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Abstract: CugZr,, Al (x=1, 3, 5, 7, 9; at.%) alloy rods were synthesized based on rapid solidification method. The
structure, distribution of elements, mechanical properties and electrical conductivity of the Cu-based alloy samples
were studied using X-ray diffraction (XRD), scanning electron microscope (SEM), electro-probe micro-analyzer
(EPMA), uniaxial compression test and four-probe technique. The as-cast CugZr,.,Al, (x=1, 3, 5; at.%) alloy rods
with a diameter of 2 mm exhibit good mechanical properties and electrical conductivity, i.e., high compressive yield
strength of 812-1513 MPa, Young’s modulus of 52-85 GPa, Vickers hardness of 250-420 and electrical conductivity
of 11.1%-12.6% IACS (International Annealed Copper Standard). The composite microstructure composed of high
density fibrous duplex structure (CusZr and a-Cu phases) is thought to be the origin of the high strength.
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Copper alloys with high strength have attracted
tremendous interest for structural and functional
material in high-tech fields such as microelectronics,
communications, transportation and aerospace. In order to
improve the strength of copper alloys, composition design
and preparation technology have been widely studied .
The high strength of copper alloys has been reported to be
900 to 1,500 MPa for Cu-Be base alloys after an optimum
age-hardening treatment; 600 to 1,500 MPa for Cu-M
(M=ND or Ag) alloy wires and 1,350 to 1,800 MPa for
Cu-Zr alloy wires produced by the heavy cold drawing
method ®*, To obtain the high strength performance of
copper alloys, complicated subsequent manufacturing
processes were needed after casting. It has been found
that the highest strength of crystalline metallic material is
cold-drawn Fe-C alloy (piano wire) with a fibrous structure
consisting of a-Fe and Fe,C "
structure composite with micron-sized grains in Cu-based

| Moreover, the similar fine-

alloys has also been proven beneficial for higher strength.
For the Cu-Zr alloys, a fibrous mixed structure of a-Cu
and Cu,Zr, phases has been confirmed to contribute to

11,12]

high fracture strength ™" '\
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The principles for obtaining high strength copper
alloys are creating a hard second phase over the metallic
matrix and using proper grain refinement technology. It is
reported that a super-lattice phase of CusZr, nano-crystals
of CuyZr, and Cu,,Zr; have been found in CugZr,,Al,
composite by copper mold casting method "*'. The super-
lattice phases of CusZr separated from the matrix can
effectively increase the strength. However, the electrical
conductivity of CugZr,,Al; alloy is rather limited due
to the distribution of nano-crystals in the copper matrix.
With the aim of developing copper alloys with good
mechanical properties and electrical conductivity, we
present a new series of Cug Zr,, Al (x=1-9; at.%)
alloys produced by rapid solidification in this study. The
microstructures and properties of Cu-Zr-Al alloys are
also discussed.

1 Experimental procedure

Alloy ingots with nominal compositions of CugZr,, Al
(x=1,3,5,7.,9; at.%) were prepared by arc melting mixtures
of Cu, Zr and Al with purities of 99.99%, 99.9% and
99.99%, respectively, in a Zr-gettered high purity argon
atmosphere. The ingots were melted repeatedly four times
to make them chemically homogeneous. Ribbon samples
with a cross section of 0.02x1.2 mm’ were prepared by
melt spinning. The injection copper mold casting method
was applied to prepare alloy rods of 2 mm in diameter
with 40 to 50 mm in length. The tilt casting method was



applied to prepare alloy rods of 6 mm and 20 mm in diameter with
40 to 65 mm in length. The alloy solidified in a graphite mold
with a size of 30 mmx30 mmx>100 mm was also prepared by the
tilt casting method. The structures of the Cu-Zr-Al alloys were
identified by optical microscopy (OM), X-ray diffraction (XRD)
and scanning electron microscopy (SEM). The etching for OM
and SEM observation specimens was made in a 0.5 pct aqueous
fluoride acid solution for 5 s at 298 K (25 °C). The element
distribution was analyzed using an electro-probe micro-analyzer
(EPMA). Mechanical properties were measured under uniaxial
compression on an Instron testing machine. In accord with ASTM
standards, the samples for the compression test were prepared as
2.0 £0.03 mm in diameter and 4.0 = 0.05 mm in length. Uniaxial
compression tests were carried out at room temperature at a
strain rate of 5x10™ s”. Nano-indentation was used to measure
the hardness of the phases using a Berkovitch indenter at a
consistent load rate (50 mN-min™). The fracture morphology
was examined by scanning electron microscopy (SEM). Young’s
modulus was measured by the strain gauge. Vickers hardness
was measured with a micro Vikers hardness tester (load: 25 g).
Electrical conductivity measurement was made by the four-probe
technique and international annealed copper standard sample with

aresistivity of 1.7241 uQcm was used as the reference material of
electrical conductivity.

2 Results

Figure 1 shows the optical micrographs of the transverse cross
section at the central part of the as-cast Cuy Zr;,.Al, (x=1-9; at.%)
alloy rods with a diameter of 2 mm. The optical micrographs
of CuyZr,Al, alloy reveal that a large number of discrete and
non-directional fibrous phases separated from the supercooled
liquid, which can be measured as 2-3 pm in width, 20-30 pm in
length and about 30% amount in volume (Fig. 1 (a, b)). With the
Zr content decreasing to 7at.% and 5at.%, the alloys solidified
as a primary dendrite phase, followed by the solidification to a
eutectic structure from the remaining liquid (Fig. 1c-1f). It can
also be observed that the primary dendrite phase in these two

alloys becomes coarse as the Zr content decreases. However, for
the CuyyZr;Al, and CugyZr, Al alloys, the microstructure mainly
consists of fine grains and thin grain boundaries (Fig. 1g-1j).
Furthermore, in order to confirm the composition of the crystalline
phases, XRD, EPMA and SEM analysis were carried out and the
detailed results are shown in Figs. 2 to 5.

Fig. 1: Optical micrographs of transverse cross section of
as-cast CugZr,,Al, (x=1-9; at.%) alloy rods with a
diameter of 2 mm (a and b, x=1; ¢ and d, x=3; e and f,
x=5; g and h, x=7; i and j, x=9)
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Fig. 2: XRD patterns obtained from transverse cross
section of as-cast CugZr,, Al, (x=1,3,5,7,9;
at.%) alloy rods with a diameter of 2 mm

Figure 2 shows the X-ray diffraction patterns of the as-cast
CuyyZr,, Al (x=1-9; at.%) alloy rods with a diameter of 2 mm. The
X-ray diffraction patterns can be identified as two phases of a-Cu
and CusZr, no other phase that contains Al can be found. It can
be concluded that Al is dissolved in a-Cu and all the CugyZr,, Al,
(x=1-9; at.%) alloy rods are composed of a-Cu and CusZr phase.

Figure 3 shows the Zr distribution and Fig. 4 shows the SEM
images of the transverse cross section of the as-cast Cuy,Zr,,, Al,
(x=1-9; at.%) alloy rods with a diameter of 2 mm. The Zr content
in fibrous phase in CuyZr,Al, alloy rod is higher than that in the
matrix, as shown in Fig. 3(a). Combined with the SEM image
in Fig. 4(a), it can be concluded that the fibrous phase is CusZr
and the matrix is a eutectic lamellar structure composed of CusZr
and o-Cu. However, for the CuyZr,Al; and Cu,Zr;Als alloys,
the primary dendrite phase with little Zr content, as shown in
Fig. 3(b, c), can be identified as a-Cu. Combined with the SEM
image in Fig. 4(b, c), it can be found that the eutectic phase
between the primary dendrite phases is composed of alternating
layers of CusZr and o-Cu. For CuyZr;Al; and Cu,yZr,Al,, the
amount of eutectic phase decreases with a decrease in Zr content
and precipitated in the 0-Cu grain boundaries, as shown in Fig.
3(d, e) and Fig. 4(d, e).

Fig. 3: Zr distribution of transverse cross section of as-cast Cu,Zr,, Al, (x=1-9; at.%) alloy rods with
a diameter of 2 mm (a, x=1; b, x=3; ¢, x=5; d, x=7; e, x=9)

In order to explore the effect of cooling rate on crystalline
phases, alloy rods with a diameter of 6 mm and ribbon samples
with a cross section of 0.02x1.2 mm’ were made. Figure 5(a)
shows the XRD patterns obtained from the transverse cross
section of the as-cast CugZr,, Al (x=1, 3, 5; at.%) alloy rods
with a diameter of 6 mm. The results indicated that the similar
crystalline phases can also be obtained by a lower cooling rate.
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However, Cug,Zr;Al, and CugZr,Al, ribbon samples produced
by melt spinning method with a high cooling rate are composed
of a single phase a-Cu solid solution with Zr and Al, without
generating other phases [Fig. 4(b, c)]. It can be concluded that
high cooling rate can improve the solid solubility of the Cu
alloy, but the principle components determine the crystalline
phases.
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Fig. 4: SEM images of transverse cross section of as-cast CugZr,,.,Al, (x=1-9; at.%) alloy rods with a diameter of

2 mm: (a) x=1; (b) x=3; (c) x=5; (d) x=7; (e) x=9
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Fig. 5: XRD patterns obtained from the transverse cross section of as-cast rods and ribbon samples: (a) Cug,Zr,, Al, (x=1, 3, 5;

at.%); (b) Cug,Zr;Al;; (c) CugZr,Al,

Figure 6 shows the compressive stress-strain curves of the
CuyZr, Al, (x=1-9; at.%) as-cast alloy rods with a diameter
of 2 mm. All these alloys feature large fracture strain over
50%. The CugyZr,Al;, CuyZr,Al; and Cuy ZrsAls alloys exhibit
significant high compressive yield strength of 1.5, 1.0 and 0.81
GPa, respectively and high Vickers hardness of 420, 326 and
250, respectively. These unusual properties can be attributed to
the fibrous CusZr phase and fine o-Cu+CusZr eutectic structure.
Nano-indentation experiments were carried out to examine
the roles played by the microstructures on strengthening the
Cuy,Zr,Al, alloy. The hardness of the primary fibrous structure
and matrix structure were measured to be approximately 7.0
and 2.2 GPa, respectively. The measured hardness can then be
converted to the yield strength according to equation (1) "\

Ao, [MPa] =274 AH, [GPa] @)

Based on this equation, the estimated yield strength of the
fibrous structure and the matrix structure are approximately
1.9 and 0.6 GPa, respectively. The compressive yield strength,
Young’s modulus and Vickers hardness decrease with a decrease
in Zr content, i.e., the depressing of CusZr phases, as shown in
Table 1. Thus, it can be concluded that a well-developed fibrous

Castrod 2.0 mm  Cu,Zr,, Al
2500 | Strain rate = 5x10°s"
©
o
< 2000
@
e
@ 1500
2
7]
%]
© 1000 |
Qo
£
o
© 5001
x=1 | X=3| X=5 | X=7 / X=9 10%
0

Strain (&)

Fig. 6: Compressive stress-strain curves of the CugZr,.,Al,
(x=1, 3, 5,7, 9; at.%) as-cast alloy rods with a diameter
of 2 mm

structure with CusZr phase is thought to contribute the most to
the high strength of these alloys. On the other hand, the electrical
conductivity increases with a decrease in Zr content from 11.1%
TACS of CuyZr,Al, alloy to 16.3% IACS of CuyZr, Al alloy.
This result indicated that the electrical conductivity remained
relatively stable with the change of Zr and Al contents in these
alloys. High strength Cu alloys are generally prepared by
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Table 1: Average grain sizes of sand-cast and metal-cast Mg-10Gd-3Y-0.5Zr alloys

0., (MPa) E (GPa) Hv %IACS
CugoZraAl, 1513 85 420 11.1
CugoZr,Al, 1066 65 326 11.9
CugoZrsAls 812 52 250 12.6
CugoZrsAl, 462 = 143 13.1
CugoZr,Alg 228 = 82 16.3

complex cold working and aging process, such as commercially
used electrical conductive spring material Cu-5.6at.%Ti (Cu-
4.4mass%Ti), which has a tensile strength of 1,137 MPa
and electrical conductivity of 10% IACS "*. In this paper,
Cuy,Zr,Al, alloy rod prepared by rapid solidification exhibits a
better combination of strength and electrical conductivity which
may be of great potential for further application.

The SEM profiles of fractured Cuy,Zr,Al, alloy samples are
shown in Fig. 7. During compression, the sample’s drum-like
shape implies that friction occurs at the contact surfaces between

10.0kV 8.0mm x30 SE(M)

the sample and the tungsten carbide platens. The friction would
increase flow stress, especially in the late stage of deformation,
resulting in the large increase of transversal area of the specimen
and thus the decreased aspect ratio. In addition, on the outer
surface of the compressive sample, the uniform flow stress
has been found to change to extrusion and stack, suggesting
that strain-hardening occurs by heavy deformation "'*, Hence,
the increase of compressive strength after yield is the result of
friction and strain-hardening.

Fig. 7: SEM images of surface and fracture feature of as-cast CuqZr,Al, rods with a diameter of 2 mm after

compressive deformation

3 Discussion

High strength Cu-Zr alloys generally have fine grains and high
dislocation density through large deformation. In the present
system, the addition of Zr and Al into Cu alloy (heats of mixing
for Cu-Zr and Cu-Al pair are -23 kJ-mol” and -1 kJ-mol™,
respectively) causes new generation of chemical affinities of Al-
Zr (heats of mixing of —44 kJ-mol™) pairs, which can improve
the local packing efficiency and restrain long range diffusion
of atoms ", These factors lead to the high stability of the alloy
liquid in rapid solidification process, and hence, refine the grain
size of the crystallized product. Moreover, the atomic radii of
the component atoms are 0.128 nm for Cu, 0.162 nm for Zr
and 0.143 nm for Al, respectively "', and hence R,,,=1.27,
R,yc,=1.12 and R,,,=1.13, which is believed to introduce
significant distortions of its local atomic environments due to
the large atomic size mismatches and strong chemical affinities
of the multi-component system.
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In the rapid solidification process of copper alloy, a large
degree of under-cooling and high growth rate for the initial
nucleation result in deviation of the solid-liquid interface from
balance "*. The solid solubility of alloying elements in the
copper matrix can be expanded and some new metastable phases
%29 The rapid solidification is considered
to be a freezing mechanism formed by high solubility of Zr
elements in Cu-liquid before injecting into the copper mold.
On the other hand, in the Cu,Zr,,,Al, (x=1-9; at.%) alloys, the
0-Cu phase (lattice parameters a=b=c=0.3615 nm) and the inter-

can also be formed !

metallic compound CusZr (a=b=c=0.6870 nm) have a similar
orientation in the eutectic phase ', Thus, for the alloy containing
9at.% Zr, a small portion of Zr atoms disperse in the Cu matrix,
while others may replace the Cu atoms at a substitutional or
interstitial site in the a-Cu phase, resulting in the dispersive
fibrous Cu,Zr phase. With the fluctuations in the concentrations,
Zr atoms almost distribute in the Cu matrix, leading to an inter-
metallic compound of a-Cu+Cu,Zr eutectic matrix structure.
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It has been found that the CusZr phase exhibits high yield
strength of ~1.9 GPa and high Vickers hardness of 585 *!1.
In this work, it has been shown that two forms of Zr element
exist in the Cu-Zr-Al alloys: the fibrous structure and eutectic
structure. Whichever, the morphology and contents of CusZr
phases play a significant role for high strength in this alloy
series. It should be noted that the structure consisting of CusZr
phases with high aspect ratio is the origin for the achievement
of high strength, especially for the high yield strength above 1.5
GPa obtained for Cu,,Zr,Al, alloy with fibrous duplex structure.
Besides, the Cu-Zr-Al alloys with high density fibrous structure
also exhibit good plasticity. It can be explained by the different
deformation behavior of a-Cu and CusZr phases. After yielding,
the considerable amount of a-Cu phases would enable the atoms
to rearrange themselves easily to accommodate applied shear
strain to high yield strength phases (CusZr) without a drastic
disturbance in bonding configurations, which can account
for the improved plasticity. In other words, the mismatched
deformation of different phases can result in increasing the path
of shear band extension and as a consequence, the plasticity of
the alloys is enhanced.

In order to discuss the effects of high solidification rate on
the microstructure and mechanical properties of the CuyZr,Al,
alloy, specimens solidified at different rates have been made.
Figure 8 shows optical micrographs of the as-cast CuyZr,Al,
alloy solidified in different molds with different solidification
rates. The fibrous CusZr phase of Cuy,Zr,Al, alloy rod solidified
in a copper mold with a diameter of 20 mm can be measured as
10-15 pm in width, 150-200 pm in length (Fig. 8b), larger than
that of Cuy Zr,Al, alloy rod with a diameter of 2 mm, which was
2-3 pm in width, 20-30 pm in length as mentioned above. The
compressive yield strength of the rod with a diameter of 20 mm
is 1,049 MPa and the fracture strain is 10.3%. When solidified
in a graphite mold with a relatively low cooling rate, the fibrous
CusZr phase grows sharply to a width of 20-30 um and length
of 600-900 um. The compressive yield strength and fracture
strain are reduced to 880 MPa and 5.0%. It is obvious that high
solidification rate is essential to the high strength and plasticity
of CuyyZr,Al, alloy rod with a diameter of 2 mm and the copper
mold casting method is a prospective way to produce high
performance copper alloys.

Fig. 8: Optical micrographs of as-cast Cu,Zr,Al, alloy solidified in (a) copper mold with a diameter of 2 mm;
(b) copper mold with a diameter of 20 mm; (c, d) graphite mold with a size of 30x30%x120 mm.

4 Conclusion

Cu-based alloys with high strength and plasticity were developed
by copper mold casting, with a composite microstructure
composed of high density fibrous duplex structure (a-Cu and
CusZr phases). The as-cast CuyyZr,o, Al (x=1, 3, 5; at.%) alloy rods

with a diameter of 2 mm exhibit good mechanical properties and
electrical conductivity, i.e., high yield strength of 812-1513 MPa,
Young’ s modulus of 52-85 GPa, Vickers hardness of 250-420
and electrical conductivity of 11.1%-12.6% IACS. The well-
developed fibrous CusZr phase with high aspect ratio and fine
eutectic structure contributes to the good mechanical properties.
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In addition, since the major elements of the developed alloys are
Cu, Zr and Al without any toxic or costly elements, e.g., Be or
Ag, and the rapid solidification method is more efficient than the
traditional techniques, it can be advantageous for improving the
application fields of the Cu alloys.
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