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Mechanochemical synthesis of nanocrystalline Al2O3 dispersed copper
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Copper alloys dispersion, strengthened with aluminum
oxide (Al2O3), have great potential as a class of ox-
ide dispersion strengthened (ODS) alloys with rela-
tively high strengths, good phase stability and excel-
lent conductivity at elevated temperatures. Applications
of ODS Cu alloys include spot welding electrodes for
the automotive assembly and electronic packaging in-
dustries. ODS Cu alloys can be produced via several
processing routes including internal oxidation [1–4],
and casting and mechanical alloying [5, 6]. Unfor-
tunately, internal oxidation tends to result in alloys
with relatively low volume fractions of Al2O3 dis-
persoids, while casting and mechanical mixing both
have the limitation that dispersoids produced are gen-
erally too large to effectively limit dislocation motion
[5].

Several reports have been published confirming that
metals and alloys can be synthesized from their own ox-
ides, using the technique of mechanochemical synthesis
with an appropriate reductant [7, 8]. In particular, it has
been demonstrated that high energy ball milling can
induce the reduction reaction between CuO and Al, al-
though, as yet, attempts to turn the powder product into
useful ODS Cu alloys have met with problems due to
the coarse nature of the final product [9, 10]. The partic-
ular reduction reaction is highly exothermic and rapid

Figure 1 XRD patterns obtained from the powders as a function of milling time.

enough to be self-propagating, and the Al2O3 disper-
soid particles produced in the mill are subjected to such
high temperatures that they over-coarsen. Ying et al.
[11] attempted to overcome this problem by replacing
Al with Cu-Al/Cu(Al) powder in order to slow down
the reduction reaction. They synthesized a Cu-Al2O3
nanocomposite precursor powder which, after consol-
idation, produced Al2O3 dispersoids less than 200 nm
in size. Unfortunately, this was still not fine enough
to give rise to significant dispersion strengthening
[12].

In the current study it was intended to produce fine
Al2O3 dispersoid particles in a Cu matrix through ap-
propriate mechanochemistry, using two approaches to
further decrease the reaction rates and lower the re-
action temperatures and energy. First, CuO was to be
replaced with Cu2O for reasons outlined below. Sec-
ond, excess Cu powder would be added as a diluent
and thermal conductor to help remove heat from the
system during milling with the aim of a less violent
reaction or, at least retardation, of the combustion syn-
thesis reaction in the mill [10, 11].

The reported heats of reaction of Cu oxides and Al
are as follows [13]:

3CuO + 2Al → 3Cu + Al2O3 −4.14 kJ/g
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and

3Cu2O + 2Al → 6Cu + Al2O3 −2.43 kJ/g.

Differential thermal calorimetry (DSC) studies of both
reactions have shown that the major exothermic peaks
appear at higher temperatures for the reaction 3Cu2O +
2Al → 6Cu + Al2O3 [11, 14]. Thus, the reduction re-
action between Cu2O and Al is less exothermic and has
a higher critical ignition temperature than that between
CuO and Al. This suggests that for the same mechani-
cal energy input via mechanical milling, heat-induced
particle coarsening might be less of a problem for the
reaction between Cu2O and Al. Furthermore, if the self-
propagating high temperature reduction of Cu2O does
occur, then it will likely be less violent than for the case
of CuO.

Starting powder ingredients were Cu2O (Sigma-
Aldrich, −325 mesh, 97%), Al (Johnson Matthey,
−40 + 325 mesh, 99.8%) and Cu (Aldrich, −200 mesh,
99%). Samples (10 g) were reactively milled in a
magneto-ball mill (also called Uniball mill) for 140 h
in a He atmosphere with ball to powder ratio 27:1. De-
tails of the magneto-milling technique are described
elsewhere [15]. The amount of the reactants and
Cu powder were measured to stoichiometry of the
reaction:

3Cu2O + 2Al + 7.65Cu → 13.65Cu + Al2O3.

The amount of Al2O3 expected to be formed is equiv-
alent to 21 vol%.

Consolidation of the milled powders was by uniax-
ial hot pressing of samples in high-density graphite
dies. Samples were induction heated under controlled
inert atmosphere to 850 ◦C and held for 4 min un-
der a load of 20 MPa. The microstructure and phases
of milled powders and of the consolidated materials
were characterized by X-ray diffraction (XRD), using
Cu Kα radiation and graphite monochrometer; scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). The milling process was also pe-
riodically monitored by XRD up to completion of the
reaction.

Fig. 1 shows XRD patterns obtained after milling
times of up to 140 h from powder milled in the propor-
tions, 3Cu2O + 2Al + 7.65Cu. The Cu2O and Al peaks
progressively disappeared with increasing milling time
and were below limits of detection after 100 h, which
represents the nominal completion time of milling.
No evidence of Al2O3 was found in XRD patterns
of powders milled for 100 h or longer, although there
was evidence of Cu, with peak broadening indicating
that this was in nanostructural and/or highly strained
from. XRD patterns obtained from the hot pressed
material did not reveal additional peaks which are
associated with Al2O3. These XRD results do not nec-
essarily preclude the existence of Al2O3 in nanocrys-
talline form, which produces very weak diffraction
peaks.

Fig. 2 shows TEM bright field (Fig. 2a), dark field
(Fig. 2b) and Selected Area Diffraction (SAD) patterns

Figure 2 TEM study of nanostructural powder particle produced by
magneto-milling for 140 h, (a) bright field image, (b) dark field image
and (c) SAD pattern.

(Fig. 2c) obtained from a small particle of the nanos-
tructural powder after milling for 140 h. Typical SAD
patterns displayed spotty-rings which could be indexed
as a mixture of FCC Cu and Rhomboheral α-Al2O3.
The fine structure of the spotty rings indicated that
both Cu and α-Al2O3 phases took the form of predomi-
nantly nanostructural particles. Dark field imaging con-
firmed this and indicated a bimodal size distribution of
nanocrystallites, with an average size of around 2–5 nm
for the smaller crystals and around 10–20 nm for the
larger ones.
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Figure 3 SEM images of the consolidated material showing the distribution of Cu and Cu/Al2O3 dispersoid particles: (a) low magnification and (b)
high magnification.

Fig. 3 shows SEM images obtained from mate-
rial milled for 140 h and hot pressed at 850 ◦C. Low
magnification images (Fig. 3a) revealed separation of
Cu into bright regions (particle free Cu) and darker grey
regions (dispersions of other material in a fine Cu ma-
trix), with additional regions (grey-black) of porosity.
SEM examination at higher magnifications (Fig. 3b)
confirmed that the darker grey regions comprised a low
porosity, predominantly nanostructural mixture, pre-
sumably containing nanocrystalline alumina particles
in a Cu matrix. The presence of the particle free Cu
layers (light, continuous phase in Fig. 3a) around the
nanostructural regions of Cu and alumina indicate that
some of the Cu diluent powder was not caught up in the
reduction reaction between the Cu2O and Al.

The size distribution of the particles in the grey-black
regions of Fig. 3 was also investigated by TEM (Fig. 4).
Typical bright field (Fig. 4a) and dark field (Fig. 4b) im-
ages of those regions confirmed that they comprised a

mixture of nano-crystalline Cu and alumina particles,
both of which were still less than 20 nm in diame-
ter. The nanocrystalline Cu grains were found to be
slightly more rounded in morphology than the alumina
and were also observed to have high dislocation den-
sities, even after consolidation at such a high tempera-
ture. This suggests that these ODS Cu alloys produced
by mechanosynthesis might have an extra Hall-Petch
contribution to strengthening, which would not occur
in conventionally produced ODS Cu alloy containing
microcrystalline Cu [3].

The current research results clearly demonstrate that
the synthesis of ODS Cu powder at room temperature
can successfully be achieved through mechanochem-
istry using Cu2O and Al as reactants. It seems to be fea-
sible, in view of the current preliminary microstructural
observations, to produce nano-sized Al2O3 dispersed in
∼20 nm sized Cu grains, by appropriate control of the
in-situ formation process.
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Figure 4 TEM study of nanostructural Cu/Al2O3 region in consolidated
sample: (a) bright field image and (b) dark field image.

Acknowledgment
SJH is grateful to Daejin University for the support
during his study leave (2003) at the University of
Wollongong.

References
1. Z . S H I and D. W A N G , J. Mater. Sci. Lett. 17 (1998) 477.
2. D . P R E S T O N and N. J . G R A N T , Trans. TMS-AIME 221 (1961)

164.
3. J O N G S A N G L E E, Y O U N G C H A N K I M, S U N G H A K

L E E, S A N G H O A H N and N A C K J . K I M , Accepted in Metall.
Mater. Trans. (2003).

4. P . K . S A M A L and A. V. N A D K A R N I , “Modern Develop-
ment of Powder Metallurgy” (MPIF, Princeton, NJ, 1984) Vol. 16,
p. 341.

5. M. J . C O U P E R and K. X I A , in Proceedings of 12th Ris� Sym-
posium on Metal Matrix Composite, Denmark, 1991, p. 291.

6. E . B O B R O V A and M. B E S T E R C I , Powder Metall. Sci. Tech. 6
(1994) 7.

7. G . B . S C H A F F E R and P . G . M CC O R M I C K , Scripta Metall.
23 (1989) 835.

8. Idem., Metall. Trans. 21A (1990) 2789.
9. D . L . Z H A N G and J . J . R I C H M O N D , J. Mater. Sci. 34 (1999)

701.
10. A . B A K H S H A I , R . P R A G A N I and L . T A K A C S , Metall.

Mater. Trans. 33A (2003) 3521.
11. D . Y . Y I N G and D. L . Z H A N G , Mater. Sci. Eng. A 286 (2000)

152.
12. J . L . S T R U D E L , in “Physical Metallurgy,” 4th ed. (North

Holland, Amsterdam, 1996) p. 2108.
13. Z . A . M U N I R , Amer. Ceram. Soc. Bull. 67 (1988) 342.
14. S E U N G J . H W A N G , Unpublished work.
15. A . C A L K A and A. R A D L I N S K I , Mater. Sci. Eng. A 134 (1991)

1351.

Received 19 December 2003
and accepted 12 March 2004

4662


