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Abstract: New copper alloys with high mechanical properties and high electrical conductivity were prepared, and the effects of
addition of minor Mg and Y elements on microstructures and properties were studied. The high tensile strength of above 510 MPa,
high elongation of 11% and high electrical conductivity of over 63% IACS can be simultaneously obtained in Cu—0.47Mg—0.20Te—
0.04Y alloy after deforming and annealing treatment. Effects of purification together with the grain refining by Y and solid-solution
strengthening by Mg are appropriate for enhancing mechanical properties and electrical conductivity of the copper alloys.
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1 Introduction

Pure copper and copper alloys have been widely
applied in many technique fields such as electronic/
electrical industries because of their excellent electrical,

thermal conductivity and good corrosion resistance [1—5].

However, copper in pure form has poor mechanical
properties: the tensile strength of as-cast copper is only
in the range of 200—290 MPa and less than 400 MPa
after being work-hardened, which is hardly used as
high-strength and high-conductivity materials in the
modern industry.

Since 1970s, many kinds of high-strength and
high-conductivity copper alloys have been developed for
hi-tech electrical conductors. Series of promising copper
alloys based on Cu—Ag [6—8], Cu—Mg [9], Cu—Cr—Zr
[10—13], Cu—Fe—P [14,15] and Cu—Ni—Si [16—18] alloys
have attracted considerable interests. Their tensile
strength and electrical conductivity are above 450 MPa
and 60% IACS, respectively.

Generally, rare earth (RE) elements such as cerium
[19], lanthanum [20] and yttrium are added to improve
properties in most metallic materials. Previous work [21]
showed that a very small addition of RE into copper
alloys could not only refine grains, but also effectively
remove low-melting-point impurities such as Pb, S and

Bi. Until now, it has been reported that Cu—Mg alloys
with trace Mg possess high strength and high
conductivity. Moreover, Cu—Te alloys exhibit special
properties of easy-cutting and arc-resistance. But Cu—Te
alloys with Te more than 0.4% (mass fraction) will
dehisce during the following hot-rolling processes [22].

In this work, a new type of Cu—Mg—Te copper alloy
with minor addition of Y has been studied. The aim of
this work is mostly to investigate how the alloying
elements affect the microstructures, mechanical
properties and electrical conductivity of the copper alloys.
The effects of rolling and annealing treatments on the
properties of the present alloys are further studied. The
reasons for high mechanical properties and electrical
conductivity of Cu—Mg-Te—Y alloys will also be
discussed.

2 Experimental

Cu—Mg-Te—Y alloys were prepared in an SPZ-15
medium-frequency induction furnace with starting
materials of small pieces of oxygen-free electronic
copper (OFEC, 99.99% (mass fraction)), Cu—20%Mg
master alloy, Cu—66.7%Te master alloy and Y (99.9%),
which were molten sequently in a graphite crucible. High
purity argon was used to prevent and purify the liquid
alloy in the induction unit. Cu—Mg—Te—Y alloy samples
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of different compositions were prepared separately.

The as-cast ingots were solution treated at 850 °C
for 2 h in an electric resistance furnace, and then 70%
hot-rolled and 80% cold-rolled by 250 double-roller mill
at 25 °C. Finally, the cold-rolled sheets were annealed at
350 °C for 1 h.

The microstructures of samples were observed by
MEF-3 optical microscopy (OM) after etching for 10 s at
25 °C in a mixture of ferric chloride (3 g), hydrochloric
acid (30%, 10 mL) and distilled water (100 mL).
Samples with gauge length of 70 mm were used for
tensile strength test at a strain rate of 2 mm/min by
CSS-2205 tensile machine at 25 °C. Electrical
conductivity of the samples was measured by D60K
digital electrical instrument, the gauge size of which was
20 mm x 20 mm X 10 mm. These measurements were
carried out three times for each sample. The fracture
behavior was examined by JSM-5600LV scanning
electron microscopy (SEM). The elements compositions
and distributions were analyzed by XRF-1800 and
EPMA-1600, respectively.

3 Results and discussion

3.1 Effects of Y on properties of Cu—Mg—Te—Y alloys
The analysis results of the composition, mechanical
properties and electrical conductivity of the copper alloys
are listed in Table 1. It can be seen that the tensile
strength and elongation of the alloys monotonously
increased from 182 to 202 MPa and 27.5% to 38.2%
with Y content increasing from 0 to 0.08% (mass
fraction), respectively. However, the electrical
conductivity only slightly increased from 76.5% to
77.7% IACS with Y addition from 0 to 0.04% and
decreased to 76.8% IACS when Y content is 0.08%.

Table 1 Properties of Cu—Mg—Te—Y alloys with different
content of Y

Compositions (mass fraction)/% Properties

Mg Te Y Cu  o/MPa /% IACS/%
0.26 0.20 0 Bal. 182 275 765
0.26 0.20 0.02 Bal. 187 322 769
0.26 0.20 0.04 Bal. 190 362 777
0.26 0.20 0.06 Bal. 196 379 775
0.26 0.20 0.08 Bal. 202 382 76.8

Figure 1(a) shows the microstructure of the as-cast
Cu—0.26Mg—0.20Te alloy. A massive amount of particles
ranging from 3—10 pm distribute in the crystalline grain.
It can be concluded that a few small particles are some
Cu—O impurity substances that is harmful to both
mechanical properties and electrical conductivity. With
0.04% Y addition, the impurity substances are reduced

Fig. 1 Microstructures of as-cast copper alloys: (a) Cu—
0.26Mg—0.20Te; (b) Cu—0.26Mg—0.20Te—0.04Y; (c) Cu—
0.47Mg—0.20Te—0.04Y

and the crystalline grains are refined at the same time
(Fig. 1(b)). This is because the casting process of Cu
alloys is oxygen content sensitive [23], and plenty of
Cu—O particles are easily formed in the alloy liquid. The
microalloying element Y, which has a larger enthalpy of
mixing (—1903 kJ/mol) with oxygen than Cu, is known
to preferentially react with oxygen in the alloy liquid,
while the formed yttrium oxide does not only promote
crystal nucleation but also purify the alloy liquid [24].
On the other hand, Y is also propitious to react with
some trace impurities such as Pb, Bi. The refractory
high-melting-point compounds uniformly distribute as
crystal nuclei in the melt, leading to the grain refinement
of the microstructure.

The Hall-Petch [25] equation relates the grain size
with the strength as follows:

oy=oetKd (1)

According to the Hall-Petch equation, the smaller
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the grains are, the higher the strength and elongation are.
The dispersion of the small particles and the mechanical
properties of the alloys are improved by the addition of Y
as a consequence.

In this work, when the Y content is low enough
(<0.06%), it plays predominant roles in the purification
of the alloys, which decreases the influence of the
impurities to the alloys and improves both mechanical
and electrical properties of the alloys. However, if the
content is raised up to 0.08%, the electrical conductivity
declines dramatically. Y in the alloys has a function of
grain refining, which increases the area and quantity of
grain boundaries. To some degree, electrons movement
will be hindered, which contributes to the reduction of
electrical conductivity.

The SEM fracture images of as-cast alloys are
shown in Figs. 2(a) and (b). Many circular dimples and
precipitated particles are distributed uniformly in each
as-cast sample fracture surface. The compositions of
precipitated particles in the SEM images measured
by EDS are shown in Table 2, and the particle surely

Fig. 2 Fracture morphologies of as-cast copper alloys:
(@ Cu—0.26Mg—0.20Te; (b) Cu—0.26Mg—0.20Te—0.04Y;
(¢) Cu—0.47Mg—0.20Te—0.04Y

Table 2 Composition of precipitated particles

Element Mole fraction/% Mass fraction/%
Mg 0.423 0.131
Te 33.083 53.569
Cu 66.539 53.854

consists of 66.539% Cu (mole fraction) and 33.083% Te.
According to Cu-Te alloy phase diagram, the
precipitated phase is concluded to be Cu,Te. It is noticed
that the size of Cu,Te particle has been refined by minor
addition of Y as shown in Fig. 2(b). Moreover, the
number of dimples also increases with the addition of Y,
indicating that the structure is refined.

3.2 Effects of Mg on structures and properties of

Cu—Mg-Te-Y alloys

Figure 3 shows the EPMA results of Cu—0.47Mg—
0.20Te—0.04Y alloy. For the present as-cast alloy, in spite
of the inhomogeneous segregation of Mg during
solidification of alloy, Mg and Y are uniformly
distributed in the copper matrix. Because of the solubility
of Te in copper is quite small, Te is detected as the form
of Cu,Te precipitated phases in the matrix.

Table 3 lists the results of the compositions,
mechanical properties and electrical conductivity of
Cu—Mg-Te—Y alloys. Mechanical properties and
electrical conductivity with Y content of 0 and 0.04%
as a function of Mg content are shown in Figs. 4 and 5,
respectively. It can be observed that the property curve
trend of alloys without and with 0.04% Y is consistent.
When Mg content increases, the mechanical properties
are improved and electrical conductivity goes down.

The mechanical properties of the alloys are
enhanced by increasing the content of Mg as a result of
solid-solution strengthening. The more the Mg is added,
the higher the tensile strength will be. The raise of
elongation is less obvious than tensile strength.
According to the theory of solid-solution strengthening,
the quantity of solid-solution atoms will decrease the
elongation of alloys. As known that Mg element is rather
active that is usually applied in deoxidizing of copper
melting. The casting quality and the elongation of the
as-cast alloys are reformed because of the deoxidizing
function of Mg addition. When Mg content is over
0.47%, the elongation declines to some extent. The
microstructure of high Mg content (0.47%) alloy seems
similar to the low Mg content (0.26%) alloy under
optical microscopy, as shown in Figs. 1(b) and (c),
resulting from the fact that solid-solution is the main
form of Mg element in the copper alloy. At room
temperature, the solubility of Mg in copper is rather high,
up to 1%. So in spite of the Mg content, a-phase
solid solution will keep no changes in microstructure.
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Fig. 3 Microstructures (a) and Mg (b), Te (c) and Y (d) element distributions of Cu—0.47Mg—0.20Te—0.04Y as-cast alloy

Table 3 Compositions and properties of alloy samples

Composition (mass fraciton)/% Property

Mg Te Y Cu o/MPa d/% TACS/%
0.26 0.20 0 Bal. 1822 275 765
0.298  0.20 0 Bal. 191.0 284 745
0.373  0.20 0 Bal. 197.0 303 726
0.418  0.20 0 Bal. 199.5 324 682
0.471  0.20 0 Bal. 2053 33.1 659

0.524 020 0 Bal. 2143 325 603
0.26 0.20 0.04 Bal. 190.1 362 777
0.30 0.20 0.04 Bal. 201.0 372 732
0.37 0.20 0.04 Bal. 203.1 38.6 74.0
0.42 0.20 0.04 Bal. 2083 41.6 695
0.47 0.20 0.04 Bal. 215.0 425 65.1
0.52 0.20 0.04 Bal. 2202 403  61.1

Although the mechanical properties are increased with
the increase of Mg content, electrical conductivity falls
down gradually. When the Mg atoms enter the copper
lattices, forming substitution solid solution, the density
of lattice distortion increases with the Mg solubility,
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Fig. 4 Mechanical properties of alloys with or without Y
element
leading to the significant decrease of electrical
conductivity.

According to Matthissen’s law, which can be
described as follows:

p=potApC+K (2)



Liang CHEN, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3697-3703 3701

78

s — (0.04%Y
4 — Without Y

69

66

63

Electrical conductivity/%IACS

60

I 1 I
0.25 030 035 040
W(Mg]i{cyo

1 1
045 050 0.55

Fig. 5 Electrical conductivity of alloys with or without Y
element

where py is the resistivity of solid solution component, C
is the solute atom concentration, Ap is the additional
resistivity resulting from 1% addition of solute atom, K
is relative to temperature and concentration. The higher
the concentration of solute atom is, the lower the
electrical conductivity of alloy will be. Consequently, the
content of Mg should be controlled under 0.6% for
improving mechanical properties without impairing
electrical conductivity below 60% IACS.

Compared to the alloys without Y, the mechanical
properties and the electrical conductivity of the alloy
with 0.04% Y are improved to some extent. It can be
explained by the purification and grain refinement
strengthening effects of the Y addition.

3.3 Rolling and annealing treatments

In order to obtain better mechanical properties and
electrical conductivity, the properties of alloys treated by
rolling and annealing were studied. In Table 3, it is
noticed that the alloy with 0.47% Mg content possesses
high tensile strength over 210 MPa, the elongation over
42% and electrical conductivity over 65% IACS,
indicating best polytechnic properties in this alloy series.
After rolling and annealing, the properties of the alloys
are listed in Table 4, respectively. The Cu—0.47Mg—
0.20Te—0.04Y alloy exhibits much better properties:
tensile strength of 510 MPa, elongation of 11% and
electrical conductivity of over 63% IACS.

Table 4 Properties of alloys with different preparation process

Preparation process o/MPa /% TACS/%
As-cast 215 42.5 65.1
As-cast—hot-rolled 284 49.5 59.9

As-cast—hot-rolled—cold-rolled 518 8.3 55.6

As-cast—hot-rolled—
510 11.2 62.9
cold-rolled—annealed

As shown in Fig. 6(b), after 70% deformation by
hot rolling, the crystal grains of the alloy are obviously
refined, according with appearance of quantities of
deformation twins. The morphology of tensile fracture of
alloy after 70% deformation by hot rolling is shown in
Fig. 7(b). It shows that the dimples get much smaller and
more uniform than the as-cast alloys (Fig. 7(a)), so are
the precipitations in the dimples. The precipitates are
crushed into pieces and re-distributed during hot rolling.
Tensile strength and elongation of alloys increase to
some extent, resulting from grain refinement
strengthening and casting defects diminishing during hot
rolling. In addition, thermal insulation at 800 °C for 2 h
and consequently quenching are the solid solution
strengthening process before hot rolling, during which
Mg is sufficiently dissolved in the copper alloy matrix.
But the increase of grain boundaries resulting from grain
refinement is the main reason that electrical conductivity
reduces.

Cold rolling with 80% deformation is presented as a
consequence. As shown in Fig. 6(c), during cold rolling,
the texture structure has been produced and is beneficial
to obtaining high strength along the axis of the samples
[26]. However, the original cold-rolled microstructure is
composed of deformed grains with large numbers of
dislocations. It also can be observed that the dimples of
cold-rolled alloy become much finer and deeper, as
shown in Fig. 7(c). At the bottom of the dimples, the
quantities of precipitated phases attributing to the voids
formation are observed. The finer deforming grains slide
along with rolling direction, resulting in plenty of thin
dimple walls and smooth vein patterns. Cold rolling
generates cold-harden strengthening and lattice distortion
while tensile strength increases but the elongation and
electrical conductivity decrease [27].

Although the mechanical properties of the alloy
after hot and cold rolling are rather high, tensile strength
of 518 MPa and elongation of 8.3%, annealing treatment
is also needed to relief cold-harden strengthening which
strongly degrades electrical conductivity. Consequently,
the following annealing at 350 °C for 1 h was introduced
to restore the electrical conductivity. Changes between
annealed alloy and cold-rolled alloy are still difficult to
distinguish (Figs. 6(c) and (d) and Figs. 7(c) and (d)).
Under low-temperature treatment, the additional thermal
energy permits the dislocations to move and form
sub-grain boundaries without dislocation density
changing. However, since the dislocations are rearranged
and the precipitations are formed during the process,
electrons scattering decreases, resulting in the increasing
of electrical conductivity with less decrease of strength.
After treatment mentioned above, the Cu—Mg-Te—Y
alloys with high strength and high conductivity are
finally gained as shown in Table 4.



3702 Liang CHEN, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3697—3703

Fig. 6 Microstructures of Cu—0.47Mg—0.20Te—0.04Y: (a) As-cast; (b) Hot-rolled; (c) Cold-rolled after hot rolling; (d) Annealed after

cold rolling

4 Conclusions

1) Y addition is responsible for removing impurities
and improving both mechanical properties and electrical
conductivity. But electrical conductivity of alloys with
above 0.06% Y is lower than those with trace Y addition.

2) The mechanical properties are improved when
the Mg content increases in the range of 0.2%—0.6%,
leading to solid-solution strengthening without impairing
electrical conductivity.

Fig. 7 Fracture morphologies of Cu—0.47Mg—0.20Te—0.04Y: (a) As-cast; (b) Hot-rolled; (c) Cold-rolled after hot rolling;
(d) Annealed after cold rolling

3) The high tensile strength of above 510 MPa, high
elongation of 11 % and high electrical conductivity of
over 63% IACS can be simultaneously obtained in
Cu—0.47Mg—0.20Te—0.04Y alloy after final treatment
containing rolling and annealing.
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