fig. 1(b), the mixing enthalpy between Ru, Ag and Cu, Pd are
positive. The positive mixing enthalpy means it is difficult to form the
compound between Ru, Ag and Cu, Pd. What is more, L.A. Lumper et al.
found that the addition of Ag and Ru to Cu-Pd alloys does not affect the
lattice constant of the Cu-Pd B2 phase [68]. Thus, the addition of the
elements of Ru and Ag will lead to the segregation of the added Ru and
Ag. The above discussions are in line with the results in Fig. 5(b).

To further quantify the B2 phases and the nanoscale precipitated
phases including Ru and Ag, the Transmission Kikuchi diffraction (TKD)
was applied. The TKD patterns and the corresponding phase fractions of
different grain phases (B2 phase, Ru precipitate phase and Ag precipitate
phase) within the annealed Cu44Pd4s5Agg 4Ru; ¢ alloy fiber along the
cross-sectional and longitudinal view were separately displayed in Fig. 6
(a)-6(d). Clearly, the B2 phase is the dominant crystalline phase in the
annealed Cug4Pd4sAgg 4RU; ¢ alloy fiber, comprising over 90 % of the
total phase fraction. The Ru precipitates are primarily located at grain
boundaries, while the Ag precipitates are distributed both at grain
boundaries and within the B2 phase. On the other hand, along the cross-
sectional view, the Ag precipitated phase is much more than the Ru
precipitated phases. In contrast, along the longitudinal view, the frac-
tion of the Ru precipitated phase is very close to that of the Ag precip-
itated phase.

For different phases in the annealed Cug4Pd4sAg9 4RU; ¢ alloy fiber,
the high-resolution transmission electron microscopy (HRTEM) was
used to uncover the atomic structure of these phases. The detailed re-
sults about the B2 phase and the precipitated phases were shown in
Figs. 7 and 8, respectively. Firstly, from Fig. 7(a)-7(g), the HRTEM im-
ages and the corresponding selected area electron diffraction (SAED)
patterns along different crystal zone axes were obtained. The detailed
crystal lattice parameter was also marked. It is clear that the primary
crystalline phase of the annealed Cus44Pd4s5Ag9 4Ru; ¢ alloy fiber is in
agreement with the electron diffraction spots of the Cu-Pd B2 phase,
which is consistent with XRD analysis in Fig. 2.

In view of the nanoscale of the Ru and Ag precipitated phases, two
magnified EDS images including one Ru precipitate and one Ag pre-
cipitate were provided in Fig. 8(a) and (d). Fig. 8(b) and (e) separately
display the corresponding TEM images. One can see that small amounts
of Ru and Ag precipitates were identified within the B2 phase matrix.
Fig. 8(c) and (f) show HRTEM images of the Ru and Ag precipitates,
along with their corresponding fast Fourier transform (FFT) images.
From the FFT images, the crystal structures of both the Ru and Ag pre-
cipitates are hexagonal crystal structure, which is significantly different
from the B2 phase of the alloy matrix. Moreover, the average sizes of the
Ru and Ag precipitates are about 70 nm and 40 nm, respectively.
Compared to the B2 phases, the Ru and Ag precipitates are much smaller
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Fig. 4. (a) Grain morphology of the CuyqPdssAgo 4Ru; ¢ cast alloy. (b) Grain size distribution of the Cus4Pd4sAgo 4Ru; ¢ cast alloy. Grain morphologies of the
annealed Cu44Pd4sAgo 4RU; 6 alloy fiber along cross-sectional (c) and longitudinal views (d). (e) Grain size distribution comparison for the annealed Cuy4Pd4sA-
g9.4Ru; ¢ alloy fiber along cross-sectional and longitudinal views.

Fig. 5. (a) SEM image of the annealed Cus4Pd4sAgo 4RU; ¢ alloy fiber. (b) Elemental maps of annealed Cu44Pd4sAgo 4Ru, 6 alloy fiber.

than that of the primary B2 phases, which can be considered as the
precipitation strengthening. To more illustrate the influences of the melt
extract and the isothermal annealing treatment on the Cu44Pd4sA-

g9.4Ru; ¢ alloy, one scheme was proposed in Fig. 9.

3.4. Physical mechanism of excellent strength-conductivity synergy for the
annealed Cuy4Pd45Ag9 4RU; ¢ alloy fiber

The developed Cus4Pd4s5Ag9 4Ry 6 alloy fiber by combining the melt
extraction and the appropriate post-heat treatment displays the excel-
lent strength-conductivity synergy. Especially, the strength for the
annealed alloy fiber is increased by 2.75 times compared to that of the
bulk cast alloy. And the conductivity also increases by 70 %. As shown in
Fig. 3(d), our proposed experimental strategy successfully surmounts
the strength-conductivity trade-off for the copper alloys. According to

the experimental results in Figs. 4-8, the strengthening mechanism for

the annealed Cu44Pd4sAgg4Ru; g alloy fiber can be explained in the
below.

(i) Strengthening from annealing treatment induced the phase
transition from FCC phase to B2 phase. For different phases, the
deformation behaviors are usually controlled by the dislocation
slip. Although both FCC phase and B2 phase have 12 slip systems,
the slip directions in the FCC phase are more numerous. It means
the FCC crystals have better ductility, which is in line with the
results in Fig. 3(b). In contrast, due to the less slip directions, the

B2 phase can more effectively resist the dislocation slip when
subjected to stress, leading to its higher strength [68]. What is
more, in the B2 phase, the increased atomic packing density
means that dislocations encounter greater energy barriers during
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Fig. 6. TKD patterns and the corresponding phase fractions of different grain phases (B2 phase, Ru precipitate phase and Ag precipitate phase) within the annealed
Cuy4PdysAgo 4RU; 6 alloy fiber along the cross-sectional (a, b) and longitudinal (c, d) view.

Fig. 7. (a) Bright-field TEM image of one B2 phase within the annealed Cus4Pd45Ag 4Ru; ¢ alloy fiber. High-resolution TEM images of annealed Cu44Pd4sAg9 4RU; 6
alloy fiber and corresponding selected-area electron diffraction patterns along different crystal zone axes: (b—c) along the [111] zone axis; (d-e) along the [011] zone
axis; (f-g) along the [001] zone axis.

slip [69,70]. This also makes the alloy be less susceptible to
dislocation slip under external loads, thereby enhancing its
strength.

(ii) Strengthening caused by grain refinement. Compared to the cast
Cus4Pd4s5Agg 4R ¢ alloy, the size of the grains of the annealed
Cuy4Pd4sAgo 4Ruy ¢ alloy fiber has been reduced by two to three
orders of magnitude. The grain refinement results in an increased

average sizes of the Ru and Ag precipitates are about 70 nm and
40 nm. The smaller nanoscale precipitates effectively impede the
movement of dislocations, thereby increasing the strength and
hardness of alloys. Moreover, both the Ag precipitates and the Ru
precipitates are hexagonal close-packed (HCP) (Fig. 8(c) and (f)).
For HCP structure, there is the limited slip systems [73]. The
limited sip system makes the dislocation movement become more

(iii)

number of grain boundaries that can more effectively hinder the
dislocation slip movement. Additionally, the blocked dislocations
near grain boundaries may accumulate and interact with each
other, further enhancing the strength of the alloy fiber [71,72].

Strengthening caused by nano-precipitates. For the annealed
Cuy4Pd4sAgo 4Ruy ¢ alloy fiber, there appear a great deal of
nanoscale Ru and Ag precipitates among the B2 grains. Firstly,
compared to the B2 phase (the average grain sizes along the cross-
sectional and longitudinal views are 80 nm and 275 nm), the

difficult and thereby enhances the alloy’s strength. In contrast,
FCC structures have more slip systems, allowing dislocations to
move more easily, which can reduce strength [74].

Subsequently, we will quantitatively analyze the contributions of

different strengthening mechanisms in the strength of Cu44Pd4sA-
g9.4Ruy ¢ alloy fiber. Firstly, we consider the strengthening effect of
grain boundary strengthening on the overall strength. The influence of
grain size on the yield strength of the alloy is determined by the Hall-
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Fig. 8. Characterization of Ru precipitate within the annealed Cu44Pd4sAgo 4Ru; ¢ alloy fiber: (a) Spatial distribution of Ru element; (b) Corresponding bright-field
image; (c¢) HRTEM image and the corresponding FFT pattern. Characterization of Ag precipitate within the annealed Cus4Pd4sAge 4Ru; ¢ alloy fiber: (d) Spatial
distribution of Ru element; (e) Corresponding bright-field image; (f) HRTEM image and the corresponding FFT pattern.
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Fig. 9. Scheme of the designing strategy for the Cu-Pd-Ag-Ru alloy microfiber with strength-conductivity synergy and the evolution of the corresponding micro-
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Petch relationship [75], as expressed below:

Aoy p=00 +kd /2 2)

where o represents the lattice frictional resistance when moving a

271w
single dislocation, oy can be calculated using the formula ¢y ~ g—f;e_ b,k

is the Hall-Petch constant, which can be calculated using the formula
k =~ aGv/b, where G is the shear modulus of Cu-Pd, b is its Burgers vector,

w is the dislocation width, and « is a constant with a value of 0.4 [75].
The calculation results show that the values of 6y and k are 494 MPa and
310 MPa pm'/2, respectively. And d is the average size of the fiber
grains. From this calculation, the grain boundary strengthening yield
strength of the Cuy4Pd4s5Ag9 4RU; ¢ alloy fiber is determined to be 1185
MPa.

Secondly, as shown in Fig. 6, nanoscale Ag precipitates and Ru
precipitate phases are present in the Cu44Pd4sAgg4Ru; ¢ alloy fiber,
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contributing to precipitation strengthening. The work of Xie [76] in-
dicates that Ag precipitates in the form of band-like particles with a
width of approximately 10 nm, which serve as precipitate strengthening
phase. These precipitates contribute to the enhancement of fiber
strength. The strength of the Ag precipitation and Ru precipitation can
be calculated using Eq. (3) [2]:

~081Gb  In (2r/b)
A0 Co2r(1-u)? A-2r 3
o\ 3
T\ 2
A:rKS—f) 71.63} @

where v is Poisson’s ratio, which is 0.367 in the Cu-Pd matrix [77]; r is
the average radius and f is volume fraction of the precipitated phase.
From Fig. 6, it can be determined that the volume fractions (f) of the Ag
and Ru precipitates are 3.2 % and 2.9 % respectively, while the average
grain sizes (r) are 25.6 nm and 83.9 nm. Based on Eq. (3), the contri-
butions of the Ag and Ru precipitates to the strength of the fiber are
calculated to be 88 MPa and 30 MPa, respectively.

Lastly, Fig. 2 presents the X-ray diffraction (XRD) pattern of the
Cuy4Pdys5Agg 4Ru; ¢ alloy fibers. Due to the low concentrations of Ag and
Ru, no distinct diffraction peaks are observed in the XRD pattern aside
from those corresponding to the Cu-Pd B2 phase. The intensity of the
diffraction peaks for the Cu-Pd B2 phase is affected by the presence of
the Ag and Ru precipitates. The dislocation density (p) of the fibers was
calculated using the Williamson-Hall method [78] based on the XRD
pattern.

B cos O :I% + (4sinf)e 5)

p:2\/§/(D/b) ©)

where f$ is the half-width peak of the diffraction peak; 6 is the Bragg
angle; 1 is the wavelength of Cu-Ka radiation (1 = 0.15405 nm); D is the
grain size; ¢ is the microstrain; p is the dislocation density; b is the
Burgers vector of the Cu-Pd matrix, the value is 0.3 nm. The microstrain
(¢) and the grain size (D) values are obtained through linear fitting of Eq.
(5). And the value of dislocation density (p) can be obtained through Eq.
(6). The increase in strength resulting from dislocation strengthening
can be calculated using the following equation [78]:

A6y =MaGbp'/? @)

where M is the taylor factor, which is 2.75 for body-centered cubic; a is a
constant, for Cu-Pd phase the value is 0.4 [79]; G is the shear modulus of
the Cu-Pd B2 matrix, which has a value of 54.6 GPa [77]. Based on Eq.
(7), the contribution of dislocation strengthening to the strength is
calculated to be 28 MPa.

The strength of the Cus4Pd45Ag9 4R ¢ alloy fibers can be expressed
using Eq. (9):

o=Aoy p+ A(Tos + Aog (9)

The final calculation results reveal the strengthening contributions of
various mechanisms in the Cuy44Pd45Agg 4Ru; ¢ alloy fiber. The strength
of the Cu44Pd4s5Agg 4Ru; ¢ alloy fiber produced via melt extraction
method is primarily attributed to grain refinement, while the contribu-
tions from dislocation strengthening and precipitation strengthening are
relatively minor. The calculated ultimate tensile yield strength is 1331
MPa, which is close to the experimental value of 1350 MPa, the error is
within 5 %.

For traditional copper alloys, there exists a great deal of various
microstructural defects: grain boundaries, dislocations, and vacancies.
These defects can interfere with the free movement of electrons, leading
to a decrease in electrical conductivity [80-82]. From this perspective,
the Cuy4Pd4sAgo 4RU; ¢ alloy fiber with finer grains and the nanoscale
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precipitates should have the lower electrical conductivity. Nevertheless,
the annealed alloy fiber displays a 70 % enhancement of the conduc-
tivity compared to the cast alloy. Considering that there appears the
phase transition from the FCC phase to the B2 phase, it means that this
phase transition is sufficient to make up for the decline in electrical
conductivity caused by defects, and even greatly increase the electrical
conductivity. Previous researches reported that the atomic ordering can
atomic ordering significantly enhances the electrical conductivity of
Cu-Pd alloys [46,47]. Thus, the high electrical conductivity of the
annealed Cu44Pd4s5Ag9 4Ry ¢ alloy fiber can primarily be attributed to
the highly ordered atomic arrangement within the ordered B2 phase.
This ordered structure minimizes lattice defects, enhancing electron
transport efficiency. In addition, in the ordered B2 phase, the stronger
metallic bonding results in reduced interatomic distances. The strong
metallic bonds may lead to smaller band gaps, facilitating easier exci-
tation of electrons during conduction and further enhancing
conductivity.

It should be noted that, due to the residual stress and the larger
temperature gradient along the longitudinal view during melt extrac-
tion, the grains in the annealed Cu44Pd45Ag9 4R ¢ alloy fiber tended to
grow more easily along the longitudinal direction. As a result, the grains
in the annealed Cu44Pd4sAgo4Ru;e alloy fiber are predominantly
columnar rather than equiaxed. This greatly reduces the number of grain
boundaries encountered by electrons during longitudinal electrical
transport, thereby advancing the electrical conductivity of the annealed
alloy fiber. Meanwhile, the high hardness usually means the high wear
resistance and long service life, which is also good for the electrical
contacts and circuit leads. Therefore, the Cus4Pd45Ag9 4Ru; ¢ alloy fiber
produced via melt extraction and annealing treatment exhibit excep-
tional strength-conductivity performance, which provides one kind of
good candidate materials for the microscale electrical contacts and cir-
cuit leads in the field of integrated circuit. On the other hand, there exist
some problems for the developed Cus44Pd45Ag9 4Ru; ¢ alloy fiber. For
example, the addition of the noble metals (Pd, Ru) largely increases the
production cost of the alloys. And the high melting point of Ru usually
leads to composition segregation, while brittle intermetallic compounds
at the fiber-matrix interface increase processing complexity. For these
problems, it will need more studies to investigate and solve them.

4. Conclusions

In summary, by combing the melt extraction and proper isothermal
annealing treatment, we designed one Cu44Pdss5Ago 4Ru; ¢ alloy fiber
material with the excellent strength-conductivity synergy. The main
conclusions are.

(1) Compared to the cast alloy, the annealed alloy fiber displays the
yielding strength of 1350 MPa, the hardness of 6.22 GPa and the
electrical conductivity of 28.45 %IACS. This comprehensive
performance of the strength and the conductivity successfully
overcome the strength-conductivity trade-off relationship for the
copper alloys.

Main strengthening contributions for the annealed alloy fiber are
grain refinement, phase transition strengthening, and nano-
precipitation strengthening. In comparison with the cast Cug4P-
d4s5Ag9 4Ru ¢ alloy, the size of the grains of the annealed alloy
fiber has been reduced by two to three orders of magnitude. What
is more, the average grain size of B2 phase along the cross-
sectional and longitudinal views are 80 nm and 275 nm. In
contrast, the average sizes of the Ru and Ag precipitates are about
70 nm and 40 nm. All of the above strengthening contributions
have been quantitatively estimated.

Although the refined grain and the nano-precipitates induce a
certain degree of sacrifice in electrical conductivity, the ordered
B2 phase significantly enhances their electrical conductivity.
Additionally, the elongated grains along the longitudinal

(2

—

3

-
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direction reduce the impact of grain boundaries on conductivity.
The current work offers a novel experimental strategy for over-
coming the strength-conductivity trade-off in metallic materials.
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