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In this work, high volume fraction Y2O3 dispersion strengthened Ti-free and Ti-doped Cu samples were
prepared by mechanical alloying, high temperature heat treatment and powder compact extrusion to
study the role of alloying Ti element on microstructures, mechanical properties and electrical conductivity of the extruded samples. It is found that the addition of a small amount of 0.4 wt.%Ti effectively
suppresses the coarsening of Y2O3 particles during material fabrication, which produces smaller and
more uniform oxide particles distributed in a homogeneous ultraﬁne grained Cu matrix. However, a
heterogeneous Cu matrix microstructure, consisting of elongated micrometer-scale Cu grains and
equiaxed ultraﬁne Cu grains, is observed in the Ti-free sample due to signiﬁcant coarsening of the Y2O3
particles. The different microstructural features of the two extruded samples lead to distinctively
different mechanical behaviors and electrical conductivities. The energy dispersive X-ray spectrometry
elemental and high resolution transmission electron microscopy analysis suggest that the stabilizing
mechanisms of the Y2O3 particles involve both the segregation of Ti atoms to the surface layers of large
Y2O3 particles and dissolution of Ti atoms into small Y2O3 particles to form complex particles.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Copper-based materials are promising heat sink materials for
high heat ﬂux applications in fusion energy systems [1]. The
inherently high thermal conductivity of Cu-based materials can
allow them to rapidly remove a great amount of heat generated
from plasma. Although the high thermal conductivity is a key
physical parameter in such application, both high strength and
radiation resistance are also essential in a high heat ﬂux and irradiation environment [2]. Oxide dispersion strengthened (ODS) Cu
provides an optimal combination of high conductivity, good
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strength at intermediate and elevated temperatures, and excellent
radiation resistance [2]. The advantages of ODS Cu are also required
by materials used as spot welding electrodes and electric contacts
[3,4]. Therefore, a high performance ODS Cu is an important engineering materials.
Commercially available ODS Cu that contains a small volume
fraction of g-Al2O3 nanodispersoids (normally less than 3 vol.%) is
produced by internal oxidization of dilute Cu-Al alloys [5]. In situ
formed metastable g-Al2O3 has a highly disordered spinel-type
structure and preferentially forms incoherent {111}g-alumina//
{111}Cu interfaces with the Cu matrix [6]. Yttrium oxide has the
closely-related structure of Mn2O3, which may allow Y2O3 to form
different and desirable orientation relationships with Cu [7]. In
addition, in comparison with g-Al2O3, Y2O3 exhibits a higher
thermodynamic stability and lower solubility and diffusivity in Cu
€ sler and Arzt [10] proposed that
[7,8]. Arzt and Wilkinson [9] and Ro
the oxide-matrix interfacial characteristic plays a dominant role in
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improving room and elevated temperature mechanical properties
of ODS materials. These suggest that Y2O3 is superior to g-Al2O3 in
producing a high-performance ODS Cu.
Expectedly, increasing the content of oxide dispersoids can
improve the strength of ODS materials if the sizes of oxides can be
effectively controlled. However, a high volume fraction could promote coarsening of oxides due to short diffusion distance resulting
from a high number density of oxides in the matrix. Additionally,
large oxide particles at grain boundaries may form once the volume
fraction of oxides goes high [11]. These factors are detrimental to
the mechanical properties of ODS Cu, and thus weaken their performance. It is clear that the size control of oxides plays a key role in
designing a high-volume-fraction ODS Cu.
Prior studies [12e15] suggested that the alloying elements can
effectively control the sizes of oxides and increase their thermal
stability via facilitating the precipitation and modifying the oxidematrix interfacial structure. For example, Zhou et al. [13,14] and
Han et al. [12] observed that in the Cu-Al2O3/Y2O3 systems the Tidoped oxide particles have a smaller average size as compared
with Ti-free oxide particles. This favorable stabilizing effect was
suggested to be attributed to the segregation of Ti atoms at the Cu/
oxide interfaces and their diffusion into the oxide particles. In the
development of advanced ODS ferritic steels used as nuclear cladding materials, Ti is an essential element in the formation of
complex, stable and small Y2TiO5/Y2Ti2O7 precipitates [16e18] in
the ferritic matrix.
In this work, we report the role of microalloying Ti element on
microstructural reﬁnement and strength enhancement of a bulk
ODS Cu containing a high volume fraction of Y2O3 particles. It is
observed that the Ti-doped sample exhibits ﬁner microstructure
and higher strength in comparison with the Ti-free sample. The
microstructural analysis reveals that the observed microstructure
and strength of the Ti-doped sample are correlated with the stabilization of the Y2O3 particles by Ti. The observation from this
study can guide us to design and develop new ODS Cu materials
suitable for applications in extreme conditions.
2. Materials and methods
2.1. Preparation of milled powders
To prepare Ti-free and Ti-doped Y2O3 dispersion strengthened
(DS) Cu powders with nominal compositions of Cu-5vol.%Y2O3 and
Cu-5vol.%Y2O3-(0.2, 0.4 and 0.8)wt.%Ti, a planetary ball mill (QM3SP4, Nanjing Nanda Instrument Ltd., China) was used to mill a
powder mixture of electrolytic Cu, nano-Y2O3 (~30 nm) (Shanghai
ST-nano Science and Technology Co., Ltd., China) and TiH2 (~45 mm)
(Beijing Xing Rong Yuan Technology Co., Ltd., China) powders at a
high rotation speed of 500 rpm for 12 h. The milling process was
continuous and not interrupted during milling. To avoid oxygen
contamination during the whole milling stage, the milling vial was
loaded with the starting powders and sealed in an argon-ﬁlled
glove box. A ball-to-powder weight ratio of 5:1 was used, and
two different steel balls with diameters of 20 and 16 mm respectively were chosen for the efﬁcient milling. After milling of 12 h, the
nanostructured composite powders were produced [14].
2.2. Preparation of bulk samples
Prior to consolidation of different milled powders, 1 h isochronal
heat treatment of the milled powders in a temperature range of 300
to 1000  C was carried out under a vacuum of ~5  102 Pa in
combination with hardness tests to evaluate the thermal stability of
the milled powders. The hardness results shown in Ref. [14] exhibit
that the hardness values of the annealed samples alloyed with 0.4
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and 0.8 wt.%Ti remain almost unchanged even after annealing at a
temperature of 1000  C approaching the melting point of Cu
(1084  C). In this study, we only focus on the samples with the
compositions of Cu-5vol.%Y2O3 and Cu-5vol.%Y2O3-0.4 wt.%Ti and
use their 900  C annealed powders to produce bulk samples.
The interested annealed powders were ﬁrst pressed into cylindrical powder compacts in air with a 200 tonnage hydraulic press
equipped with a glove box. The cylindrical compacts (28 mm in
diameter and ~30 mm in height) were then heated rapidly with an
induction coil, and extruded into rods with a diameter of 6 mm in
an argon-ﬁlled glove box at 900  C. The heated compacts were held
at 900  C for 2min prior to extrusion. The extrusion ratio used was
25:1.

2.3. Microstructural characterization and chemical measurement
An X-ray diffractometer (XRD) (Cu Ka radiation, SmartLab,
Rigaku) was used to collect diffraction patterns of the extruded
rods. A continuous scanning with an operating voltage and current
of 40 kV and 200 mA was carried out to obtain XRD signals at a step
of 0.02 and a speed of 4 /min. Based on the Williamson-Hall
method [19e22], the dislocation densities in the extruded rods
were obtained by performing line proﬁle analysis from the scanned
XRD patterns using the following equations

DK ¼

r¼

0:9
þ εK
D

pﬃﬃﬃ 1=2
2 3 ε2
Db

(1)

(2)

where DK ¼ 2b cos q=l, K ¼ 2 sin q=l, b is the full width at half
maximum (FWHM) of a diffraction peak at a Brag angle of 2q, l is
the wavelength of the X-ray used, D is the average grain size, ε is the
internal elastic strain of the crystalline lattice, r is the dislocation
density and b is the magnitude of Burgers vector, respectively. A
scanning electron microscope (SEM) (Nova NanoSEM 230) with
secondary and backscattered electron (BSE) detectors was used to
examine the fracture surfaces and oxide particles of the extruded
rods. A voltage of 7.5 kV and spot size of 3.5 were employed in SEM
examination. The bright ﬁeld (BF) and high angle annular dark ﬁeld
(HAADF) images showing the sizes and spatial distributions of
oxide particles were taken at a camera length of 20 cm/HAADF 2, a
spot size of 1.5 nm and an accelerating voltage of 200 kV with a
scanning transmission electron microscope (STEM) (JEM 2100F).
The electron backscatter diffraction (EBSD, Zeiss, 20 kV) and
transmission electron microscopy analysis (JEM 2100F, 200 kV)
have been employed to get morphologies and size distributions of
Cu grains in the extruded rods. To understand the role of Ti on the
ﬁne microstructures of the extruded Cu-5vol.%Y2O3-0.4 wt.%Ti rod,
the STEM EDS and high resolution transmission electron microscopy (HRTEM) analysis were performed to identify Ti concentrations around large Y2O3 particles and chemical compositions and
crystal structure of small oxide particles. A normal metallographic
preparation method together with vibration polishing was used to
prepare the specimens for the EBSD examination. Both STEM and
TEM specimens were prepared with twin-jet electropolishing
(Struers TenuPol-5) followed by ion milling (Gatan 691). The
inductively coupled plasma optical emission spectrometry (ICPOES) (Optima 8300, PerkinElmer) analysis was conducted to measure the Y, Ti, Fe and Cr elemental contents in the extruded Cu5vol.%Y2O3 and Cu-5vol.%Y2O3-0.4 wt.%Ti rods and the measured
results were shown in Table 1.
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Table 1
The Y, Ti, Fe and Cr elemental contents in the extruded Cu-5vol.%Y2O3 and Cu-5vol.%
Y2O3-0.4 wt.%Ti samples.
Samples

Y (wt.%)

Ti (wt.%)

Fe (wt.%)

Cr (wt.%)

Cu-5vol.%Y2O3
Cu-5vol.%Y2O3-0.4 wt.%Ti

2.398
2.365

/
0.363

0.143
0.146

0.023
0.025

2.4. Tensile test and electrical measurement
For each individual extruded rod, at least three different dogbone-shaped rectangular specimens were tested with a strain
rate of 1  104 s1 using a Zwick-100 to acquire their respective
statistical values. The rectangular specimens had a gauge length of
20 cm and a cross-sectional area of 2  3 mm2.
The tensile test specimens were used to measure the electrical
resistance with a four-probe resistance meter (TH2515, Tonghui,
China). To remove the impact of the length on the measured
resistance, the measured resistance was derived from the slope in
the plot of the measured resistance vs. length. The resistance meter
was also calibrated to eliminate the effect of the contacting
resistance.
3. Results
As shown in Fig. 1, the extruded Cu-5vol.%Y2O3 and Cu-5vol.%
Y2O3-0.4 wt.%Ti samples clearly exhibit two different tensile behaviors. Overall, the Ti-doped sample has a high ultimate tensile
strength (UTS) and limited elongation to fracture, whereas the Tifree sample shows a reasonable elongation to fracture but relatively low UTS. The tensile statistical results corresponding to Fig. 1
are presented in Table 2. The average yield strength (YS) and UTS of
the Ti-doped sample reach to 558 and 662 MPa, respectively, which
are about 2 and 4 times higher than those of the Ti-free sample
(Table 2).
Fig. 2 shows the fracture surfaces of the two samples. Two
different fracture features can be seen on the fracture surface of the
Ti-free sample. In addition to small and shallow dimples, some
large and deep dimples are also present. However, for the Ti-doped
sample, only small and shallow dimples uniformly distribute on the
fracture surface. On the fracture surfaces of the Ti-free and Tidoped samples, particles are observed to sit on the bottom of the
small dimples.

Fig. 1. Engineering tensile stress-strain curves of the extruded Cu-5vol.%Y2O3 and Cu5vol.%Y2O3-0.4 wt.%Ti samples.

XRD patterns shown in Fig. 3 presents that the intensities of Cu
diffraction peaks of {111} and {200} planes in the extruded Ti-free
sample are approximately 3e4 times higher than those in the
extruded Ti-doped sample. This indicates a coarser Cu matrix
microstructure in the Ti-free sample. No diffraction signals from the
Y2O3 phase are observed in Fig. 3.
Fig. 4 exhibits the spatial and size distributions of oxide particles
in the Ti-free and Ti-doped samples. In both samples, the oxide
particles are uniformly distributed in the Cu matrix, and large oxide
particles (as indicated by red arrows shown in Fig. 4(b) and (e))
tend to sit at grain boundaries, while small oxide particles (as
evidenced by yellow arrows shown in Fig. 4(b) and (e)) predominantly locate within grain interiors. Blue arrows in Fig. 4(a) and (d)
indicate that the cavities are existing at some interfaces of large
grain boundary oxide particles/clusters and Cu matrix. The size
distributions of the oxide particles in the two samples shown in
Fig. 4(c) and (f) demonstrate that the Ti-doped sample has more
particles smaller than 120 nm and less particles greater than
120 nm in comparison with those in the Ti-free sample, leading to a
smaller average particle size. The presence of large oxide particles
in the two extruded samples (Fig. 4) is mainly attributed to the
limited milling time. 12 h of milling used here are not sufﬁciently
high enough to break down all the agglomerates of the Y2O3
nanoparticles. As a consequence, during subsequent annealing at
900  C for 1 h, those residual Y2O3 agglomerates are sintered and
coarsened to form large oxide particles [14].
Figs. 5 and 6 show TEM micrographs, EBSD maps and Cu grain
size distributions of the extruded Ti-free and Ti-doped samples. As
shown in Fig. 5(a)-5(b) and 6(a)-6(b), in the Ti-free sample, some
Cu grains have elongated shapes and their sizes are larger than
1 mm, and others are equiaxed grains and have sizes smaller than
1 mm. Large elongated and small equiaxed Cu grains are responsible
respectively for the large deep and small shallow dimples observed
in Fig. 2(a). A very different grain structure is observed in the Tidoped sample. Fig. 5(c)-5(d) and 6(c)-6(d) exhibit that all Cu
grains are equiaxed ultraﬁne grains other than occasionally
observed narrow Cu bands. In addition, Cu grain sizes have a narrow size distribution and concentrate at around 500 nm.
4. Discussion
4.1. Cu matrix and titanium-containing Y2O3
This study clearly shows two very different Cu matrix microstructures in the extruded Cu-5vol.%Y2O3 and Cu-5vol.%Y2O30.4 wt.%Ti samples. The Cu matrix in the Ti-free sample has both
elongated micrometer-scale and equiaxed ultraﬁne grains, while
almost all the Cu grains in the Ti-doped samples are equiaxed ultraﬁne grains (Fig. 6). TEM examination of the microstructure of the
as-milled Cu-5vol.%Y2O3 powder particles has conﬁrmed that the
Cu matrix in the as-milled powder has a nanostructure [14]. This
indicates that the heterogeneous microstructure of the Cu matrix in
the extruded Ti-free sample is developed during annealing of the
milled powder and extrusion of the powder compact due to the loss
of the effectively local pinning force resulting from the signiﬁcant
coarsening of Y2O3 particles. On the other hand, the extruded Tidoped sample has the homogeneous Cu matrix, which is reasonably correlated with the strong and effective pinning force exerting
on Cu grain boundaries by smaller and more uniformY2O3 particles
(Fig. 4). This helps to inhibit the grain boundary migration during
annealing and extrusion, thus results in a limited growth of Cu
nanograins in the as-milled powders. As a consequence, the heterogeneous Cu matrix microstructure is absent in the extruded Tidoped sample.
Titanium can remarkably improve the thermal stability of Y2O3

D. Zhou et al. / Journal of Alloys and Compounds 753 (2018) 18e27

21

Table 2
The average YS, UTS, elongation to fracture and electrical conductivity of the extruded Cu-5vol.%Y2O3 and Cu-5vol.%Y2O3-0.4 wt.%Ti samples.
Sample

YS (MPa)

UTS (MPa)

Elongation to fracture (%)

Electrical conductivity (%IACS)

Cu-5vol.%Y2O3
Cu-5vol.%Y2O3-0.4 wt.%Ti

320 ± 11
558 ± 34

389 ± 12
662 ± 24

8.9 ± 2.9
2.2 ± 0.5

92.2 ± 1.9
73.8 ± 0.4

Fig. 2. Fracture surfaces of the extruded (a) Cu-5vol.%Y2O3 and (b) Cu-5vol.%Y2O3-0.4 wt.%Ti samples.

ferritic alloys. This deviation may be mainly attributed to the very
low Ti/Y atomic ratio used and vast majority of undissolved Y2O3
particles/agglomerates present in the milled powders.
4.2. Tensile properties

Fig. 3. XRD patterns of the extruded Cu-5vol.%Y2O3 and Cu-5vol.%Y2O3-0.4 wt.%Ti
samples. The diffraction peaks highlighted by the dotted rectangle are enlarged to see
more details.

particles via segregating to the interfaces of large Y2O3 particles and
Cu matrix and diffusing into small Y2O3 particles to form complex
Y-Ti-O particles. Fig. 7 shows that a higher Ti concentration exists at
the surface layers of large Y2O3 particles (as indicated by red arrows
in Fig. 7(d)). The segregation of Ti to the interfaces between the Cu
matrix and large Y2O3 particles can effectively reduce the interfacial
energy and thus suppress the coarsening of large Y2O3 particles at
the expense of small Y2O3 particles [17,18]. Such stabilization effect
of Ti was also observed in the Ti-containing Cu-Al2O3 systems
[12,13,23]. STEM-EDS analysis of small Y2O3 particles (Fig. 8 and
Table 3) reveals that they are really Ti-containing Y2O3 particles.
The HRTEM micrographs in Fig. 9 further suggest that those Tidoped Y2O3 particles have a chemical stoichiometry of Y2TiO5.
Prior studies [16,24e26] on ODS ferritic alloys show that the atomic
ratio of Y:Ti in the Y-Ti-O nanoparticles/nanoclusters is identiﬁed to
be 1:1 (Y2Ti2O7) or 2:1 (Y2TiO5). In our study, some Ti-doped Y2O3
particles, as highlighted in Table 3, have an Y:Ti ratio of approximately 1:1. However, there are also some particles identiﬁed to
have Y:Ti atomic ratios deviating from 1:1 and 2:1 reported in ODS

The extruded Ti-doped Cu-5vol.%Y2O3 sample exhibits high YS
and UTS, but limited elongation to fracture (Fig. 1 and Table 2). Such
low tensile ductility may arise mainly from the Y2O3 clusters which
contain large Y2O3 particles, the presence of cavities at the interfaces between the Cu matrix and large Y2O3 particles/clusters (as
indicated by blue arrows in Fig. 4(d)) and ultraﬁne grains. The
structural defects associated with the large grain boundary Y2O3
particles will act as stress concentrators [27] and cause localized
plastic deformation. In addition, the ultraﬁne Cu grains surrounding the large Y2O3 particles/clusters lack sufﬁcient ability in storing
dislocations to accommodate the large amount of plastic strain
generated at the structural defects. In this case, the high ﬂow stress
would drive the initiation, coalescence and propagation of cracks
from the structural defects, leading to the failure of the Ti-doped
sample before it undergoes a large amount of uniform plastic
deformation in tension. Although similar cavities are also present at
the interfaces between large Y2O3 particles/clusters and the Cu
matrix in the Ti-free sample (as indicated by blue arrows in
Fig. 4(a)), microcrystalline Cu grains adjacent to them (Figs. 4(a)
and 6(a)) can provide a sufﬁciently high plastic deformation capacity (as indicated by large and deep dimples in Fig. 2(a)). This
would diffuse the localized plastic strain generated at the structural
defects, producing an acceptable tensile ductility (Fig. 1 and
Table 2).
Conventionally, ﬁne grained metals with heterogeneous microstructures, such as bi-modal [28] and gradient [29] metals,
should exhibit a high strain hardening behavior beneﬁting from its
high ability in dislocation accumulation within microcrystalline
grains. However, in our study, the Cu-5vol.%Y2O3 sample shows an
almost ﬂat plastic ﬂow curve (Fig. 1), suggesting a very limited
strain hardening behavior occurred in tension. Apparently, this is
different from the understanding established on ﬁne grained, heterogeneous metallic materials. It has been acknowledged in such
materials that intragranular dislocations that are movable and
stopped by dislocation conﬁgurations and/or grain boundaries are
conﬁned and stored within micrometer-scale grains to offer a high
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Fig. 4. (a) and (d) SEM BSE images, (b) and (e) STEM BF micrographs and (c) and (f) Y2O3 particle size distributions of the extruded (aec) Cu-5vol.%Y2O3 and (def) Cu-5vol.%Y2O30.4 wt.%Ti samples. Blue arrows in (a) and (d) point to the cavities presenting around the interfaces between large Y2O3 particles/clusters and Cu matrix; red and yellow arrows
shown in (b) and (e) indicate large grain boundary Y2O3 particles and small grain interior Y2O3 particles respectively. Note that Y2O3 particles analyzed in (c) and (f) are those having
sizes greater than 40 nm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

strain hardening rate. Here, the cavities present at the Cu/Y2O3
interfaces may act as sinks to absorb dislocations which glide towards them. This would drastically reduce the density of stored
dislocations and thus lead to an “ideal” plastic ﬂow curve, as
observed in Fig. 1 for the Ti-free Cu-5vol.%Y2O3 sample.

the presence of oxides and a large area of grain boundaries can
drastically decrease its electrical conductivity [30]. The increase in
the resistivity caused by the electron scattering at grain boundaries
can be predicted by the following equation

2
3

 
S
gb
V

4.3. Electrical conductivity and strengthening mechanisms

rgb ¼ rMe

4.3.1. Electrical conductivity
The impact of dislocations on the reduction in the electrical
conductivity of an ODS ultraﬁne grained Cu is insigniﬁcant, while

where rMe gb is the speciﬁc grain boundary resistivity of Cu
(3.12  1012 U cm2) [31] and S/V denotes the grain boundary surface area (S) per unit volume (V) and has a value of 2.37/D if the

(3)
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Fig. 5. TEM BF ((a) and (c)) and dark ﬁled (DF) ((b) and (d)) micrographs showing the microstructures of the extruded (a and b) Cu-5vol.%Y2O3 and (c and d) Cu-5vol.%Y2O3-0.4 wt.%
Ti samples.

grains are assumed to be tetrakaidekahedral grains. The resistivity
increase due to the grain boundary scattering in the Ti-containing
Cu-5vol.%Y2O3 sample with an average grain size of 420 nm is
calculated to be 0.12 mU cm using Eq. (3). The addition of 5 vol%Y2O3
leads to an increase of about 0.15 mU cm in resistivity [30]. For
coarse grained Cu, its resistivity is ~1.7 mU cm [32]. That is, the ultraﬁne grained Cu-5vol.%Y2O3-0.4 wt.%Ti will have a resistivity of
approximately 1.97 mU cm, corresponding to an electrical conductivity of about 87.5% of the international annealed copper standard
(IACS). However, the measured electrical conductivity of the Ticontaining sample is only 73.8%IACS (Table 2). The electrical conductivity of Cu decreases drastically from 100 to ~50%IACS after
alloying with only 0.1 wt.%Ti [33,34]. Furthermore, it is reasonably
believed that all doped Ti atoms segregate to the Y2O3/Cu interfaces
and diffuse into small Y2O3 particles to form complex Y-Ti-O particles because the initially added Y2O3 particles are sufﬁciently high
with relative to the doped Ti content. Therefore, the effect of the
doped Ti element on the low electrical conductivity of the Ti-doped
sample can be ruled out. As shown in Tables 1 and 3, the Fe element
from the milling balls and vial and O element are observed in the Cu
matrix of the Ti-doped sample. The dissolution of these two elements into the Cu crystalline lattice, which is favored by high
temperature annealing at 900  C, will certainly reduce the electrical
conductivity of the sample signiﬁcantly [35,36]. Hence, the

impurities of Fe and O atoms existing in the Cu lattice are responsible for the relatively low measured electrical conductivity of the
extruded Ti-doped sample.

4.3.2. Strengthening mechanisms
Since the lattice friction stress in copper is small (25.5 MPa) [37],
the high strength of the extruded ultraﬁne-grained Ti-doped Cu5vol.%Y2O3 sample can be understood through grain boundary
strengthening,
dislocation
strengthening,
particle-related
strengthening and solid solution strengthening. Using Hall-Petch
relation [38,39] and Taylor equation [37,40] as given below

k

DsHP ¼ pﬃﬃﬃﬃ

(4)

D

and

pﬃﬃﬃ

Dsr ¼ MaGb r

(5)

where k is the Hall-Petch coefﬁcient and taken to be 0.11 MPa m1/2
[37], D is the average Cu grain size (420 nm) (Fig. 6(d)), M ¼ 3.06
and a ¼ 0.25 are respectively the Taylor factor and numerical constant [41], G ¼ 48.3 GPa and b ¼ 0.255 nm are the shear modulus
and magnitude of Burgers vector in Cu respectively [37] and r is the
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Fig. 6. (a) and (c) EBSD maps and (b) and (d) corresponding Cu grain size distributions of the extruded ((a) and (b)) Cu-5vol.%Y2O3 and ((c) and (d)) Cu-5vol.%Y2O3-0.4 wt.%Ti
samples.

average dislocation density (0.2  1014 m2), the strengthening
contributions from both grain boundary strengthening and dislocation strengthening are computed to be 170 and 34 MPa, respectively. As shown in Table 2, the yield strength of the Ti-doped
sample is measured to be 558 MPa. The solid solution strengthening in a dilute Cu-Ti alloy is trivial when the soluted Ti content is
less than 0.1 wt.% [33,42]. Moreover, the previous analysis on the
electrical conductivity highly suggests that the formation of the
dilute Cu-Ti alloy matrix is negative. This means that the contributions from the particle-related strengthening and solid solution
strengthening associated with the soluted Fe and O atoms to the
total strength of the Ti-doped sample approach to ~354 MPa. The
second phase particles having various sizes can strengthen a
metallic material via Orowan strengthening [40], load transfer [43]
or the strengthening related to the geometrically necessary dislocations (GNDs) generated by the strain incompatibility between the
Cu matrix and Y2O3 during tensile testing [44,45]. In this work, the
oxide particles in the Ti-doped sample have a wide size distribution
(Figs. 4(d) and 8) and it is difﬁcult to know the exact volume
fractions suitable for the above mentioned different particlerelated strengthening mechanisms. Although the particle-related
and solid solution strengthening values are hard to estimate, the
Orowan strengthening is expected to make a major contribution to
the value of 354 MPa (Figs. 8 and 9).

5. Conclusions
In this study, we investigate the effect of the Ti addition on
microstructures, mechanical properties and electrical conductivity
of bulk Cu-5vol.%Y2O3 samples fabricated by a combination of
mechanical alloying, high temperature annealing and powder
compact extrusion. The following conclusions can be drawn from
this work:
1) The addition of a small amount of Ti can effectively stabilize the
Y2O3 particles, which generates smaller and more uniformly
distributed Y2O3 particles in the ultraﬁne grained Cu matrix.
Due to signiﬁcant coarsening of the Y2O3 particles occurred in
the Ti-free sample, some grains from a fraction of the Cu matrix
grow abnormally, leading to the formation of the heterogeneous
Cu matrix microstructure.
2) The doped Ti atoms segregate to the surface layers of large Y2O3
particles and diffuse into small Y2O3 particles to form complex
particles.
3) The yield strength of the Ti-doped sample reaches up to
558 MPa and is about 1.8 times higher than that of the Ti-free
sample. The high strength of the Ti-doped sample is mainly
attributed to its ﬁner Cu matrix microstructure and oxide
particles.
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Fig. 7. STEM EDS elemental maps of the extruded Cu-5vol.%Y2O3-0.4 wt.%Ti sample. Red arrows in (b), (c) and (d) indicate that large Y2O3 particles have a high Ti concentration at
their surface layers. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

Fig. 8. STEM HAADF micrographs of the microstructure of the extruded Cu-5vol.%Y2O3-0.4 wt.%Ti sample illustrating small grain interior Y2O3 particles with sizes below 10 nm.
Small Y2O3 particles and areas indicated by arrows and rectangles respectively in (a), (b) and (c) are subjected to STEM EDS analysis and their corresponding chemical compositions
are tabulated in Table 2.
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Table 3
The STEM-EDS elemental analysis results corresponding to the Y2O3 particles and
areas shown in Fig. 8.
Type

Y (at.%)

Ti (at.%)

O (at.%)

Atomic ratio (Y:Ti:O)

Particle 1
Particle 2
Particle 3
Particle 4
Particle 5
Particle 6
Particle 7
Particle 8
Particle 9
Particle 10
/
Area 1
Area 2

0.75
0.95
0.67
1.20
0.40
1.03
1.46
0.60
1.05
0.84
Y (wt.%)
0.89 ± 1.34
0.85 þ 1.31

2.44
0.90
1.33
1.68
0.83
2.76
2.33
0.69
0.73
0.43
Ti (wt.%)
0.050 ± 6.0
0.060 ± 4.83

9.14
6.84
8.11
9.55
7.81
13.41
14.16
6.31
6.67
5.23
O (wt.%)
2.67 ± 0.080
2.19 ± 0.080

1:3.3:12.2
1:0.9:7.2
1:2:12.1
1:1.4:8
1:2.1:19.5
1:2.7:13
1:1.6:9.7
1:1.2:10.5
1:0.7:6.4
1:0.5:6.2
Cu (wt.%)
96.39 ± 0.010
96.90 ± 0.010

Fig. 9. HRTEM micrographs of Y2TiO5 particles in the extruded Cu-5vol.%Y2O3-0.4 wt.%
Ti sample. The inset in (a) shows that the images were taken with the incident electron
beam parallel to the [011]Cu zone axis.

4) The undesirable elongation to fracture of the Ti-doped sample
and ﬂat plastic ﬂow behavior in the Ti-free sample are primarily
associated with large grain boundary oxide particles/clusters
and the presence of cavities at the interfaces between the large
grain boundary oxide particles/clusters and Cu matrix.
5) The impurities of Fe and O atoms in the Cu crystalline lattice
signiﬁcantly reduce the electrical conductivity of the extruded
samples.
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