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Abstract: The powder Cu-Al,O3; composites were produced by high-energy
milling. Various combinations of particle size and mixtures and approximately
constant amount of Al,O3; were used as the starting materials. These powders
were separately milled in air for up to 20 h in a planetary ball mill. The copper
matrix was reinforced by internal oxidation and mechanical aloying. During
the milling, internal oxidation of pre-alloyed Cu-2 mass %-Al powder genera-
ted 3.7 mass % Al,O3 nano-sized particles finely dispersed in the copper mat-
rix. The effect of different size of the starting copper and Al,O3 powder par-
ticles on the lattice parameter, lattice distortion and grain size, as well as on the
size, morphology and microstructure of the Cu—Al,O3 composite powder par-
ticleswas studied.

Keywords: Cu-Al,03 composite powders; high-energy milling; size of the star-
ting powder particles.

INTRODUCTION

The copper-based matrix obtained by powder metallurgy (PM) techniques
and reinforced applying the process of mechanical alloying has been extensively
studied in recent years.14 The application of mechanical alloying as a method
for obtaining a uniform distribution of dispersoids in a copper matrix accom-
panied with afine-grained microstructure greatly improves the properties of such
copper-based composites. The particle size of both the matrix alloy and the
strengthening powders determines to a large extent many of the final properties
of the produced PM compacts.

In this study, the copper matrix was reinforced with Al,O3 particles by
internal oxidation and mechanical alloying. The effects of both the copper and
Al>03 particles size on the lattice distortion and grain size, as parameters with a
considerable effect on the process of the sintering of copper-based composites,4
were the subject of this investigation. At the same time, the influence of these
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parameters on the evolution of the morphology and the microstructure of the Cu-
based composite powder particles was also studied.

EXPERIMENTAL

Inert gas-atomized, pre-alloyed copper powder containing 2 mass %-Al and different
mixtures of electrolytic copper powders and Al,O5 particles served as the starting materials
for this investigation. The characteristics of the pre-alloyed copper powder and the powder
mixtures used in this study are given in Table I. The starting powders are characterized by the
same or different copper and Al,O3 powder particle size. These powders were separately
milled in air for up to 20 h in a planetary ball mill. The weight ratio of the powder to steel
balls was 1:35.

TABLE |. Size of the starting copper and Al,O3 powder particles

Size of pre-alloyed copper

Material particles and size of copper Sizeof Al2Os gnation
. particles, um
particles, um
Pre-alloyed Cu—2 mass %-Al 30 0.010 Cu-2Al
Cu-4 mass %-Al,03 30 0.75 Cu-4Al1,03
Cu*-4 mass %-Al,03 15 0.75 Cu*-4Al1,03

* After internal oxidati on8

The milled powders were characterized by X-ray diffraction analysis (XRD) using a Sie-
mens D-500 X-ray powder diffractometer with CuK,, Ni-filtered radiation. The lattice parame-
ters were determined using the least square root method. The average lattice distortion, i.e.,
the relative deviation of the lattice parameters from their main value (Ad/d)® and the grain size
(D) were determined from the broadening () of the first four diffraction lines (111, 200, 220
and 311) using the approach devel oped by Williamson and Hall:8

pcos 0= %+% sin @ 1)

where the shape factor k = 0.9 and the radiation wave length, 4 = 0.15405 nm.

The microstructure of the treated powders was characterized by light microscopy using a
Zeiss Axiovert 25 microscope and scanning electron microscopy (SEM) using a Philips XL 30
instrument. Samples for light microscopy were mounted in an acrylic resin. Polishing was
performed using the standard procedure and a mixture of 5 g FeCl; and 50 ml HCI in 100 ml
distilled water was used for etching.

RESULTS AND DISCUSSION
Change of powder particles parameters

During milling of the pre-alloyed Cu-2Al powder, the lattice parameter
decreased with milling time, whereas the lattice parameters of the other starting
powder mixtures slightly increased (Fig. 1). The decrease in the Cu-2Al lattice
parameter results from the oxidation of the aluminum during internal oxidation,
which precipitates from pre-alloyed copper forming a fine dispersion of Al>Os.
The decrease in the lattice parameter was rapid during the first 10 h of milling
but become slower with prolonged milling. This indicates that the most of au-
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minum precipitates from the copper matrix at the beginning of the milling pro-
cess due to facilitation of the oxidation process through the severe deformation of
the copper matrix in this period of milling. The difference in the lattice parameter
of the pre-alloyed Cu—2Al powders before (acy.2a) = 0.3624 nm) and after 20 h
of milling (acy-2a1 = 0.36167 nm) is 0.20 %. This difference is similar to the
difference (0.24 %) in the theoretical lattice parameters of the pre-alloyed powder
(acu-2a1 = 0.36210 nm) and the copper powder (acy = 0.36150 nm), indicating
that after 20 h of milling amost all the aluminum had been precipitated from the
copper matrix. Assuming that the complete amount of aluminum was oxidized, it
was calculated that 3.7 mass % of Al,O3 was generated by internal oxidation of 2
mass % Al in the copper matrix. This result shows that the amount of the
strengthening particles was kept nearly constant in pre-alloyed copper and the
powder mixtures, being around 4 mass % Al,O3. On the other hand, the slight
increase of the lattice parameters of the mixtures containing Al,O3 particles
might be the result of contamination of the copper matrix with steel balls debris
during milling.”

0.3626
A - Cu-2 wt.%Al

O - Cu-4 wt.%AL,0;
O- Cu'-4 wt.%AlL,0;

0.3624-

0.3622

0.3620

0.3618+

0.3616+

Lattice parameter, nm

0.36141 Fig. 1. Lattice parameter vs. milling

A e 20 time for pre-alloyed copper powder and
Milling time, h copper Al,O3 powder mixtures.

The full width at half maximum (FWHM) height measured from X-ray the
diffraction patterns of the examined powders showed a progressive line broad-
ening with milling time (Figs. 2a-2c). From Figs. 2a and 2b, it may be seen that
the FWHM of the pre-alloyed Cu—2Al powder strengthened with 0.01 um Al>O3
particles (Fig. 2a) were higher than those of a mixture of Cu—4Al>0O3 with an
average AloO3 particle size of 0.75 um (Fig. 2b; the size of the copper powder ~
~ 30 um). The FWHM of the Cu*—4AIl>03 mixture (Fig. 2c; size of copper pow-
der = 15 um) were significantly higher than the FWHM of Cu—4Al>O3. The
higher FWHM of the Cu*—4Al,03 sample implies that the starting size of copper
powder particles had a great influence on the FWHM during the milling process.
The separate diagram (Figs. 3a and 3b) shows that the values of the FWHM of
Cu*—4 Al>,O3 were dightly higher than those of Cu-2Al. These results suggest

Available online at www.shd.org.rs/JSCS
2009 Copyright (CC) SCS



598

RAJKOVIC, BOZIC and JOVANOVIC

that the influence of the smaller starting copper powder particles (15 pm) on the
FWHM prevails over the effect of the Al,O; particles size.
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Fig. 2. Full width at half maximum height of:
a) Cu—2Al; b) Cu—4Al,03 and ¢) Cu*—4Al,03

vs. milling time.

The progress in the broadening of the FWHM with milling timeis a result of
a severe lattice distortion and grain size refinement.® Lattice distortion and grain
size are important parameters of milled powders since they have a significant

properties of the finely dispersed strengthened copper matrix. Lattice distortion
normally increases with milling time. However, there are exceptions to this be-

havior and some literature results claim that the lattice distortion may decrease

during milling.® The results of this study show that the lattice distortion increased
with time of milling (Fig. 4), being the highest in the powder mixture Cu-2Al
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strengthened with very small Al>O3 particles, whereas the lowest lattice distor-
tion was observed in the powder mixture Cu*—4Al>03. According to the results
in Fig. 4, it is obvious that the lattice distortion decreased with decreasing
particle size of the starting copper powders. The presence of smaller Al>O3
strengthening particles increased the lattice distortion, i.e., very small (0.01 pm)
Al>O3 particles caused higher lattice distortion than the coarse (0.75 um)
particles. These changes of lattice distortion are probably due to polygonized
dislocation structures of the highly deformed small particles during high-energy
milling.10 The smallest distortions in the Cu*—4Al,03 powders suggest that the
dislocations formed during milling of small copper powder particles due to the
very low amount of stored elastic energy are arranged in configurations that
reduce the strain energy. However, in the case of such small-sized powders, a
contributing factor to the low strain energy due to partial amorphization of the
powderslO cannot be excluded, in spite of the fact that the diffraction peaks
remained sharp up to 20 h of milling, asin the present case.
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Fig. 3. Full width at half maximum (FWHM) height of: a) Cu—2Al and
b) Cu—4 Al,O3 after 20 h of milling.

In view of these facts, the results presented in Figs. 3a and 3b and Fig. 4
should not be regarded as contradicting. Namely, the slightly higher values of the
FWHM of the Cu*—4Al>0O3 powders compared to those of Cu—2Al may be con-
sidered from the view that the influence of grain refinement on the FWHM sur-
mounts not only the effect of the Al,O3 particle size, but also the decreasing in-
fluence of the elastic strain energy on the lattice distortion of Cu*—4Al,03 powders.

The size of the grains, i.e., the crystalites, formed inside the powder par-
ticles during milling abruptly decreased with milling time (Fig. 5). This decrease
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was the highest up to 5 h of milling, when the grain size was between 30 and 40
nm. After 20 h of milling, the grain size was dightly changed, ranging between
20 and 30 nm, except for the grain size of Cu*—4Al,0O3 powders, for which the
grain size was somewhat smaller, i.e., 15 nm. This result is in accordance with
the FWHM results (see Figs. 3a and 3b). Generally, the smallest grain size found
in the Cu*—4AIl>O3 mixture may be ascribed to the fact that smaller powder
particles are more easily subjected to higher deformation during milling than
coarser particles.

0.454

0.40
-SQ 0.354
g‘ 0.30
E o2
£ A - Cu-2 wt.%Al,
g %% B - Cu-4 wt.% AL,O;
8 o5 A - Cu'-4 wt.% Al,O,
E 0.104
0.054
0.00+4% : : . . . - .
0 5 R 20 Fig. 4. Effect of milling time on
Milling time, h the lattice distortion.
540
1804
1604
E 140_‘ A - Cu-2 wt.% Al,
43 120_‘ B - Cu-4 wt.% Al;O3
8 A - Cu'-4 wt.% Al,O,
w
R=
0 5 015 20 Fig. 5. Effect of milling time on
Milling time, h the grain size.

Sze, morphology and microstructure of the composite powders

The composite powder particles formed from the starting powders change
their morphology, size and microstructure during high-energy milling as a con-
sequence of repeated deformation, fracture and welding processes. Generally, at
the beginning of milling, the average particle size of composite powders in-
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creases until welding of the particles powders dominates the milling process, but
the size of particles starts to decrease when the fracture process prevails. In the
case of balance of fracture and welding processes, the particles are rather uniform
in size and similar in shape.

SEM microphotographs showing the morphology of the composite powder
particles after 5 and 20 h of milling are presented in Figs. 6a—6c¢ and Figs. 6d-6f,
respectively. Detailed observations of the morphology and particle size showed
that the composite powders based on pre-alloyed powders and mixtures had a
different size and morphology after 5 h of milling, Figs. 6a—6¢. The composite

" "'.:g,"é,l : - oy I T SRR S e T T Y

Fig. 6. SEM microphotographs. Morphology of Cu—2Al, Cu—4Al,03 and Cu*—4AIl,03
composite powder particles after 5 (a—c) and 20 h (d—) of milling.
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Cu-2Al particles (Fig. 6a) are flattened, whereas the Cu—4Al>0O3 and Cu*—4Al>03
composite particles are more rounded (Figs. 6b and 6c¢, respectively). The flat-
tened shape of the Cu-2Al composite particles is a consequence of the fact that
the nano-sized AloO3 particles formed by interna oxidation generate a higher
resistance to the strong plastic deformation occurring at the beginning of the
milling than the micro-sized commercia Al,O3 particles. During prolonged mil-
ling (20 h), the size of Cu—2Al particles (Fig. 6d) significantly decreased, becom-
ing more rounded in shape. On the other hand, the size of Cu—4AIl>O3 particles
(Fig. 6e) increased to some extent and they had a completely rounded shape. No
significant change in the size and morphology could be detected in the Cu*—4AI>03
particles (Fig. 6f). The results presented in Fig. 6 suggest that the size of the start-
ing copper particles, as well as the Al,Og particle size, has an influence on the dif-
ferent morphologies and particle sizes of the composite powders during milling.

Since the particles of the milled composite powders Cu—2Al and Cu—4AIl>03
were neither similar nor uniform in size, it is obvious that the balance of the frac-
ture and welding processes of the powder particles has not been attained during
20 h of milling. Concerning this aspect, the situation with the Cu*—4Al,0O3 com-
posite powdersis not quite clear.

The microstructure of the composite powder particles after 5 h of milling are
illustrated in Fig. 7. Thereby, it was confirmed that the milled composite powder

(b)

o, Fig. 7. Light microscopy pictures. Microstruc-
ture of: @ Cu-2Al; b) Cu—4Al,03 and c) Cu*—
—4Al,03 (etched) composite powder particles
after 5 h of milling.
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particles, except the Cu*—4Al,03 particles, exhibit a lamellar structure (Figs. 7a
and 7b), typical for high-energy milled powders. The lamellae represent indivi-
dua plasticaly deformed starting pre-alloyed copper (Fig. 7a) and copper pow-
der particles (Fig. 7b). Applying higher magnification, the uniform distribution of
the commercial Al,O3 particles embedded in a matrix of agglomerated copper
particles may be seen in the microstructure of the Cu*—4Al>O3 composite pow-
der particle (Fig. 7¢). In these milled powder particles, lamellae are not visible,
probably due to very small powder particle size.

The structural observations showed that a very homogenous distribution of
Al,0O3 was achieved after 5 h of milling in the majority of the mechanicaly al-
loyed copper particles and that this distribution improved with increasing milling
time. The distribution of Al,O3 particles in the Cu—4Al,03 particles after 5 and
20 h of milling isillustrated in Figs. 8 a and 8b, respectively. In this case, when
the size of the starting copper and Al,O3 particles were higher, the uniform dis-
tribution of Al>O3 particles between deformed copper particles, typical for com-
posites obtained by high-energy milling, may be clearly seen.

Fig. 8. Light microscopy pictures of Cu—4Al,O3 after: d) 5 and b) 20 h of milling (polished).

CONCLUSIONS

Powders composites of Cu-Al>O3 were obtained using high-energy milling
in air. Inert gas-atomized pre-alloyed copper powder containing 2 mass % Al and
mixtures of various combinations of particle size with an approximately constant
content of AloO3 were used as the starting materials. Depending on the charac-
teristics of the starting powders, the milled powders possessed different properties.

The decrease of the Cu—2Al lattice parameter with milling time was the re-
sult of oxidation of aluminum, which precipitated from the pre-alloyed copper
forming a fine dispersion of Al>O3 particles. Assuming that the all the aluminum
was oxidized, it was calculated that 3.7 mass % of Al>O3 was produced in the
copper matrix by internal oxidation of 2 mass % Al.
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The full width at half maximum (FWHM) height of the peaks in the X-ray
diffraction patterns of the examined powders showed a progressive line broaden-
ing with milling time. The effect of the smaller copper particles had a more pro-
nounced affect on the FWHM than the larger Al>O3 particles.

The lattice distortion was found to increase with increasing milling time. The
lattice distortion was highest in the Cu—2Al sample strengthened with very small
Al>03 particles, i.e., nano-sized (0.01 um) Al>O3 particles caused a higher lattice
distortion than the coarser micro-sized (0.75 um) particles. The crystal lattice of
the smaller (15 um) starting copper powder was distorted to a lesser extent than
the lattice of the coarser (30 um) particles.

The Cu-Al,O3 composite powder showed high grain size refinement. The
most intensive grain refinement occurred in the early stage (up to about 5 h) of
milling. In the period from 5 to 20 h of milling, the grain size of the powders
remained practically constant (between 20 and 30 nm), except for the powders
with 15 um copper powder particles, in which case the grain size was 15 nm.

The starting copper particles size and size of the Al>O3 particles affected the
morphology, size and microstructure of the composite powders formed during
milling.

The Cu*—4Al>03 composite powder particles did not exhibit a characteristic
lamellar structure, due to the small starting copper powder particles (15 um).

Acknowledgement. Authors are indebted to the Ministry of Science and Technological
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N3BOJI

KAPAKTEPUCTHUKE KOMITO3UTA Cu-Al,03 CA PA3JIMYUTUM ITOYETHUM
YECTUIIAMA ITPAXA JOBMJEHOI' MJIEBEELbEM YV BUCOKO-EHEPI'ETCKOM MIJIMHY

BUIIECJIABA PAJKOBUR, JYIIAH BOXXWH u MUJIAH T. JOBAHOBU'h
Hncmuiiyi 3a Hykaeapre Hayke “Bunya”, ii. ip. 522, 11001 Beozpao

IMpaxoBu kommo3uTa Ha 6a3u Cu—Al203 106HjeHH CY MIICBEHEM Y BUCOKO-CHEPIeTCKOM MITH-
Hy. [loueTHn Martepujan mpencraBibaie Cy KOMOWHAIMje MpaxoBa Pa3IMYNTHX BEJIMYMHA Kao U
CMellle Pa3IMYUTOr cacTaBa. [IpaxoBH Cy 0J[BOjeHO MIIEBCHH Yy IUIAaHETApPHOM MIIMHY ca Kyrjiama u
TO Ha Ba3AyXy IpHU 4eMy je BpeMe miieBera 0o 20 h. 3a ojayaBame 0CHOBE Gakpa MPHUMEHEHH Cy
YHYTpallllha OKCHAALHMja ¥ MEXaHHYKO JICTHpathe. 3a BpeMe MIICBCH:A O] YTHIAjeM YHYTpPallbe
okcupanmje y npeaierupadom npaxy Cu—2 mas %-Al vacrano je 3,7 mas % ¢duno qucneproBanmnx
HaHo-yectua Al2O3. IcuTHBaH je yTHIaj MoYeTHe BeNnuurHe yecTriia 6akpa u yectuna Al,O3 Ha
rapaMeTap KpUCTaHe PelIeTKe ¥ eHy TUCTOP3Hjy, Kao U Ha BEJIMYMHY KpucTaiHor 3pHa. Takohe
CYy MCTIUTHBAHU BEJIMYMHA YECTHUIIA [Ipaxa, MOP(OIIOTHja U MHKPOCTPYKTypa kommosuta Cu—Al203.

(Mpumsbero 9. neriem6Gpa 2008)
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