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bstract
Microstructure of ball-milled Al85Ni8Ce5Co2 powder indicates the formation of fine nanoparticles with some amorphous fraction. Thermal
nalysis revealed that the release of internal stress and grain growth is followed by the redistribution and possible melting of high solute concentration
nterfaces. In addition, mechanical properties of compacted powder specimens were also investigated.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Conventional aluminum alloys have been well known for
heir use as light-weight components in engineering applica-
ions, particularly in the aerospace industry, for some time.
ecently, non-equilibrium Al-based alloys with Al-content
bove 80 at.% have received great attention since they exhibit
dvantageous mechanical properties, with high tensile strength
nd good ductility [1–4], hardness [5], wear [6] and corrosion
esistance [7]. Nevertheless, the low thermal stability of these
aterials still limits their wide-spread technological applica-

ions. Typically, such alloys are prepared by rapid quenching,
owever, alternatively, they are also produced mechanical alloy-
ng or ball milling (BM) [8,9]. These techniques can easily be
ombined with suitable powder compaction, promise to allow
reparation of bulk specimens with much larger dimensions
han those available through rapid quenching. The amorphous
r crystalline nature of numerous Al–TM–RE ternary alloy sys-
ems was reviewed [10,11].

In this paper we report on the formation and high temperature
ehavior of ball-milled nanocrystalline Al85Ni8Ce5Co2 alloys.
dditionally, microstructural and mechanical properties were

tudied on compacted specimens.
. Experimental

Nanocrystalline Al85Ni8Ce5Co2 powders were mechanically alloyed in a
ibratory mill under high vacuum for milling times of 4, 48, 100 and 192 h,
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espectively. The as-milled powders were then compacted into small pellets
nder a uniaxial load of 1 GPa.

Microstructures were examined by powder X-ray diffraction (XRD) on a
hilips Xpert diffractometer using Cu K� radiation in θ–2θ geometry. Transmis-
ion electron microscopy (TEM) images and selected area electron diffraction
SAED) patterns were taken by a JEOL 2000 microscope operating at 200 keV.
amples for TEM studies were prepared by electropolishing.

Thermal stability experiments were carried out in a Perkin-Elmer power
ompensated calorimeter (DSC) under pure dynamic argon atmosphere. Con-
inuous heating measurements were performed at 20 K min−1. High temperature
easurements were performed on a Setaram differential thermal analyzer (DTA)

quipment to study the melting behavior. The melting point was determined as
he intercept of the calorimetric baseline and the straight line fitted to the leading
dge of the endotherm peak.

Microhardness (HV) testing was performed on polished compacts using
Shimandzu DUH-202 dynamic depth sensing microhardness tester with a
ickers indenter at a load rate of 7 mN/s up to 200 mN. The values of HV were
etermined by averaging 10 indents.

. Results and discussion

Fig. 1 shows the bright field TEM images and the correspond-
ng SAED patterns of the Al85Ni8Ce5Co2 powders. As it is seen,
h of BM results in the formation of submicrometer particles
ith an average grain size of about 50–100 nm. With increasing
illing time the average grain size decreases, while a featureless

ackground forms. The characteristic size of the dark spots in
ig. 1d is about 10–20 nm.

The sharp rings with white spots on the SAED pattern of the
ample milled for 4 h correspond to fcc-Al. Afterwards the rings

ecome broaden while the intensity of the white diffraction spots
ecrease confirming a nanocrystallization process. Moreover,
n Fig. 1d a diffuse halo can also be seen that corresponds to
n amorphous background, thus the final microstructure can be
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of the melting endotherm, the relative mass fraction of the
unreacted pure elemental Al was found to be 8%. At higher
temperatures (Tp = 968 K) an exothermic reaction occurs with a
released enthalpy of 164 J g−1 followed by several smaller melt-
ig. 1. Bright field transmission electronmicroscopy images and corresponding
8 h, (c) 100 h and (d) 192 h.

onsidered as a nanocomposite with some amorphous fraction
n a submicrometer scale.

The evolution of the volume average grain size through the
M process was determined from X-ray diffraction line broad-
ning. The well-known Scherrer equation [12] was applied for
he (1 1 1) fcc-Al peak since there is no overlap with other diffrac-
ion peaks (see the inset in Fig. 2). As it can be seen from
ig. 2 the grain-size values decrease rapidly at the initial stage of
all-milling and afterwards the rate of the grain refinement con-
inuously decreases reaching a minimum value of 13 nm after
92 h of BM. This value is remarkably smaller than that reported
or ball-milled pure Al [13].

The thermal behavior of the powders was examined by DSC
s shown in Fig. 3. Each curve exhibits a broad exothermal heat
ontribution at around 550 K followed by an endothermic peak
n the range of 650–750 K. The alloys milled for longer times
100 and 192 h) reveal a small exothermic pre-peak at around
90 K. Generally, the area of the exothermic peak was found to
ncrease with prolonged BM time.
The high temperature behavior of the Al85Ni8Ce5Co2 pow-
ers was systematically studied by DTA during heating and
ooling. The thermogram exhibits an endothermic contribu-
ion corresponding to the melting of pure Al (Tm) at 871 K

F
b

ted area diffraction patterns of Al85Ni8Ce5Co2 powders milled for (a) 4 h, (b)

or the powder milled for 192 h (see Fig. 4). From the area
ig. 2. Average fcc-Al grain size vs. milling time. The inset shows the line
roadening of the (1 1 1) Al Bragg-peak.
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neously an unidentified phase also appears.

Practically, at above 935 K the molten Al causes the formation
of faster percolation channels, accordingly enhance the diffu-
sion of Ce, Ni and Co in Al. Above the Al-melting temperature,
ig. 3. Differential scanning calorimetry curves obtained at heating rate of
0 K min−1 for different milling times.

ng endotherms. The inset in Fig. 4 shows that with increasing
M time the onset of Tm shifted to lower temperatures in accor-
ance with the melting behavior of small nanoclusters following
he predicted inverse grain-size dependence [14]. On the other
and, it was found that Tp increases with increasing BM time.

In order to study the microstructure at different tempera-
ures, the powder milled for 48 h was continuously heated up
o 575, 835, 935 and 1200 K, respectively. In Fig. 5 the XRD
atterns show that the width of the (1 1 1) fcc-Al peak decreases
lightly, when the samples is heated above the first exothermic
eak (575 K), corresponding to a moderate grain growth from
7 to 36 nm. Consequently, the area of the exothermic peak can
e associated with a released enthalpy corresponding to grain
oarsening and annihilation of internal strain.

At 835 K, above the first broad endothermal peak, some
aint Bragg peaks of several intermetallic phases, i.e. Al Co ,
9 2
l4Ce, Al3Ni appear, while the intensity of the fcc-Al peaks does
ot change significantly. In our opinion this heat effect can be
scribed as the redistribution of high solute concentration inter-

ig. 4. High temperature differential thermal analysis curve for the powder
illed for 192 h. Tm and Tp correspond to the onset of the Al-melting and to the

nset of the growth of the intermetallic phases, respectively. The inset shows the
ariation of Tm and Tp vs. milling time.

F
4

ig. 5. X-ray diffraction patterns of the 48 h powder obtained after linear heating
o different temperatures. The symbols �, �, �, © and ? denotes the Bragg-
eaks of fcc-Al, Al3Ni, Al9Co2, Al4Ce and an unidentified phase, respectively.

aces (surface melting). Simultaneously, the Al-grains grow up
o 42 nm.

Linear heating above the Al-melting peak (935 K) results in
more dominant appearance of the Al9Co2, Al4Ce and Al3Ni
ragg-peaks, however, melting and refreezing does not result in

he complete elimination of elemental Al. At 1200 K, above the
igh temperature exothermic peak, the relative intensity of the
l4Ce and Al3Ni Bragg-peaks increase drastically and simulta-
ig. 6. Optical microgrpahs of Al85Ni8Ce5Co2 powders milled for (a) 4 h, (b)
8 h, (c) 192 h and (d) microhardness values vs. milling time.
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he liquid Al in huge volume promotes the growth of the inter-
etallic phases. This effect can be associated with the sharp

xothermic peak on the DTA signal (see Fig. 4). At shorter BM
imes, the difference between Tm and Tp is just a few degrees (see
he inset in Fig. 4) indicating that the growth of Al9Co2, Al4Ce
nd Al3Ni starts immediately just after the liquid Al forms. At
onger BM times when the average grain size is smaller, Tm
ncreases due to the restricted diffusion corresponding to the
nhanced density of interfaces.

Fig. 6 summarizes the optical micrographs and mechanical
roperties of the compacts. The 4 h alloy exhibit a homogeneous
orphology on micron scale, however, in the case of the sample
illed for 48 h two distinct regions appears on a 100 �m scale.
rolonged milling up to 192 h results in a remarkable fragmen-

ation.
The microhardness of the 4 h powder-compact is three times

igher than that of the compact of unmilled mixture. After 48 h
f BM the two distinct regions shows separate values of 0.8 and
.4 GPa, respectively. After longer milling the HV values belong
o the average hardness of the two measured areas.

. Conclusions

Ball-milling of Al85Ni8Ce5Co2 powders results in the for-
ation of fine nanoparticles with some amorphous fraction.
ombination of DSC, DTA and XRD experiments revealed that

elease of internal stress and grain growth is followed by the

edistribution and possible melting of high solute concentration
nterfaces. In the case of shorter milling times, the growth of
l9Co2, Al4Ce and Al3Ni starts immediately after the liquid Al

orms. Progressive milling results in the separation of Tm and Tp.
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