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The effects of trace La additions on the microstructures and mechanical properties of

Cu-0.2 wt% Zr alloy have been investigated. Traditional thermo-mechanical processing was
applied to the Cu—Zr alloys. Isochronal aging and isothermal aging were used to optimize the
aging conditions. According to the hardness and conductivity tests, the optimized aging
condition should be 150 min isothermal holding at 400 °C following 85% cold-rolling. If the
as-cast sample is subjected to aging, the addition of La obviously refines the microstructures.
After cold-rolling, however, the La addition has no significant effects on the grain size of the
aged sample. SEM and TEM are combined to observe the distribution and morphology of the
precipitates, which are identified to be CusZr. The addition of La can improve the hardness and
conductivity simultaneously in the as-cast samples after aging, while it improves the hardness
and strength and decreases the conductivity slightly in the cold-rolled samples after aging. XRD
and TEM results show that the lattice parameter and the dislocation density are increased by the

addition of La.

. INTRODUCTION

Copper-based alloys, due to the combination of good
thermal conductivity, high electrical conductivity, and
high mechanical strength in engineering applications,
have attracted considerable attention over the past few
decades." Dissolved solutes in copper can greatly
improve the strength of the matrix, but they obviously
reduce the electrical conductivity, such as Cu-Ni-Si,?
Cu—Fe—Cr,>* and Cu—Zn’ alloys. At present, precipita-
tion hardening is a promising method to realize high
strength and electrical conductivity. Alloys using this
strategy include Cu-Cr-Zr"® and Cu-zr"" alloys.
Cu—Zr alloys are mostly used in miniaturized electronic
devices and electric resistance welding electrodes.”!'
However, the relatively low strength of the Cu—Zr alloys
limits their applications. Therefore, it is important to
further improve the mechanical properties of the alloys.

Many attempts have been done to improve the strength
of Cu—Zr alloys and preserve their high level of electrical
conductivity, and partial successes have been achieved.
Arnberg et al.” prepared Cu—0.5 wt% Zr alloys by rapid
solidification technology. The alloys were obtained with
the tensile strength of 482 MPa and electrical conductiv-
ity of 83%IACS after heat treatment. Azimi and Akbari®
produced nanostructured Cu-6 wt% Zr alloys by
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mechanical alloying and the hardness of the alloy reached
220 HV. In addition, severe plastic deformation has been
extensively applied in high strength, high conductivity
Cu—Zr alloy. Muramatsu et al.” used a large degree of
deformation reductions in the wire-drawing process.
Finally, the strength and electrical conductivity of the
Cu-0.5 at.% Zr alloy were 690 MPa and 83%IACS
without aging process. With eight passes of equal-channel
angular pressing (ECAP), the maximum tensile strength of
Cu—0.18 wt% Zr reached 506 MPa.'® It was also reported
in other studies that the addition of Cr and Ag can
significantly improve the strength without deteriorating
the conductivity.12

It is well-known that rare earth element, due to the
special physical and chemical characteristics, could
positively influence the precipitates of the age-hardenable
alloys and thus influence the properties. Guo et al."?
showed that rare earth element could promote spheroidiza-
tion and dispersion of the precipitates in Cu—Fe-P-Cr
alloys. The addition of rare earth Y in the Al-Zr alloys
obviously accelerated the precipitating kinetics of AlyZr
through the formation of Al3(Zr,Y) precipitates.'* Up to
now, the content of rare earth is basically higher than 0.03%,
but the effects of lower content have remained elusive.

In this paper, the effects of trace La on the Cu—Zr alloy
and the aging behavior of Cu—Zr—(La) alloys during the
thermo-mechanical treatments were studied. The alloys
were treated by feasibly conventional cold-rolling and
aging. The tensile strength, hardness, and conductivity
were investigated to optimize the aging condition.
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Il. EXPERIMENTAL

Cu—Zr and Cu—Zr—La alloys were prepared by melting
the mixtures of electrolytic copper (99.99 wt%), pure
zirconium (99.5 wt%), and rare earth La (99.2 wt%) in
a vacuum-induction melting furnace under an argon
atmosphere. Casting was carried out in a graphite mold
with a size of ®40 x 120 mm. The chemical composi-
tions of the alloy were analyzed by inductively coupled
plasma (Table I). After the removal of oxidation layers
and surface defects, the billets of 30 x 30 x 120 mm
were homogenized at 850 °C for 4 h and subsequently
hot-rolled to a thickness of 15 mm. The rolled samples
were then solution-treated at 960 °C for 1 h followed by
water-quenching. The solution-treated plates were
planned on both sides to remove oxidation layers and
cold-rolled with 80 or 85% reduction at ambient temper-
ature, respectively. These plates thus obtained were cut
into small pieces with designed sizes for aging treatment.
The isochronal aging at 300-500 °C for 60 min and
isothermal aging at 400 °C for 30-180 min were carried
out in a tubular electric resistance furnace with a temper-
ature accuracy of £1 °C.

The microstructures of the aging cast and aging
rolled samples (aging cast and aging rolled represent
those as-cast and rolled specimens that were subjected
to aging) were investigated by an optical microscope and
a scanning electron microscope (SEM, JSM-5600LV,
JEOL Company, Tokyo, Japan). The samples were
mechanically ground, polished, and etched with a solution
of FeCl;, HCI, and absolute alcohol mixture. The number
and distribution of the particles were quantified by image
analysis of the SEM micrographs. The total number of
particles used for this analysis was no less than 300 for
each experiment and the particle number density was
measured in the area of 1 um x 1 um at 6 SEM images.
For TEM samples, the discs of 3 mm in diameter
punched from aged plates were ground to 60—-80 pm
and then double jet thinned using a 25% nitric acid in
methanol solution at about —30 °C. TEM observations
were carried out by a transmission electron microscope
(TEM) operating at 200 kV (JEM-2100). X-ray diffrac-
tion (XRD) was conducted on EMPYREAN equipped
with a Cu radiation target.

Vickers hardness (HV) was measured on a MH-50
type microhardness tester using a load of 100 gf and
a dwell time of 10 s. Before the measurement, standard

TABLE I. Chemical composition of the Cu—Zr and Cu—Zr-La alloys.

Analyzed composition (wt%)

Alloy Zr La Cu
Cu—Zr 0.206 Bal.
Cu—Zr-La 0.1906 0.0058 Bal.

specimens were used to correct the hardness. Samples
with a length of 30 mm were tensile-tested on a CSS-2205
tensile machine with a strain rate of 2 mm/min at 298 K.
Electrical resistance was measured by a D60K digital
electrical instrument.

lll. RESULTS AND DISCUSSION

A. Microstructures and properties of the aging
cast specimen

Figures 1(a) and 1(b) show the microstructures of the
aging cast Cu—Zr and Cu—Zr-La alloys. The specimens
were aged at 550 °C for 120 min. The addition of La
obviously refines the microstructures of the alloy and the
morphologies of the Cu solid solution are modified from
a large columnar crystal to fine equiaxed grains.

Figure 2(a) shows the microstructures in the vicinity of
grain boundary of the Cu—Zr—La alloy. Club-shaped and
oval-shaped particles are observed at the grain boundaries
and high fractions of nanosized dots (33.7 nm) are
homogeneously distributed in the matrix [Figs. 2(a) and
2(b)]. TEM results [Fig. 3(a)] reveal that the mean size of
precipitates is 26.42 nm, thus it can be deduced that the
dots in the SEM micrographs are Zr-rich precipitates
considering the similar size, shape, and distribution.'>-'6
Compared to the TEM, the SEM image has a wider field
view and reveals a larger number of precipitates. The
morphology and spatial distribution in the SEM image
are more reliable and clear. To better observe the smaller
particles, high-resolution TEM images are shown in
Figs. 3(b) and 3(c). Fine precipitates with lobe—lobe
contrast are found in Fig. 3(b) (marked by rectangles)
and they display spot-shape or extend regions, which
exhibits well-defined alternate bright and dark parallel
Moiré patterns.®'” The mean spacing D in Moiré patterns
is ~1.2 nm. Meanwhile, the precipitates with sizes of
2-5 nm show apparent dark contrast (marked by dotted
circles). The single spherical precipitation (3.3 nm) is
coherent with the matrix as shown in the inset of Fig. 3(c).
The selected area electron diffraction with a zone axis of
[1—1 O]cy in Fig. 3(d) exhibits two sets of reflections. One
is from the matrix and the other from the precipitates. The
streaking seen in the pattern reveals that the precipitates
have an ordered fcc structure and the value of d is
consistent with all the interplanar spacing of the CusZr
phase. There is a controversy about the composition of
Zr-containing precipitates (CusZr, CuyZr, CusiZr4, or
CusZr). Recently, several studies on Cu—Zr alloys have
identified CusZr as the Zr-containing precipitate
phase”'*2° which is also evidenced by the above
results in this paper. The CusZr peaks are also found
in the XRD spectrum (Fig. 4), which further confirms
the dominance of this phase. But the effects of trace La
on the morphology and spatial distribution of the
precipitates are less evident.
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(c)

FIG. 1. Optical micrograph of the Cu—Zr—(La) alloys: aging cast (a) Cu—Zr and (b) Cu—Zr-La alloys aged at 550 °C for 2 h; aging rolled (c) Cu—Zr

and (d) Cu—Zr-La alloys aged at 400 °C for 150 min.

40
= 20
L}

15 20 25 30 35 40 45 S0 S5
particle diameter nm)

FIG. 2. SEM micrographs of (a) the vicinity of grain boundary and (b) the interior of the grains of the aging cast Cu—Zr—La alloy aged at 550 °C

for 2 h.

The electrical conductivity and hardness are improved
simultaneously (from 96%IACS, 91.86 HV to 96.9%
IACS, 94.44 HV) by the addition of La under the
condition of aging cast. These improvements can be
ascribed to the following two aspects. On the one hand,
the addition of La could react preferentially with the
impurities such as O, H, S, Pb, Te, and Bi and finally
form high melting point and stable compounds at
elevated temperature. These compounds are easily
removed because of their lower densities.!> Therefore,
the purification of the melt can effectively improve the

strength and electrical conductivity. On the other hand,
compared to the Cu—Zr alloy, the grains in the Cu—Zr—La
alloy are finer. According to the Hall-Petch relationship,
the finer the grain of the alloy is, the higher the strength
of the alloy will be. The hardness of the Cu-Zr-La alloy
is thus slightly higher than that of the Cu—Zr alloy. It also
indicates that the diffusion distance of Zr atoms during
the solution process is shortened, leading to a more
uniform distribution of Zr atoms in the grains. Finally,
finer and more uniformly distributed precipitates are
formed in the grains during the aging process.?!

250 J. Mater. Res., Vol. 30, No. 2, Jan 28, 2015



T. Wang et al.: Effects of trace La additions on the microstructures and properties of nanoprecipitates strengthened Cu-Zr alloys

(d)

FIG. 3. (a, b) Bright field TEM micrographs of the aging cast Cu—Zr-La alloy; (c) high-resolution TEM image of precipitates; and (d) the
corresponding SAED patterns (p-precipitate), zone axis close to [1—1 0]c,.
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FIG. 4. Diffraction peaks for Cu—Zr—(La) alloys. The inset shows the
position of the angle diffraction peaks about 43°.

B. Effects of aging temperature and time on
hardness and conductivity of the alloys after cold-
rolling

Cold-rolled samples were aged for 60 min at different
temperatures to optimize the aging temperature for

Cu—Zr—(La) alloys. Figure 5 shows the hardness and
electrical conductivity of Cu—Zr—(La) alloys as a function
of temperature during isochronal aging for 60 min. All
the alloys have large hardening responses from 300 to
500 °C and attain the peak microhardness when aging at
400 °C. The peak values after 85% cold-rolling are
165.56 and 167.32 HV, while the peak values after
80% cold-rolling are 146.08 and 156.15 HV, respec-
tively. The conductivity of these alloys continues to
increase in the entire temperature range, which can be
ascribed to the high precipitating kinetics and recrystal-
lization of the alloys.'

Hardness and conductivity curves of 400 °C isothermal
aged Cu—Zr—(La) alloys are shown in Fig. 6. At the initial
stage of the aging, the hardness increases rapidly and
reaches the peak after aging for 150 min. Then the
hardness begins to decline. The conductivity increases
dramatically to the peak at first and maintains approxi-
mately a stable value with further aging. At the beginning
of the isothermal aging, CusZr particles precipitate rapidly
out of the supersaturated alloy matrix, therefore a steep
increase in the conductivity occurs owing to the high
decomposition kinetics. As the aging time increases, the
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FIG. 5. Vickers microhardness and electrical conductivity evolution
of the Cu—Zr and Cu—Zr-La alloys during isochronal aging for 1 h.

solute concentration approaches equilibrium and the elec-
trical conductivity increases marginally.

It is interesting to note that the hardness of 85% cold-
rolled Cu—Zr—(La) alloys is ~10 HV higher than that of
80% cold-rolled alloys, while the conductivity is ~2%
IACS lower at the same aging treatment process. Cold-
rolling has little influence on the conductivity, but it can
greatly enhance the hardness. Thus, the reduction of 85%
can be considered as the suitable deformation reduction
for the Cu-Zr—(La) alloys. However, this trend of the
conductivity with the increase of deformation reduction
does not agree with Refs. 22 and 23. Such a discrepancy
may be caused by the manufacturing process. Once 80%
cold-rolling reaches, cold deformation is so difficult that
prolonged duration of the rolling process is necessary. In
this process, the dislocation density increases signifi-
cantly and then the conductivity will be reduced.

The peak hardness and the corresponding conductivity
of the 85% cold-rolled Cu—Zr and Cu—Zr-La alloys aged
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FIG. 6. Hardness and electrical conductivity of the Cu-Zr and

Cu—Zr-La alloys as a function of aging time during isothermal aging
at 400 °C.

at 400 °C for 150 min are 168.08 HV, 83.7%IACS and
173.04 HV, 80.1%IACS, respectively. This aging condi-
tion is recognized as the peak-aged state. It is worth
noting that the hardness of the alloys with the addition of
La can be improved by ~5 HV and the conductivity
decreases by 2-3%IACS. This effect contradicts with that
in the case of aging cast and the reason will be discussed
in detail later.

C. Microstructures and properties of the aging
rolled specimens

Figures 1(c) and 1(d) show the optical microstructures
of the Cu—Zr and Cu—Zr—La alloys aged for 150 min at
400 °C. The cold deformed structure with markedly
elongated grains aligned along the rolling direction is
observed and the grain size of the alloys reveals no
significant difference. Figure 7 shows the precipitates in
the Cu—Zr-La alloy aged for 150 min at 400 °C. The
mean size of the precipitates is 14.5 nm and the number
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nano-precipitates 7

(a)

(b)

FIG. 7. (a) SEM image of the 85% cold-rolled Cu—Zr-La alloy aged at 400 °C for 150 min and (b) dark field image and selected electron
diffraction pattern of the alloys (p-precipitate), zone axis close to [1—1 O]cy.

density is 1.67 X 10" m~2 Figure 8(a) reveals the
distribution of the precipitates in the Cu—Zr-La alloy
aged for 90 min at 425 °C. Coarsening of the precipitates
has occurred locally. The maximum and mean sizes of
the precipitates are 41.5 and 21.6 nm, respectively. Figure
8(c) shows that the nanoparticles assemble into a larger
particle by the oriented attachment mechanism.** From
the consistent results in the SEM [Fig. 8(a)] and TEM
[Figs. 8(b) and 8(c)] observations, we can conclude that
the alloy is at over-aging state. Besides ~20 nm precip-
itates, there also exists near-spherical Zr-rich precipitates
with a mean size of ~4 nm [Fig. 8(d)].

Table II shows the properties of the Cu—Zr and Cu—Zr-La
alloys under different thermo-mechanical processing con-
ditions. When aged for 150 min at 400 °C, the ultimate
tensile strength (oyrs) and yield strength (cg,) of the
Cu—Zr-La alloy attain the maximum values as 530 and
492 MPa, respectively, and the corresponding conductivity
still keeps the level of 80%IACS. However, oyrs and Gq»
of the Cu—Zr alloy are 507 and 459 MPa. Under the same
aging conditions, the strength of Cu—Zr—La alloy is higher
than that of Cu—Zr alloy, but the conductivity is lower.
These variations of cyts and Gg, are consistent with the
trend in Vickers hardness plotted in Figs. 5 and 6. In
addition, the Gyt and G, of the alloy aged for 150 min at
400 °C are higher than those aged for 120 min at 400 °C.

The higher strength of the alloys aged for 150 min at
400 °C with respect to that aged for 90 min at 425 °C
confirms that aging for a long time at lower temperatures
is an effective method to attain the better properties. At
lower temperatures, the atomic diffusion of the solute
atoms is slow and the precipitates are not susceptible to
aggregate and grow. However, this process will take
a long time to achieve the full precipitation state.
Moreover, the density of the precipitates aged at lower
temperatures is higher due to the different supersaturation

degrees in the Cu—Zr phase diagram.”*?> The strength-
ening mechanism of the alloys can be described by the
Orowan—Ashby equation.'®

-
2n(1 — )2 \2n

Here, toa is the critical resolved shear stress, r is the
average radius of the CusZr particle, r is the inner cut-off
radius of the dislocation, and A is the spacing between
particles in the glide plane beyond the peak strength. The
greater the average radius of the CusZr particle is, the
lower the increase of the critical resolved shear stress will
be. The size of the precipitates in the alloy aged at 425 °C
is 21.6 nm, while the size is 14.5 nm at the peak-aged
state. Thus, the strength of the alloys aged for 90 min at
425 °C is lower than that aged for 150 min at 400 °C.

ToA = 0.84

D. Analysis of the effects of La in the aging rolled
samples

The effects of trace La on the alloys in the aging rolled
state were divided into three points to discuss: purifica-
tion, distortion of lattice, and dislocation density.

Compared to the aging cast alloys, the grain sizes
between the aging rolled alloys are of no significant
difference. Grain refinement has not been retained in
aging rolled state, but the purification effect still influen-
ces the alloy. Purification will improve the strength and
the electrical conductivity as described in Sec. III. A.

The atomic radius of Cu is Rc, = 0.128 nm, while the
atomic radii of Zr and La are Rz = 0.159 nm?®° and
Ry, = 0.195 nm, respectively. When the larger Zr and La
atoms dissolve into the Cu matrices, the lattice parameter
of Cu will increase due to lattice distortion. At a peak-
aged state, the lattice parameter of Cu—Zr alloy is
calculated to be 3.61744 = 0.000537 nm from the
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FIG. 8. (a) SEM and (c) bright field images of the 85% cold-rolled Cu—Zr-La alloy aged at 425 °C for 90 min, the corresponding FFT spectra of
the precipitation in the inset which indicates that the precipitation is the CusZr phase; (b) dark field image of the Cu—Zr-La alloy; and (d) high-

resolution TEM image of precipitates.

TABLE II. Properties of 85% cold-rolled Cu—Zr and Cu—Zr-La alloys under different thermo-mechanical processing conditions.

Alloy Condition Hardness o2 (MPa) oyuts (MPa) Cond. (%IACS) S (%)
Age 120 min 400 °C 167.28 438 503 83.1 16

Cu-Zr Age 150 min 400 °C 168.08 459 507 83.7 15
Age 90 min 425 °C 161.02 430 472 84 16
Age 120 min 400 °C 171.42 482 522 80.1 16

Cu—Zr-La Age 150 min 400 °C 173.04 492 530 80.1 12.5
Age 90 min 425 °C 170.36 476 515 82.1 17.5

XRD peaks (Fig. 4), while that of Cu-Zr-La alloy is
3.6186 = 0.000418 nm. Both of two parameters are
bigger than that of pure Cu (3.615 nm) and the deviation
is very small due to the extremely low solubility of Zr
and La in Cu matrices at room temperature. Furthermore,
the more deviation of the lattice parameter in Cu—Zr—La
alloy leads to the lower electrical conductivity.”” Mean-
while, the lattice distortion caused by solute atoms can
form long-term stress field, and the dislocation must
overcome the stress field to slip in the matrix. This
process improves the strength and decreases the plastic-
ity, which can be confirmed from Table II.

254

It is observed that high density of dislocations is
introduced by the cold-rolling as shown in Fig. 9. The
dislocations can form preferred nucleation sites for
precipitates and easily become diffusion paths for dis-
solved solute atoms, while the adverse effect is that they
also scatter conducting electrons, leading to a decrease in
conduc'[ivity.1 The dislocation densities in the matrices of
the Cu—Zr and Cu—Zr-La alloys in a peak-aged state
are estimated from their XRD peak broadenings as
0.607 x 10"* m~? and 1.105 x 10" m™2, respectively.*®
As is known, if the grains are smaller than 100 nm, the
grain size will affect the peak broadening. The grain sizes
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. - -
Dislocations

(a) (b)
FIG. 9. Dislocation morphologies of the (a) Cu—Zr and (b) Cu—Zr-La
alloys aged for 150 min at 400 °C after 85% cold-rolling.

FIG. 10. The bright field image of the CuglLa phase in the
Cu—Zr-La alloy.

of the studied alloys are far more than 100 nm, so the
marked broadening in the Cu peak is caused by the
variation of dislocation density.” Due to the tiny solid
solubility of La in Cu, the intermetallic CuglLa phase is
facile to form through the fluctuations of structure, com-
position, and energy, as shown in Fig. 10. The composition
of this phase, measured by energy dispersive spectrometer
(EDS) equipped in TEM, is identified as 84.58 at.% Cu and
1542 at.% La. The formation of the Cugla phase effec-
tively impedes the dislocation sliding and the dislocations
are easily accumulated in the vicinity of the particles, which
prevent the dislocations to annihilate in the grain boundary.
The dislocations can also impact the hardness and ultimate
tensile strength. The strength increment due to dislocation
strengthening Ac is:>°

Acg = MaGbp'/? |
where p is the dislocation density, o is a constant, which

for fcc metals is ~0.2, M = 3.06 is the mean orientation
factor for the fcc matrix, G is the shear modulus of the

matrix, 41.0 GPa, and b is the Burgers vector of the
matrix. Therefore, increasing the dislocation density will
improve the hardness and ultimate tensile strength of the
alloy.

IV. CONCLUSIONS

According to the results obtained in this work, the
following conclusions can be drawn:

(1) In aging cast, the addition of trace La obviously
refines the grain structures of Cu—Zr alloys. After cold-
rolling and aging processes, the addition of trace
La improves the strength significantly, but decreases the
conductivity slightly. The purification, distortion of
lattice, and dislocation density are considered to be
responsible for these effects.

(2) Aging for longer time at lower temperatures is an
effective method to attain the peak-aged state. The
Zr-containing precipitation is CusZr, the crystal structure
of which is face-centered cubic and coherent with the Cu
matrix.

(3) The ultimate tensile strength and conductivity of
the Cu—Zr—La alloy reach 530 MPa and 80.1%IACS,
respectively, after 85% cold-rolling and aging for 150
min at 400 °C.
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