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Abstract: The microstructural and morphological changes of inert gas atomized
pre-alloyed Cu-1 wt. % Al powders subjected to hith-energy milling were studied.
The microhardness of hot-pressed compacts was measured as a function of milling
time. The thermal stability during exposure at 800 °C and the electrical conductivity
of compacts were also examined. During the high-energy milling, severe deforma-
tion led to refinement of the powder particle grain size (from 550 nm to about 55 nm)
and a decrease in the lattice parameter (0.10 %), indicating precipitation of alu-
minium from the copper matrix. The microhardness of compacts obtained from 5
h-milled powders was 2160 MPa. After exposure at 800 °C for 5 h, these compacts
still exhibited a high microhardness value (1325 MPa), indicating good thermal sta-
bility. The increase of microhardness and good thermal stability is attributed to the
small grain size (270 and 390 nm before and after high temperature exposure, re-
spectively). The room temperature electrical conductivity of compacts processed
from 5 h-milled powder was 79 % IACS.

Keywords: Cu-1 wt.% Al pre-alloyed powders, high-energy milling, grain size,
hardening, electrical conductivity.

INTRODUCTION

It is well known that copper dispersion-strengthened by aluminium oxide
(Al,O3) particles produced by powder metallurgy processes is characterized by a
unique combination of high strength and good electrical and thermal conductivity
at room as well as at elevated temperatures. Aluminium oxide dispersoids are in-
soluble in the copper matrix and possess high hardness and stability at high tem-
peratures.! Recently, because of these properties, the application of dispersi-
on-strengthened copper has been expanded in several areas, especially in the elec-
tronics industry and nuclear technology. The properties of dispersion-strengthened
copper are the consequence of fine aluminium oxide dispersoids in a copper ma-
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trix. Aluminium oxide dispersoids contribute to the strengthening of the copper
matrix in a way that provides resistance to dislocation motion according to the
Orowan theory.2 While several methods of introducing fine aluminium oxide par-
ticles in the copper matrix have been exensively investigated, mechanical alloying
and internal oxidation seem to be the most universally applicable. Internal oxida-
tion produces in situ the finest aluminium oxide particles and most uniform particle
distribution.! Earlier investigations have shown that by using high-energy milling
in air of pre-alloyed copper powders, it is possible to produce dispersion-strength-
ened Cu-Al,Oj alloys by internal oxidation with oxygen from the air.>

The goal of the present investigation was to introduce fine aluminium oxide
particles through high-energy milling in air of pre-alloyed copper powder contain-
ing 1 wt.% Al, to consolidate the powder milled up to 20 h and to determine the
properties of compacted material.

EXPERIMENTAL

Inert gas atomized pre-alloyed copper powder containing 1 wt.% aluminium was milled for 3,
5,10, 15 and 20 h in a planetary ball mill. The weight ratio of powder to steel balls was 1:35. The
high-energy milling was performed in air in order to enable the formation of aluminium oxide
dispersoids by internal oxidation with oxygen from the air. Following milling, the powder was
treated in hydrogen at 400 °C for 1 h in order to eliminate copper oxides formed at the surface during
milling. Compacts (10 mm in diameter and 10 mm in height) were obtained by hot-pressing in an ar-
gon atmosphere at 800 °C for 3 hunder a pressure of 35 MPa. Compacts from as-received Cu-1 wt.%
Al and electrolytic copper powders were also prepared under the same conditions. The compacts ob-
tained from 5 h-milled powder were additionally subjected to high temperature exposure in argon at
800 °C for 1 and 5 h, with the goal to examine their thermal stability.

The microstructure of the powder and compacts was characterized by X-ray diffraction analy-
sis (XRD), optical and scanning electron microscopy (SEM). The effect of hardening was assessed
by microhardness measurements using a 50 g load. X-Ray diffraction analysis was performed using
a Siemens D-500 diffractometer with CuK, Ni-filtered radiation. The lattice parameter was refined
by the least square method. The average lattice distortion, i.e., the relative deviation of the lattice pa-
rameters from their mean value (Ad/d)* and the grain size (D) were determined from the broadening
(B) of the first four X-ray peaks (111, 200, 220 and 311), using the approach developed by William-
son and Hall:?
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where k= 0.9 is the shape factor and A = 0.15405 nm is the radiation wavelength. The density (p) of
the compacts was determined by the Archimedes method, whereas the theoretical density was calcu-
lated from the simple rule of mixtures, taking the theoretical values of copper (8.96 g cm™) and alu-
minium oxide (3.95 g cm™). The room temperature electrical conductivity (% IACS) of polished
compacts was determined using the Siemens conductometer Sigmatest.

RESULTS AND DISCUSSION

During high-energy milling, severe deformation (lattice distortion and grain
size refinement) leads to X-ray peak broadening with milling time (Fig. 1).%-> The
effect of milling time on the grain size and lattice distortion of the examined pow-
der particles is presented in Fig. 2. As can be seen, the most intensive change oc-
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curs in the early stage of milling. The grain size decreases from about 550 nm be-
fore milling to about 55 nm after 5 h of milling. In the period from 5 h to 20 h, the
grain size remains practically constant, about 30 nm. On the contrary, the lattice
distortion strongly increases during 5 h of milling. At longer milling times, the
change of the lattice distortion becomes less evident. This result is in agreement
with some earlier observations, that the deformation of particles occurs during the
early stages of milling.>
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Figure 3 shows the decrease in the lattice parameter with milling time, indicating
precipitation of aluminium from the copper matrix. Precipitated aluminium is oxidized
in situ by oxygen from air, forming aluminium oxide dispersoids. Earlier investiga-
tions showed that these dispersoids are very fine> and well within the range required
for dispersion hardening.® The decrease in the lattice parameter is rapid at the very be-
ginning of the milling process but only slowly decreases with prolonged milling. This
behaviour is due to facilitation of the oxidation process through the severe deformation
of the copper matrix at the very begining of the milling process. The difference in the
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lattice parameters of pre-alloyed Cu-1 wt.% Al powders before (acy.1 wt.o, a1 =0.36197
nm) and after 20 h of milling (acy_1 wt.2, A1 = 0.36163 nm) is 0.10 %. This difference,
similar to the difference (0.16 %) in the theoretical lattice parameters of the pre-alloyed
powder (acy-1wt.2% A1 = 0.36210 nm) and the copper powder (ac, = 0.36152 nm) indi-
cates that after 20 h of milling almost all the aluminum had precipitated from the cop-
per matrix. Assuming that the complete amount of aluminium was oxidized, it can be
calculated that by internal oxidation of 1 wt.% aluminium, 1.9 wt.% of aluminium ox-
ide was produced in the copper matrix.
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During high-energy milling, powder particles change their Morphology as the
consequence of repeated deformation, fracturing and welding.” SEM micrographs
show Cu-1 wt.% Al powder particles before milling (Fig. 4a) and the development of
the powder morphology with increasing milling time (Figs. 4b—d). The particle size in-
creases up to 10 h of milling due to the dominance of welding,” whereas the particles
are rather flattened because of the strong plastic deformation occuring in the early
stage of the milling process (Fig. 4b). After 20 h of milling, the particle size had de-
creased since fracturing predominates in the milling process’ and the particles appear
to be rather uniform in size (Fig. 4c). The presence of some coarse particles (Fig. 4c—)
indicates that after 20 h of milling, coalescence had occured to some extent.

In contrast to the microstructure of the as-received Cu-1 wt.% Al powder par-
ticles, milled powder particles exhibit a lamellar microstructure. Lamellae present
individual plastically deformed powder particles and they are typical for high-en-
ergy milled powder. The lamellar structure of Cu-1 wt.% Al particles is retained af-
ter compaction. Figure 5 shows the microstructure (optical microscopy) of Cu-1
wt.% Al particles before milling (Fig. 5a), after 10 h of milling (Fig. 5b) and after
hot-pressing (Fig. 5c¢).

The microhardness of the compacts as a function of milling time is shown in
Fig. 6. The microhardness increased in the first 5 h of milling, while with pro-
longed milling, the values of the microhardness remained nearly constant. The in-
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Fig. 4 Morphology of Cu-1 wt.% Al particles as a function of milling time: (a) before milling; (b)
3 h, (c) 10 h, (d) 20 h, (e) detail of Fig. 4d, (f) detail of Fig. 4e.

crease in microhardness may be attributed to two processes: intensive refinement
of the grain size (see Fig. 2) and aluminium oxide precipitation in the form of fine
particles from the pre-alloyed copper matrix.3 The rapid decrease of the lattice pa-
rameter (see Fig. 3) is a consequence of precipitation of aluminium from the cop-
per solid solution and successive formation of fine aluminium oxide in the copper
matrix. The microhardness of compacts obtained from as-received Cu-1 wt.% Al
powders (745 MPa) increased up to 2160 MPa after 5 h of milling, which is 3 times
higher than that of compacts produced from electrolytic copper powder (670 MPa)
compacted under the same conditions. This result shows that an aluminium oxide
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Fig. 5 Microstructure of Cu-1 wt.% Al powder
particles (a) before milling and (b) after 10 h mill-
ing, (c¢) microstructure of compact obtained from
(b) 10 h-milled powder.

content of 1.9 wt.%, formed through oxidation of 1 wt.% Al, has a very strong ef-
fect on the hardening of the copper matrix, in contrast with observations of Mehta®
and Nadkarni! who reported that an aluminium oxide content above 0.65 wt.% did
not result in an increased hardening.

The grain size of 5 h-milled powders and compacts before and after 5 h of ex-
posure at 800 °C was calculated (XRD patterns are given in Fig. 7). The different
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Fig. 7 XRD Patterns of compact obtained from Cu-1 wt.% Al powders milled for 5 h (a) and
compacts before (b) and after high temperature exposure at 800 °C for 5 h (c). The enlarged full
width at half maximum (FWHM) of the (311) diffraction peak is shown in the detail.

FWHM (full width at half maximum) of the diffraction peaks of Cu-1 wt.% Al (see
detail of Fig. 7) indicates different grain sizes of 55, 270 and 390 nm, respectively.
These results suggest thag grain growth occurs during hot-pressing, but during ex-
posure to high temperatures, the grain growth is much slower.

In order to assess their high temperature thermal stability, compacts of Cu-1
wt.% Al were exposed to a temperature of 800 °C for 1 and 5 h. The results given in
Table I reveal that the microhardness decreased to some extent with increasing
time of exposure (from 1720 to 1325 MPa, after 1 and 5 h of exposure, respec-
tively). Since the microhardness retains a high value after 5 h of exposure, it may
be concluded that compacts obtained from 5 h-milled Cu-1 wt.% Al powders ex-
hibit good thermal stability. Also, the microhardness after 5 h is more than 2.5
times greater than the microhardness of compacts obtained from electrolytic
copper powder (670 MPa).

TABLE I. Effect of high temperature (800 °C) exposure on the microhardness of Cu-1 wt. % Al
compacts obtained from 5 h-milled powders

Temperature/Time 25°C 800 °C/1 h 800 °C/5h

Microhardness 2160 MPa 1720 MPa 1325 MPa

Taking into account the results on the grain size and thermal stability, it may be
supposed that the good thermal stability of the compacts is related to a relatively
slow grain growth at 800 °C. Small dispersoids not only increase the microhard-
ness by strengthening the copper matrix, but also, if formed at grain boundaries,
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they impede grain growth, thus postponing recrystallization and preventing grain
growth by pinning grain boundaries.’

The density of the compacts, as one of their important properties, was also mea-
sured. The results indicate that the densification by hot-pressing of milled pre-al-
loyed powder was not completed. The measured density of the compacts processed
from 5 h-milled powder (8.46 g cm™3) was 96.7 % of the theoretical value (8.75 g
cm3). It was reported that the measured density of extruded materials is higher than
99.3 %.10 It should be noted that in this study the theoretical density was calculated
for 1.9 wt.% Al,Oj5 after oxidation of 1 wt.% Al of pre-alloyed copper powder, as-
suming that all of the aluminium precipitates from the copper matrix.

The room temperature electrical conductivity of compacts obtained from 5
h-milled powder was 79 % IACS. The presence of aluminium oxide interfaces be-
tween the aluminium oxide particles and the copper matrix are considered as a pos-
sible source of additional electron scatter, thus reducing the conductivity of the
copper matrix.!! Since the required lower limit of conductivity for copper-based
alloys for higher temperature applications is 50 % IACS,12 while the conductivity
of commercially available copper alloys ranges between 78 and 92 % IACS,? the
measured conductivity value might be accepted as being satisfactory.

CONCLUSIONS

The microstructural and morphological changes of high-energy milled pre-al-
loyed Cu-1 wt.% Al powders was studied. The microhardness of compacted milled
powders was followed as a function of milling time. The high temperature thermal
stability and electrical conductivity of compacts were also examined. The main
conclusions are as follows:

— During high-energy milling of pre-alloyed Cu-1 wt.% Al powders, severe
deformation leads to particle grain size refinement (from 550 nm to about 55 nm)
and to a decrease in the lattice parameter, indicating precipitation of aluminium
from the copper lattice.

— The lamellar structure formed at the beginning of the milling process is re-
tained during compaction.

— The microhardness of the compacts obtained from as-received Cu-1 wt.% Al
pre-alloyed copper powders was 745 MPa, whereas the compacts obtained from 5
h-milled powders show a steep increase in microhardness up to 2160 MPa, a value
3 times higher than that of as-received electrolytic copper powders (670 MPa)
compacted under the same conditions.

— Compacts obtained from 5 h-milled Cu-1 wt.% Al pre-alloyed powders after
exposure for 1 and 5 h at 800 °C have microhardness values of 1720 and 1325
MPa, respectively, indicating good thermal stability.

— The increase of the microhardness and good high thermal stability may be
related to the relatively slow grain growth (270 and 390 nm before and after expo-
sure at 800 °C, respectively).
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— The room temperature electrical conductivity of compacts obtained from 5
h-milled powder was 79 % IACS, which is in the range of the conductivity of com-
mercially available copper alloys for higher temperature applications.
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1ZVOD

OCOBUHE ITPAXA BAKPA IMTPEVIETUIPAHOT CA 1 MAC. % A1 1
TPETUPAHOI' Y BUCOKOEHEPTETCKOM MIIMHY

BUIIECITABA PAJKOBUR, AYITAH BOXIWH u ATEKCAHJAP JEBEYEPCKI

Hncitiuiiiyini 3a Hykaeapre nayxe "Bunua', ii. iip. 522, 11001 Beozpao, Cpouja

Y pany cy ucnuTaHe IpoMeHe 00JIUKa U CTPYKTYpe YeCTUlla KOje HacTajy IpH MIIEBEbY
npaxa npejernpasor 6akpa ca 1 mac. % Al y BuCokoeHepreTckom MianHy. Mukporspaoha
KOMMakaTta JJoOMjeHnX Off MPEeTXOJHO MIIEBEHHX INpaxoBa je ofpebeHa y 3aBHCHOCTH Of
BpeMEHa MIIeBEH-Aa, a TEPMHUUYKA CTAaOUITHOCT UCIIUTHBAHA je nocne 1 u 5 h n3narama KoMma-
kaTa Ha 800 °C. Takobe je ogpebeHa u enexTpuuHa MPOBOJHOCT KOMIIAKTUPAHOT IpPaxa.
Ycnen Benuke aeopmanuje npu MiIeBewY IpaxoBa Y BACOKOSHEPIeTCKOM MITHHY JIOIIIO je
10 3HATHOT YCHTH-aBama 3pHa ca 550 Ha oko 55 nm. CMmametbe mapametpa pemietke (0.10 %)
yKasyje fa je ycieq oKcujaluje Ipyu MIeBeY NpeyiernpaHor npaxa JoIuio 10 U3/Bajama
aTyMuHMjyMa U3 peuieTke 6akpa. Pasnuka y MUKpoTBpAohu KoMmakTa ofi IpeaerupaHor
mpaxa mpeTXoiHo MiteBeHoT 5 h mpe (2160 MPa) u mocae (1325 MPa) 5 h uznarama Ha 800 °C
ykaszyje Ha HoOpy TepMHUKY CTaOMJIHOCT MaTepujaina. Bucoka MukporBppoha u poGpa
TepMHUYKa cTaOMITHOCT Cy MOCIeinlia Kako CUTHOT 3pHa KoMiakTa (270 nm) Tako u ycrnope-
HOT pacra 3pHa (10 390 nm) y TOKy M3/1aramha KOMIaKTa MOBHUIIECHO] TeMnepaTypu. Enextpu-
YHa MPOBOJIHOCT KOMITAKTa Ha COOHOj Temmneparypu je 79 % IACS.

(ITpumibeno 30. HoBemOpa 2005, peBuaupano 2. anpuia 2006)
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