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Influence of annealing treatment on properties and
microstructures of alumina dispersion strengthened copper alloy®
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Abstract: Alumina dispersion strengthened copper( ADSC) alloy was produced by internal oxidation. The hard-
ness, ultimate tensile strength and electrical conductivity measurements and microstructure observation on the pro-
duced 0. 12% ADSC (0.24% Al:03, mass fraction) and 0.25% ADSC (0.50% Al:03) subjected to different annea-
ling treatments were conducted. The results show that the microstructure of the produced ADSC is characterized by
an uniform distribution of nano-Al, O3 particles in Cu matrix; the particles range in size from 20 to 50 nm with an in-
terparticle spacing of 30 =100 nm. The produced 0. 12% ADSC can maintain more than 87% hardness retention after
900 C, 1h annealing treatment; the recrystallization can be largely retarded and is not fully completed even after an-
nealing at 1 000 C for 1 h, followed by cold deformation of 84% ; local grain growth can be observed after 1 050 C,
1 h annealing treatment. The results also show that increasing either the alumina content or cold deformation degree
increases the hardness of the produced ADSC.
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1 INTRODUCTION

M aterials with high electrical and thermal con-
ductivities, and high temperature strength have at-
tracted considerable interest in recent years. Pure
copper exhibits high electrical and thermal conduc-
tivities but it has some distinct shortcomings such
as low hardness, low tensile and creep strength.
The development of Cu-based alloys with high ten-
sile strength and hardness is of primary impor-
tance. The mechanical strength of copper can be
increased dramatically either by age hardening or
by introducing dispersoid particles in its matrix.
The age hardenable copper alloys are prone to pre-
cipitate coarsening at high temperatures, thereby
reducing their strength dramatically. In this re-
spect, dispersion strengthened copper has the abili-
ty to retain most of its properties on exposure to
high temperatures' "™ .

Copper can be dispersion strengthened by va-
rious dispersoid particles such as oxides, carbides,
and borides. Among these dispersoids, alumina
particle is commonly used to reinforce copper. Ow-
ing to the presence of uniformly dispersed fine alu-
mina particles, which are hard. insoluble in Cu-
matrix and are thermally stable at high tempera

tures, alumina dispersion strengthened copper al-
loy( ADSC) offers high hardness and strength at
elevated temperatures even approaching the melt-
ing point of copper as well as at room temperature.
Furthermore, since the volumetric percentage of
the dispersed alumina particles contained in Cu-ma-
trix is small and their chemical nature is inert, they
exert little influence on the electrical and thermal
conductivities of the Cu-matrix. The unique combi
nation of high strength and conductivities at elevat-
ed temperatures makes ADSC a best candidate for
high temperature electric materials, such as elec
trodes, lead wires and connectors'”

The common method for producing ADSC is
through a powder metallurgy route. Some of the
common variations are'® '": (a) surface oxidation
of ultra-fine powders; (b) mechanical mixing of
fine powders; (c¢) coprecipitation of metal and ox-
ide powders; (d) internal oxidation of dilute solid
solution alloys; ( e) decomposition of inorganic
compounds as a metallic powder; (f) selective re-
duction of oxides in an oxide mixture and (g) me
chanical alloying. Internal oxidation can produce
superior property ADSC in commercial manner and
has been regarded as the most suitable method for
the synthesis of ADSC.
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In the present study, the ADSC is prepared by
internal oxidation. The hardness, ultimate tensile
strength, electrical conductivity and microstruc
ture of ADSC under different treatment conditions
are investigated and the recrystallization behavior
is concluded.

2 EXPERIMENTAL

The synthesis of the ADSC used in this study
was carried out according to the following proce-
dures: (a) induction melting of known amounts of
copper and aluminum (0. 12% and 0.25% ( mass
fraction) of aluminum); (b) atomizing the melt in-
to powder by high pressure N2; (¢) fully desicca
ting; (d) sieving; (e) mixing the prepared Cu-Al
alloy powders with oxidant (Cu20) in an asymmet-
rically moved mixer; (f) internal oxidation; (g)
H:-reduction; (h) cold isostatic pressing; (i) sin-
tering; (j) compacting the powders in a copper
container-evacuating-sealing; ( k) hot extrusion;
(1) cold drawing with two deformation degrees( &
59% and & 84%) .

The annealing samples were cut from the as
drawn rod. Annealing treatments were performed
in N2 atmosphere at temperatures of 400 C, 700
C, 800 C, 900 'C, 1000 C, 1050 C respective
ly. After annealing treatment, the specimens were
mechanically ground and then finish polished for
hardness, tensile strength and electrical conductiv-
ity tests. The Vickers hardness of the specimens
was measured under a load of 1 N. The microstruc
tures of the specimens were observed under trans-
mission electron microscope and the TEM speci-
mens were cut from the as-annealed samples.

3 RESULTS AND DISCUSSION

3.1 Influence of annealing treatment on properties
and microstructure

The second-phase in the form of dispersed
particles has important effects on the primary re-
crystallization behavior. The presence of particles
can cause either acceleration or retardation of re-
crystallization of the matrix depending on the inter-
particle spacing and the size of the particles'™ ',
“Large” particles give rise to a heterogeneous dis-
tribution of dislocations, during deformation, with
local lattice curvature (and an associated very high
local dislocation density) at particle matrix inter-
faces. This will enhance the formation of recrystal-
lization nuclei and will give rise to “accelerated” re-
crystallization, if the interparticle spacing is great
enough to allow the embryonic nuclei to attain the
critical conditions for growth. On the other hand,
fine particles give rise to a homogeneous (though
high density) distribution of dislocations during

deformation, which reduces the possible number of
recrystallization nucleation sites during annealing.
In addition, owing to the pinning effect of particles
on the movement ( migration) of boundaries, close
interparticle spacing makes it difficult for local lat-
tice curvature regions to transform into recrystalli-
zation nuclei, which can then grow into fully re
crystallized grains. In general, ADSC with parti
cles larger than about 1 Hm which are widely
spaced, shows accelerated recrystallization. On the
contrary, smaller, closely spaced particles exert
retardation or even complete suppression effect on
recrystallization of ADSC.

Fig. 1 shows that the microstructure of the
produced ADSC is characterized by an uniform dis-
tribution of alumina particles in Cu-matrix. The
particles range in size from 20 nm to 50 nm with an
interparticle spacing of 30 ~ 100 nm. The dispersed
nano-alumina particles can serve as the sources of
dislocations and exert pinning effect on dislocations
and grain boundaries during deformation and an-
nealing treatment. These offer the ADSC high re
crystallization temperature and high hardness and
ultimate tensile strength retention at elevated tem-
peratures.

Fig. 1 Alumina particles in 0. 12% ADSC

(As extruded)

Fig. 2 and Fig. 3 show that after annealing at
temperatures below 900 C, the hardness and ulti-
mate tensile strength of 0.12% ADSC decrease
slightly with increasing of annealing temperature,
and at 900 C, 0.12%ADSC can still maintain
more than 87% hardness retention and 89% ulti-
mate tensile strength retention. Fig. 4 shows that
annealing at temperatures below 900 C, the elec
trical conductivity presents a marginal increasing
with increasing of annealing temperature. The mi
crostructure observation ( Fig. 5) shows that the
dislocation cell structure is remained in the speci
men after annealing at temperature of 900 C. The
variations of hardness, ultimate tensile strength
and electrical conductivity and the observation of
the corresponding microstructure show that the
produced ADSC presents high stabilization of
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property and microstructure after annealing at temper-
atures up to 900 C and the mechanism which is re-
sponsible for the variations of properties is recovery.
Fig. 2 and Fig. 3 show that annealing at 1 000
C leads to the rapid fall of hardness and ultimate
tensile strength. Fig. 2 also shows that the hard-
ness distinction between the transverse section and
the longitudinal section disappears. Fig. 4 shows
that annealing at 1000 C leads to the rapid in-
crease of electrical conductivity. The microstruc
ture observation ( Fig. 6) shows that annealing at
1000 C leads to the forming of equiaxed grain
structure. The hardness, tensile strength and elec
trical conductivity determination and microstruc
ture observation draw a conclusion that annealing
at 1000 C leads to the occurrence of recrystalliza-
tion. The occurrence of recrystallization is mainly

Annealing temperature/C

Fig. 4 Variation of electrical conductivity as
function of temperature of 0. 12% ADSC

Fig. 5 Micrograph of 0. 12% ADSC after

annealing at temperature of 900 C

attributed to the coarsening of the alumina parti-
cles ( Ostwald ripening)!"™ '™ . The coarsening is
due to the dissociation of the smaller alumina partr

-

Fig. 6 Micrograph of 0. 12% ADSC after
annealing at temperature of 1 000 C
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cles in the Cu-matrix which then reprecipitate on
the larger particles. The driving force for this
process is the decrease in total free energy associat-
ed with a lower interfacial area of the coarser pre-
cipitates.

Fig. 7 shows that the localized grain growth
can be observed in the specimen of 0. 12% ADSC
1 050 C annealing treatment

S

after
o

Fig. 7 Micrograph of 0. 12% ADSC after
annealing at temperature of 1050 C

3.2 Influence of cold work degree and alumina
content on hardness of as-annealed ADSC

Fig. 8 shows that 84% cold work ADSC
(0.12% ADSC subjected to 84% cold work deform-
ation) possesses higher hardness than 59% cold
work ADSC (0. 12% ADSC subjected to 59% cold
work deformation) under the same annealing treat-
ment conditions. The higher the cold work de
formation degree, the higher the dislocation densi-
ty and the higher the hardness of ADSC. After an-
nealing at temperatures from 700 C to 900 C,
84% cold work ADSC loses its hardness faster
than 59% cold work ADSC does. This may be due
to the higher staking-fault energy, which leads to
higher recovery speed stored in 84% cold work
ADSC than that in 59% cold work ADSC.

Fig. 9 shows that the hardness of 0.25%
ADSC is higher than that of 0. 12% ADSC under
the same annealing treatment conditions. In addr
tion, 0.25% ADSC keeps a higher hardness reten-
tion (98%) after annealing at 900 C than 0. 12%
ADSC does. This may be due to the fact that
0.25% ADSC possesses more alumina particles and
smaller interparticle spacing than that for 0. 12%
ADSC. Whereas, the hardness of 0.25% ADSC
falls faster at 1 000 C compared to the case of 900
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C than that of 0. 12% ADSC. This may be due to
the easier coarsening of alumina for 0.25% ADSC
during annealing process at 1 000 C than that for
0. 12% ADSC which will lead to accelerated recrys-
tallization.

4 CONCLUSIONS

1) After annealing at temperatures below 900
C, the produced ADSC presents high stabilization
of properties and microstructures, and the mecha-
nism which is responsible for the variations of
properties is recovery. Annealing at 1 000 C leads
to the occurrence of recrystallization. The localized
grain growth can be observed after 1 050 C annea-
ling treatment.

2) Over the experimental range, both high
cold work deformation degree and high alumina
content lead to high hardness of ADSC under the
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same annealing treatment conditions. In addition,
a high cold work deformation degree can also lead

to high recovery speed during high temperature re-

covery process.

[2]
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