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Abstract: Cu—Y»0; and Cu—Y,03—Zr composites were prepared via mechanical alloying and spark plasma sintering,
and their microstructure and properties were systematically studied by using optical metalloscope, scanning electron
microscope, transmission electron microscope, conductivity and tensile tests. It is found that the microstructure of the
composites greatly affects mechanical behavior and electrical conductivity. The improvement of electrical property can
be attributed to the formation of coherent Y4Zr3Oi, particles and the preferential nucleation of CusZr phase, which
improves the interface between Y,O3 and Cu matrix, and reduces the dislocation density, respectively. In addition, the
Cu—Y,03—Zr composites can achieve 265.6 MPa of yield strength, 301.0 MPa of ultimate tensile strength, 23.6% of

elongation, and 92.0%(IACS) of electrical conductivity.
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1 Introduction

Dispersion-strengthened copper (DS-Cu) is
widely used in heat sink materials and electrical
contact materials due to its excellent mechanical
properties and electrical conductivity [1]. It is
reported that using uniformly distributed nanoparticles
(NPs) in DS-Cu can improve the mechanical
properties. In recent years, many kinds of NPs such
as AlLOs [2,3], Y203[4,5], and ZrO, [6] have been
studied, and Y,Os is considered as one of the most
competitive candidates due to the higher
thermodynamic stability and lower solubility in Cu.
Extensive methods have been applied for preparing
DS-Cu, such as mechanical alloying (MA) [7,8],
wet chemical method [9,10], and internal oxidation

method [11-13]. Among them, MA method and
spark plasma sintering (SPS) are widely used
because of the rapid sintering and higher density of
samples.

There is a trade-off between mechanical
properties and electronic conductivity within DS-Cu,
and great efforts have been made to simultaneously
improve the mechanical and electrical properties
of DS-Cu. Some studies [14—16] show that the
addition of microalloying elements into DS-Cu
alloys is a promising solution, which can
maintain excellent mechanical properties without
compromising conductivity. For example, ZHANG
et al [17] found that adding La could lower oxygen
content in the alloy and thus decrease its resistivity.
ZHOU et al [18] revealed that the involvement
of Ti effectively inhibited the coarsening of Y,O3
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particles and improved the alloy’s mechanical
properties. XU et al [19] found that Zr element
enabled the formation of YsZr;Oi, particles with
Y>0s3 in oxide dispersion-strengthened (ODS) steel,
thereby inhibiting the formation of Y—-AI-O
particles and effectively controlling the structure
and size of oxide particles. However, the effect of
Zr element on ODS copper has been rarely studied
in recent reports.

In this work, Cu—Y;0s; and Cu—-Y.0;—Zr
composites were prepared by MA and SPS methods.
The microstructure, mechanical and electrical
properties were systematically studied, and the
effects of Zr on the mechanical and electrical

properties of Cu—Y,0s3 composites were investigated.

It is expected that our study will give new insight
into the development of high-performance DS-Cu
alloy.

2 Experimental

2.1 Sample preparation

The specific compositions of Cu—Y,03; and
Cu—Y,0s—Zr are presented in Table 1. The used
raw materials (provided by the Shanghai Linghan
Scientific Instrument Co., Ltd.) were pure copper
powder (purity >99.9%, and average particle size
1 pm), pure zirconium powder (purity >99.9%, and
average particle size 1um), and yttrium oxide
powder (purity >99.5%, and average particle size
500 nm).

The schematic diagram of the ODS-Cu
preparation process is shown in Fig. 1. Cu powder,
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Fig. 1 Schematic diagram of ODS-Cu preparation process

Table 1 Compositions of copper matrix composites
(wt.%)

Material Cu Y203 Zr
Cu—Y:,03 99.0 1.0 -
Cu—Y,05—Zr 98.8 1.0 0.2

Zr powder and Y,03; powder were pre-mixed at a
mass ratio of 98.8:1:0.2, MA was conducted by a
QM—QX4 high-energy planetary ball mill under the
argon atmosphere, stainless steel milling balls and
vials were used, and the milling ball size was 5 mm
in diameter. The ball-to-powder mass ratio (BPR),
milling speed and milling time were 5:1, 400 r/min
and 8 h, respectively. The milled powder was
processed with a pressure of 10 MPa at 600 °C for
3 min and SPS was performed with a pressure of
50 MPa at 900 °C for 5 min.

2.2 Sample characterization

The surface morphology and microstructure of
the composites were observed using metallographic
microscope, scanning electron microscope (SEM,
SU8020) and transmission electron microscope
(TEM, JEM—2100F). The material’s density of the
sample was measured using the Archimedes
drainage method. A D60K digital metal conductivity
tester was used to measure the conductivity.
Tensile test was carried out using an SS-J3
sample with a displacement rate of 0.3 mm/min at
room temperature [20]. The dimensions of the
tensile sample used for the tensile test are shown in
Fig. 2.

Steel ball
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Fig. 2 Dimensions of tensile samples (R is radius, and 7 is
thickness) (unit: mm)

3 Result and discussion

3.1 Microstructure
The metallographic images of Cu—Y,0O; and
Cu—Y:03—Zr composites are shown in Fig. 3. The

(a)

50

(©)

Average particle size: (106+£48) nm

40 -

30+

20 -

Frequency/%

10

40 80 120 160

Particle size/nm

200 240

Frequency/%

Yong-qiang QIN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3418—-3426

grain size of Cu—Y,0s; composite (Fig.3(a)) is
smaller than that of the Cu—Y,0;—Zr composite
(Fig. 3(b)). The Cu—Y,0; composite mainly has
striped grains, while with the addition of Zr,
isometric grains emerge in Cu—Y,03—Zr composite
except for striped ones. It is known that smaller
grains can increase the grain boundary density, and
the grain boundary is regarded as a “barrier” that
hinders electron transmission [21].

Figures 4(a) and (b) show the high angle
annular dark field (HAADF) images of Cu—Y,0s3
and Cu—Y»03;—Zr composites, respectively. The
uniformly distributed NPs can be identified as Y»O;
by electron diffraction patterns (the inset of Fig. 4(b),

(d) Average particle size: (94£32) nm
40 -
30
20
10
0 E r .
40 80 120 160 200 240

Particle size/nm

Fig. 4 STEM HAADF images (a, b) and Y,Os particle size distributions (c, d) of Cu—Y»0s (a, ¢) and Cu—Y,03—Zr (b, d)
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SADP of the yellow area), and most of the Y>Os3
particles in Cu—Y,0s3—Zr composites tend to
distribute at the grain boundary. The oxide particle
size distribution of Cu—Y;0; and Cu—Y.0:;—Zr
composites is summarized in Figs. 4(c) and (d), and
the size of Y03 nanoparticles in Zr-doped sample
is smaller than that in the undoped sample.

Figure 5 shows the TEM dark field image,
high-resolution TEM (HRTEM) image and fast
Fourier transform (FFT) pattern of Cu—Y.0:;—Zr,
indicating the of precipitates. In
agreement with previous report [22], these
precipitates can be identified as CusZr, which has a

existence

diameter of about 5 nm. The orientation relationship
between Cu and CusZr is determined as [112], //
[201]c, 4 and (111)¢, //(020)c, 7, Which suggests
a coherent or semi-coherent interface.

Figure 6 shows the HRTEM images and
corresponding FFT images of CusZr/Cu interface.
The FFT images of Area a and Area b in Fig. 6(a)
are shown in Figs. 6(b) and (c), which correspond to
CwiZr and Y4Zr301, respectively. CusZr is distributed
around Y4Zr30;, with an orientation relationship of
(OEO)Cu4Zr //(30§)Y4Zr3012. Considering orientation
relationship between Cu matrix and CusZr, it is
believed that the following orientation relationship

Fig. 5 TEM dark field image of Cu—Y,0s—Zr (a), high resolution TEM (HRTEM) image (b), and PPT pattern (c) of

Cu—Y203—Zr

Fig. 6 HRTEM images of CusZr/Cu interface (a, d), FFT pattern of Area a (b), FFT pattern Area b (c), FFT pattern (e)
of (d), and diagram showing orientation relationship between Cu, CusZr and Y4Zr3012 (f)
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between Y4Zr;O0;; and Cu matrix would be
(11T)¢, //(3033)y 70, and  (220)¢, /
(2420)y, 7,0, - These results indicate that the
formation of Y4Zr;O1, phase can reduce the solid
dissolved oxygen.

3.2 Stacking fault and dislocation density

Figure 7 shows the HRTEM images of
Cu—Y,03 and Cu—Y»03—Zr. As shown in Fig. 7(a),
it is clear to see stacking faults parallel to (111)
crystal plane. In contrast, no such stacking fault is
observed in Cu—Y:0s. Considering that these
stacking faults may be caused by the thermal
mismatch between the Cu matrix and the Y;03
particles during SPS process, the stacking fault
disappears, which implies the stress release
mechanism in Cu—Y>0s—Zr. That is because CusZr
prefers to nucleate along stacking faults in order to
reduce distortion energy, and the new CusZr phase
precipitates with the disappearance of stacking
faults.
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Fig. 7 HRTEM images and FTT patterns of Cu—Y»0; (a)
and Cu—Y,03—Zr (b)

3.3 Mechanical properties

The stress—strain curves from the uniaxial
tensile test after SPS are shown in Fig. 8. SS-J3
small tensile samples were used in this work. The
yield strength was determined through a bilinear fit
procedure [23]. The detailed results of mechanical
properties are collected in Table 2. Cu—Y»03;—Zr
has a comparable relative density of 98.6%
compared to 98.0% of Cu—Y:0s3. The ultimate
tensile strength (UTS, o,) and vyield strength
(YS, 00.2) of the Cu—Y>03 composites are 253.0 and
230.1 MPa, respectively. For Cu—Y»03;—Zr, the UTS
and YS values increase to 301.0 and 265.6 MPa,
respectively. In addition, the elongation of
Cu—Y20; is 17.4%, which increases to 23.6% for
Cu—Y:03;—Zr. These results reveal the improvement
of plasticity in Cu—Y,0s—Zr. Figure 9(a) shows a
ductile fracture with ductile dimples of Cu—Y0:s.
Large size dimples with aggregated Y»O; particles
can be seen at the bottom, which result in the lower
interface bonding strength, and the higher interface
energy, leading to poor shaping performance [24].
Different from the case of Cu—Y,0s;, the dimple
distribution of the Cu—Y»0;—Zr is relatively
uniform (Fig. 9(b)), indicating that the addition of
alloying element Zr effectively inhibits the
coarsening of Y»0s.
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Fig. 8 Engineering stress—strain curves of Cu—Y»0;3 and
Cu—Y.05—Zr

Table 2 Mechanical properties of Cu—Y»0; and Cu—
Y203—Zr

Material Relative ov/ 002/ Elongation/
density/% MPa  MPa %
Cu—Y203 98.0 253.0 230.1 17.4

Cu—Y205-Zr 98.6 301.0 265.6 23.6
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Fig. 9 Fracture morphologies of Cu—Y»03 (a) and Cu—
Y,03—Zr (b)

As shown in Fig. 4, most of the Y,Os3 particles
are distributed at the grain boundaries, which can
benefit the grain refinement. According to the
Hall-Petch equation, smaller grain sizes can
improve UTS. However, the grain size of Cu—Y,0s3
is smaller than that of Cu—Y,0s;—Zr. Hence, the
enhancement of YS and UTS for Cu—Y.0;—Zr is
not due to grain refinement. Instead, the second-
phase strengthening mechanism plays a significant
role in improving the mechanical properties. The
second-phase strengthening mechanism is actually
divided into dispersion strengthening and
precipitation strengthening. The typical dispersion
strengthening inside the grains can be described
as the Orowan strengthening mechanism, which
suppresses the movement of dislocations by
adding non-deformable particles. The Orowan
strengthening (corowan) mechanism can be described
as follows:

O-Orowan = 04Gb llﬂ(%j (1)

nl-v L

where G is the shear modulus, vis the Poisson’s
ratio, b is the amplitude of the Burger vector, L is
the average particle spacing, and D is the average

particle size. As shown in Fig. 4, the size of Y»03
nanoparticles in Cu—Y»03;—Zr is smaller than that in
Cu—Y:0s3, which results in a higher number density
of the Y,0s nanoparticles in the Cu—Y,0s—Zr. The
fine Y,O3; nanoparticles are more conductive to
pinning dislocations, hindering the movement of
dislocations and grain boundary slip, thereby
improving the strength of composite. Precipitation
strengthening is another mechanism, we can actually
observe the CwZr precipitates in Cu—Y,0s3—Zr
(Fig. 5), which also contribute to the enhanced YS
and UTS of Cu—Y»0s;—Zr because of the nano-size
and high density of formed CusZr particles.

3.4 Electrical conductivity

The electrical conductivity values of Cu—Y»0;
and Cu—Y»03—Zr were 82.1%(IACS) and 92.0%
IACS, respectively. The loss of electrical
conductivity is widely known to be caused by
defects in the material [25], such as dislocation,
stacking fault, nanoparticle and grain boundary.

The resistivity change is caused by grain
boundaries (Apg), nanoparticles (App) and
dislocations (Apais). The resistivity change (Apg)
caused by the grain boundary can be calculated as
follows [21]:

Apev=2/3psgp(S/V) )

where psgp 18 a specific copper grain boundary
resistivity, S is the grain boundary surface area, and
V is the volume. Considering that the Cu grains in
this study are not spherical, the length of the grain
boundary per unit area (¢g) is used to characterize
the grain boundary density, and ¢, is proportional
to S/V. The calculation method is as follows [17]:

S _ 2, 2ny

:K —_—=
¢gb ’ v ZLV ZLh

where L, and Ly are the total lengths of horizontal
and vertical lines, respectively; n, and ny are the
numbers of intersections with the line segment
derived from Egs. (2) and (3) respectively; Apg is
proportional to ¢g. Therefore, the larger the grain
boundary density is, the lower the -electrical
conductivity is. ¢@g values of Cu—Y,0s; and
Cu—Y:0s—Zr are listed in Table 3. According to this
result, we can conclude the improvement of the
conductivity of Cu—Y,0s—Zr is relative to the
decrease in grain boundary density.

+

3)
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Table 3 Grain boundary density and electrical resistivity
of Cu—Y203 and Cu—Y203—Zr

Electrical resistance/

Material Pgr/m”! 1050
Cu—Y203 5.63 2.09
Cu—Y.03—Zr 4.52 1.87

The Ap, is mainly determined by the volume
fraction of doped nanoparticles in the matrix. The
volume fraction of Y»>Os3 nanoparticles in this work
is about 1.75% for both composites, suggesting a
similar contribution of nanoparticles. However, the
shape and the size of the nanoparticles have great
impact on the conductivity. ZENG et al [26]
developed an alternative to Norbury—Linderule by
an effective pattern recognition application and
investigated the effects of 79 elements on the
conductivity of Cu, and they found that Zr had
detrimental effect on the conductivity of Cu. In our
prepared Cu—Y»03;—Zr, the formation of CusZr
reduces the content of solute Zr, which greatly
eliminates the negative impact of Zr on the
conductivity.

The coherent/semi-coherent interface of Cu
matrix and Y4Zr;O1, phase is another reason [27].
Due to its better interface bonding, the scattering
effect of coherent Y4Zr;O1; nanoparticles on
electrons is weaker than that of non-coherent Y03
nanoparticles, leading to a relatively high
conductivity [18]. The formation of Y4Zr;Oi,
particles reduces the oxygen content in the Cu
matrix and thus improves the electrical properties of
the Cu—Y>0;3 composite [28]. As reported, uniform
distribution caused by the coherent/semi-coherent
interface is beneficial to improving conductivity
and plasticity [17]. This may be the reason why
the elongation of Cu—Y,0s:—Zr is also increased
slightly.

The resistivity change caused by dislocations
(Apgis) 1s  proportional to the number of
dislocations [29]. CuwsZr and YsZr:Opx can fill
stacking faults, which reduces dislocation density
and improves electrical conductivity. Therefore, the
formation of coherent Y4Zr;Oi, phase and the
decrecase of both grain boundary density and
dislocation density are responsible for the reduced
internal defects of Cu—Y,0Os3 after the introduction
of Zr alloying element.

4 Conclusions

(1) The doped Zr element enables the
formation of Y4Zr;Oy, particles and coherent
precipitate-phase CusZr.

(2) Fine CusZr and Y4Zr;01; particles improve
the mechanical properties of the composite.

(3) The formation of coherent Y4Zr;Oi, phase
and the decrease of both grain boundary density and
dislocation density facilitate the better electrical
conductivity.

(4) The addition of Zr can improve the
comprehensive properties of the Cu—Y.0s;—Zr
composite, with 265.6 MPa of yield strength,
301.0 MPa of ultimate tensile strength, 23.6% of

elongation, and 92.0%(IACS) of electrical
conductivity.
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BEITTE Zr X Cu-Y.0; ES M RILELD R

BB, B A, FARD I, KD, REAL

BERYFZ N

1. AT MoRR2ES TREBE, &8 230009;
2. BRI THAREFM T BE TR0, A8 230009;
3. R A AR KR TE I T380E 3 LM L L, AR 230009

#H E: @A SRR FRegEH % Cu—Y20: fil Cu-Y20s-Zr E&MEL, IR e B, Hlism
B BESTHE. BRRFR ST A SR RE T R AL . THAORIL, EEME RSN H I F R
i SR AR KM, BRI SE v AR T 356 YaZrsOw R T HIE RA CusZr AR SE idZ, EA15 3
T Y203 F1 Cu AR 1A S DA PR AR T4 5 5 o BbAh, Cu—Y20s—Zr E &R JE IR5R A 265.6 MPa,
MR PLHLEE Y 301.0 MPa, K30 23.6%, HLFZIAF] 92.0% (JACS).
KHIR: Cu-Y0: EAMEL B Ji%teae: W MEge
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