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Abstract
This study describes the effect of microstructural development on high tensile properties
of a newly developed He/H2 milled oxide dispersion strengthened copper in a large centimeter
sized spherical morphology. Electron back scattered diffraction showed development of a strong
texture of (110) plane in micron sized (1.2 μm) grains on the surface of milled spheres. A
combination

of

microstructural

features

of

inhomogeneous

grain

size,

nanoscale

lenticular/rectangular deformation twins, high dislocation density and fine oxide particles
distribution induced a very high ultimate tensile strength (688 MPa)-ductility (8.6% elongation).
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1. Introduction
Oxide dispersion strengthened (ODS) copper alloys are effective category of high
heat flux materials for high temperature-irradiated environments due to presence of fine
oxide particles [1]. The main processing route of commercially developed dispersion
strengthened copper alloys such as Glidcop have been based on internal oxidation method
for dispersion of alumina particles. However, high energy mechanical milling has been
proved to possess a high potential in extensive development of different types of ODS
materials especially ODS steels [2-4]. During ball milling of metallic powder, some
development happens in the morphology, structure and properties of powder particles.
Huang et al. [5] studied the effect of ball milling on pure copper powders and observed
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formation of large spheres of 2-2.5 mm diameters due to cold welding leaving large pores
and some curved voids. In addition to important role of dislocation slip in the deformation
process, they stated deformation of ball-milled copper proceeds by [112] (111) twinning
and subgrains tend to form in the twins. Chawake et al. [6] investigated the evolution of
morphology and texture during high energy milling of Ni and Ni-Cu powders. They
observed development of {001} texture in flaky morphology of powder particles which
was attributed to extensive twinning in milled particles and a random texture developed
via fragmentation into tiny particles during further milling. Generally, two types of
deformation texture can develop during plastic deformation of fcc materials: copper-type
texture in medium to high stacking fault energy alloys and Brass-type texture in low SFE
ones [7]. It has been mentioned that copper-type texture is achieved by homogenous
deformation of material by mechanism of slip of perfect dislocations while Brass-type
texture originates from deformation twinning. Recently, some other deformation
mechanisms of shear bands at special angles to rolling plane [8,9], partial slip of Shockley
dislocations with 𝑎 6 〈112〉 burgers vectors [10] and contribution of grain boundary
sliding [11] have been proposed by different researchers for developing of Brass-type
texture.
Experiences of high energy milling of fcc-structure metals have revealed that soft
ductile powder particles agglomerate severely and attach to the milling medium and thus,
prevent a homogenous distribution of oxide particles in the metallic matrix. During recent
years, different approaches have been applied to prevent the agglomeration of soft copper
particle. Cryomilling and process control agents have been used as effective methods
against agglomeration [12-14]. In addition, hydrogen atmosphere has reported to
embrittle the material and make a loose powder after milling [15-17]. In this work, we
will investigate the effect of hydrogen containing atmosphere (He/5%H2) on the powder
morphology and microstructure development of the ODS copper alloy (Cu-ODS) and
subsequent tensile properties are compared to previous processed copper alloys.

2. Experimental
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In this study, Cu-ODS with a nominal composition of Cu-0.5wt% Y2O3 was
prepared by using high energy milling. A high purity (99.9%) copper powder with the
mean particle size of 50 μm and Y2O3 nanopowder with the mean particle size of 50 nm
were used as raw materials. The powder mixture was mechanically milled using FritchP6 planetary ball mill in He/5 vol%H2 gas atmosphere. The ball milling was performed
for 48 hours with ball to powder ratio of 10:1 and different rotation speeds up to 470 rpm.
X-ray diffraction was conducted by means of 𝐶𝑢 − 𝐾 radiation with a Philips
X´Pert PRO to specify the milled copper peaks. In addition, the specimen was observed
by electron backscatter diffraction (EBSD) equipment attached to a field emission
scanning electron microscope (JEOL JSM-6500F) operating at 15 kV with a step size of
20 nm. The observations were made on the surface of milled particles after cutting and
flattening the sphere particles with a light roll. Sample preparation for EBSD was done
by grinding with SiC paper up to 2000 grit and then polishing with 1 μm diamond paste
and final polishing with Struers colloidal silica suspension. To attain EBSD data, TSLOIM software was used for different analyses of inverse pole figure (IPF) and grain
boundary map, orientation distribution function (ODF) at 𝜑 = 0° and grain size
measurements. A 200 kV-JEOL JEM-2010 transmission electron microscope (TEM) and
300 kV-FEI-Titan scanning transmission electron microscope were used to study the
microstructure of milled sample in high magnification. The thin foil for TEM observation
was prepared by focused ion beam (FIB) (JEOL JIB-4600F) and the thinning was
accomplished up to the thickness of ~100nm.
Vickers microhardness data of different milled samples were obtained by a HMVMicro Hardness Tester-SHIMADZU, under a load of 980 mN with a dwell time of 30 s
with 10 times measurements. The average Vickers microhardness was reported, and the
maximum and minimum values were shown as error bar. In order to evaluate mechanical
properties, uniaxial tensile tests were performed at ambient temperature under a strain
rate of 1.0 × 10

s

using Shimadzu, SSL-1KN tensile machine. Three miniaturized

size specimens were prepared using an electro-discharge processing machine and tested
with a gauge dimension of 5 mm in length, 1.2 mm in width and 0.5 mm in thickness.
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3. Results and discussion
3.1. Morphology and composition of milled powder
Fig. 1 shows the milled Cu-ODS after ball milling for 48 h at rotation speed of
470 rpm. An unexpected morphology of hollow spherical shaped particles with a large
size up to 15 mm and a wall thickness of 0.6 mm can be observed in the figure. This
morphology suggests that copper powder particles still have a considerably ductile
behavior in hydrogen containing atmosphere, which is in contrary to previous report of
Eckert at al. [15]. This result also has a contrast to brittle behavior of ODS Ferritic steel
powder during milling in H2 [17]. The chemical composition of milled Cu-ODS in Table.
1 indicates that 0.44 wt% yttria oxide particles dispersed in the copper matrix and a high
amount of 2 wt% iron impurity in addition to other elements of Cr, C and O are in the
composition. The existence of iron and Cr are attributed to the wear of milling medium
and balls during ball milling of powders probably due to embrittlement by hydrogen.
Fig. 2 shows the combinatorial diagram presenting change of Vickers
microhardness (HV0.1) and sphere size versus different rotation speeds of 200, 300, 400
and 470 rpm. As observed in the diagram, Vickers microhardness is enhancing with
increasing the rotation speed of milling from 182±9HV0.1 to 208±3HV0.1, and in parallel,
the diameter of milled spheres is growing considerably from 0.8 mm in 200 rpm to 8 mm
in 470 rpm as illustrated in related images. The horizontal axis of milling rotation speed
is represented to equivalent milling energy based on the unit of gravity (G) used for
planetary-type ball mills. The results clearly show that milling energy affected
significantly on hardness (14% gain) and size (10 times) of the milled product.

3.2. Microstructure and texture development
The microstructural characterization of He/H2 milled Cu-ODS at 470 rpm was
studied by EBSD and X-ray diffraction in Fig. 3. Typical green grains with the average
size of 1.2μm can be observed in the IPF map (Fig. 3(a)) which is much higher than the
crystallite size in the milled powder-morphology Cu-ODS in the same condition [14].
Evaluation of the microstructure shows that some grain growth up to some tens of
micrometers has been formed in specific areas. The related grain boundary map (Fig. 3(b))
4

reveals formation of some fine subgrains and division of some grains by low angle
boundaries (LABs)(<15º) with an area fraction of about 40% of total boundaries, while
some portions of LABs (as shown by arrow) are disappearing and coarsening of grains is
in progress. The ODF at 𝜑 = 0° (Fig. 3(c))) indicates a strong tape of (011) plane named
Brass-type texture has formed with a max. intensity of 25 times than random on the
surface plane of milled spheres with the main orientations of Goss({011}〈100〉), Brass
({011}〈211〉) and P ({011}〈122〉). X-ray diffraction in Fig. 3 (d) confirms the strong
texture of (110) plane as a high intensity of (220) peaks in comparison to very low
intensity of other planes. Development of the micron sized Brass-type textured
microstructure in the Cu-ODS during process of milling is a new interesting finding in
textural studies.
TEM studies of He/H2 milled Cu-ODS sample give more understanding of
effective parameters on microstructural development in the following. Fig. 4(a) shows
formation of a complex microstructure including inhomogeneous grain size such that
some fine grains or subgrains of ~ 100 nm (shown by arrows) are decorated around the
larger micron sized grains without clear grain boundaries. Dark contrast of the
microstructure is indicative of high deformation stored during milling inside the whole
area which result in high dislocation density as observed clearly in a few grains in Fig.
4(b). Fig. 4(c and d) show that two types of deformation twins have developed during
severe plastic deformation of He/H2 milled Cu-ODS: a considerable area fraction (~35%)
of the sample is covered by rectangular morphology twins elongated with a typical size
of 70nm×677nm (Fig. 4 (c)), and a colony of nanoscale twins with different type of
lenticular morphology have been formed with specific orientation in the matrix (Fig. 4
(d)). The thickness of these deformation twins is less than 10 nm with a length of ~100
nm which are much smaller than similar twin/matrix lamellae during dynamic plastic
deformation of copper [18]. The Brass-type texture may originate from the developed
deformation twins as mentioned in the literature [7]. The other microstructural parameter
as indicated in Fig. 4(e) is the fine distribution of Y2O3 oxide particles confirmed by EDS
analysis. Based on the TEM observation, the average size of dispersed oxide particles is
~5 nm with an interparticle spacing of ~67 nm. Remaining of fine oxide particles in milled
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copper matrix is in contrast to dissolution of oxide particle frequently observed during
mechanical alloying of ODS iron-based alloys [2,19].

3.3. Mechanical properties and strengthening mechanisms
Fig. 5 shows the engineering tensile stress-strain curve of He/H2 milled Cu-ODS
in compared to annealed Cu-ODS [14]. As observed, A very high UTS of 688MPa
together with a total elongation of 8.6% is obtained which is much higher than previously
processed ductile copper alloys in cold worked or annealed condition [1,13,14]. In
addition, the tensile curve expresses a 0.2% yield stress of 673MPa close to UTS value,
indicating a low strain hardening capacity of the material before yielding due to prior high
strain storage during milling process. To understand the contribution of different
strengthening mechanisms on achieving high tensile strength, total strength (σt) was
estimated based on the observed microstructural findings in the following:
σt=σGB+ σTB +σDis. +σODS

(1)

where, σGB, σTB, σDis and σODS are grain boundary, dislocation forest, twin boundary and
oxide dispersion strengthening, respectively. The effect of grain boundary and twin
boundary strengthening was calculated based on the Hall-Petch relation [14]:
𝜎

=𝜎 +𝐾 𝑑

(2)

⁄

where 𝜎 is Peierls stress (near zero for copper), and KHP as Hall–Petch constant (4.5
MPa.mm1/2). By considering a fraction of 35% twin formation in the sample according to
TEM observations, with an average twin size used in [4] and grain size of 1.24 μm for
remaining grains according to EBSD results, the sum of σGB (83MPa) and σTB (82MPa)
is 165 MPa. Furthermore, the other strengthening based on dislocation accumulation can
be calculated by following relation [20]:
σDis.= αMGbρ1/2

(3)

where α is a constant (0.5 [21]), M as Taylor factor (3.26 for Brass texture [22]), G is
shear modulus (44.7 GPa), b is Burgers vector (0.255nm) [14] and ρ is dislocation density
(estimated about 2.5*1014 from the hardness value of He/H2 milled (208HV0.1) in
6

compared to Ar-milled (226HV0.1) condition). Based on these parameters, the
strengthening by dislocation accumulation is estimated to be 294MPa. And the last
contribution of oxide dispersion strengthening can be evaluated by the following relation
[14]:
𝜎

= 0.84

√

(

⁄

⁄ )

(4)

ln( )

considering M as Taylor factor, G as shear modulus and b as the Burgers vector with the
same as previous values, r as the average radius of oxide particles (2.54nm) and f as the
fraction of oxide particles (0.0079), σ

is calculated to be 209MPa. So, the result of all

evaluated strengthening contributions by grain size, twins, dislocation forest and fine
oxide particle is about 668 MPa, a near value to 0.2% yield strength of He/H2 milled CuODS at 673MPa.

4. Conclusion
In summary, a new Cu-ODS was developed via high energy milling in He/5%H2
atmosphere with hollow spherical-shape particles up to 15mm diameter. EBSD analysis
formation of a strong texture of (011) plane (Brass-type texture) with an average grain
size of 1.2 μm. The microstructure development included an inhomogeneous grain size,
a high fraction (35%) rectangular morphology twinning together with lenticular twins, a
dislocation forest and dispersion of fine oxide particles with an average diameter of ~5nm
and interparticle spacing of 67nm. The tensile properties including high UTS of 688MPa
with a good ductility of 8.6% total elongation were achieved with the strengthening
contributions of 44% dislocation strengthening, 31% oxide dispersion strengthening and
25% grain/twin boundaries.
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Figures
Fig. 1- Hallow spherical morphology of He/H2 milled Cu-ODS at rotation speed of 470 rpm
Fig. 2- Effect of milling rotation speed (milling energy) on Vickers microhardness (HV0.1) and sphere size
Fig. 3- a) IPF map and b) related grain boundary map, c) ODF at 𝜑 = 0° showing a strong texture of (011)
plane, and d) X-ray diffraction of of He/H2 milled Cu-ODS at 470 rpm
Fig. 4-Microstructural development in He/H2 milled Cu-ODS alloy showing a complex microstructure
including: a) Inhomogeneous grain size with some fine grains (subgrains) of ~ 100 nm (shown by arrows),
b) High dislocation density, c) Rectangular morphology twins, d) Colony of nanoscale lenticular
morphology twins, and e) Dispersion of fine Y2O3 oxide particles
Fig. 5- a) Engineering tensile stress-strain curve of He/H2 milled Cu-ODS, b) Contribution of different
strengthening mechanisms: grain/twin boundary strengthening, dislocation forest strengthening and oxide
dispersion strengthening. For comparison, in (a) the related curve of Cu ODS alloy in the annealed condition
from Ref. [14] was shown in dashed line.

Tables
Table 1- Chemical composition (wt%) of milled Cu-ODS at rotation speed of 470 rpm
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