
A

b
d
w
p
©

K

1

s
m
t
h
b
i
A
c
r
s
r
t
o
A
a
h
p
e
r
a

0
d

Journal of Alloys and Compounds 434–435 (2007) 319–323

Quasicrystal phase formation in Al–Cu–Fe nanopowders during
field-activated sintering (FAST)

R. Nicula a,∗, F. Turquier a, M. Stir a, V.Y. Kodash b, J.R. Groza b, E. Burkel a

a Institute of Physics, Rostock University, August-Bebel-Strasse 55, D-18055 Rostock, Germany
b Chemical Engineering Materials Science Department, University of California at Davis, CA 95616, USA

Available online 4 October 2006

bstract

The sequence of solid-state phase transformations in high-energy ball-milled Al–Cu–Fe alloy powders upon constant-rate heating were examined
y in situ synchrotron radiation diffraction and thermal analysis (DSC/DTA) methods. The as-milled Al–Cu–Fe nanopowders were consolidated into

isk-shape pellets using field-activated spark-plasma sintering (FAST/SPS). The chemical homogeneity and microstructure of the sintered bodies
ere investigated using scanning electron microscopy (SEM/EDX). The effect of electric field application on the formation of quasicrystalline
hases from mechanically activated nanopowders during sintering by FAST/SPS is discussed.

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

Due to their unique aperiodic long-range atomic order, qua-
icrystals (QC’s) exhibit a broad variety of physical, chemical,
echanical and tribological properties unusual for metallic sys-

ems [1,2]. Quasicrystal-forming alloys consequently hold a
igh potential for applications like high-temperature thermal
arriers, low-friction and wear-resistant coatings [1-3], compos-
te biomaterials [4] or catalysts [5]. The synthesis of single-phase
l–Cu–Fe QC’s by conventional casting is nevertheless diffi-

ult, due to their very narrow composition domain [6]. Recent
esearch efforts were devoted to the mechanosynthesis of qua-
icrystalline Al–Cu–Fe powders by powder metallurgy (P/M)
outes [7–10] and their pressure- or field-assisted consolida-
ion [11]. The influence of external pressure onto the sequence
f solid-state interdiffusion reactions leading to single-phase
l–Cu–Fe QC’s was evaluated in a recent paper [12]. The main

im of the present work is to investigate the formation of icosa-
edral (iQC) phases and related complex metallic alloys under
ulsed current application. The effect of fast heating and of

lectric field application on the formation of QC’s during the
apid consolidation of ball-milled Al–Cu–Fe powders by field-
ctivated spark-plasma sintering (FAST/SPS) are assesed by
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omparison with ambient pressure non-isothermal sintering at
ow heating rates.

. Experimental

Nanocrystalline (nc-) Al–Cu–Fe powders were prepared by mechanical
lloying (MA). Wet-milling in hexane was employed to counteract severe pow-
er losses during MA [10,11], avoid severe contamination from grinding media
nd prevent oxidation effects. No other milling additives were used. High purity
owders of Al (99.95%), Cu (99.95%) and Fe (99.95%) were loaded into 250 ml
ardened chromium–steel vials together with 10 and 20 mm steel balls. The ball-
o-powder ratio (BPR) was chosen approximately equal to ≈14:1.

The formation of QC’s during non-isothermal annealing of the Al–Cu–Fe
anopowders was studied by differential scanning calorimetry and high-
emperature synchrotron radiation diffraction (HTXRD). In-situ experiments
ere performed at the B2 high-resolution diffraction beamline [13] of HASY-
AB (Hamburg). The XRD patterns were collected each 25 ◦C during constant-

ate heating at 2.5 ◦C/min.
Field-activated sintering (FAST) was performed using a spark-plasma sinter-

ng SPS machine (Sumitomo, Japan) with pulsed DC voltage (2–4 V; pulse cycle:
2 pulses ON/2 pulses OFF, pulse duration 3 ms). The Al–Cu–Fe nanopowders
ere loaded into graphite die-punch units to sinter disc-shaped pellets of about
0 mm diameter. The FAST/SPS experiments were conducted in vacuum, under
n applied uniaxial pressure of 55 MPa.

. Results
Al–Cu–Fe allloy nanopowders with particle sizes between
and 20 �m and average crystallite size close to 10 nm were

btained after wet-milling in hexane for 40 h at 200 rotations per

mailto:nicula@physik1.uni-rostock.de
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ig. 1. DSC traces of Al–Cu–Fe nanopowders at heating rates equal to 10 and
0 ◦C/min.

inute. The X-ray diffraction patterns of the as-milled powders
ndicate the formation of bcc �-Al(Cu,Fe) and tetragonal �-
l2Cu phases. The chemical composition of as-milled powders

quals Al65Cu23Fe12 as shown by scanning electron microscopy
SEM/EDX).

The thermal behaviour during non-isothermal heating was
tudied by differential scanning calorimetry (DSC) performed
or several heating rates up to 50 ◦C/min. The DSC traces
btained during heating at 10 and 50 ◦C/min. are shown in Fig. 1.
wo well-defined exothermal events are clearly distinguished in

he low temperature range below 500 ◦C, presumably related
o the formation of AlFe3 and Al7Cu2Fe phases. A more com-
lex sequence of thermal events is observed above 500 ◦C. The
ncrease of the heating rate causes a moderate shift (∼20 ◦C) of
he phase transition temperatures towards higher values, other-
ise the sequence of thermal events does not change.
The high-resolution HTXRD patterns of the nc-AlCuFe pow-

ers during constant-rate heating at 2.5 ◦C/min. are shown in
ig. 2. The phase constitution of the Al–Cu–Fe alloy changes
everal times upon heating: the in situ synchrotron radiation
iffraction experiment reveals a significant overlapping of the
hermal stability fields of the constituent alloy phases.

Selected diffraction patterns at different temperatures are also
hown (Fig. 3), to illustrate in more detail the solid-state trans-
ormation path. The as-milled powders consist of �-Al(Cu,Fe)

nd �-Al2Cu phases. The presence of Al2Cu and Fe3Al phases at
ower temperatures is mainly due to the positive heat of mixing
15 kJ/mol) of the Fe–Cu pair [7,9].

a
f
fi

ig. 2. In situ high-temperature diffraction (HTXRD) patterns of nanocrystalline
l–Cu–Fe alloy powders.

The formation of the iQC �-phase during non-isothermal
nnealing is found to occur according to the following sequence
f phase transitions:

�-Al(Cu, Fe) + �-Al2Cu(+Al) → � + � + Fe3Al

→ � + Fe3Al + �-Al7Cu2Fe

→ �(+Fe3Al) → � + � → �

n good agreement with other literature results [7]. The corre-
ponding constituent phase stability fields were also determined
Fig. 4).

The �-Al7Cu2Fe phase is the main precursor of the iQC
-phase. As the homogenization of the alloy composition is
radually completed, the �-Al7Cu2Fe becomes the major con-
tituent phase. Minor traces of Fe3Al were still noticed in the
RD patterns after the nucleation of the iQC phase at approxi-
ately 600 ◦C. The metastable bcc �-phase (Al4Cu9-type) was

ot detected. The F-type iQC �-phase forms via the ordering of
he �-Al7Cu2Fe intermetallic and develops into a single-phase
bove 750 ◦C (Fig. 3). The quasilattice parameter of the �-phase
t 800 ◦C was found equal to aq = 0.4516 nm. The average crys-
allite size (Scherrer equation) of the �-phase is 0.12 �m.

The as-milled Al–Cu–Fe powders were FAST sintered for
0 min at 700 ◦C to obtain disk-shaped bulk pellets with a thick-
ess of about 2.8 mm. A typical FAST sintering diagram is
hown in Fig. 5. During the initial stage, the nc-AlCuFe pow-
ers are heated to 700 ◦C at 40 ◦C/min. The isothermal stage is
efined by a dwell time of 20 min at the sintering temperature
700 ◦C). The final specimen cooling stage occurs in two steps:

faster cooling at 25 ◦C/min. under pulsed current application,

ollowed by very slow cooling under uniaxial pressure without
eld application.
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ates, exaggerated grain-growth nor macroscopic defects such as
cracks are noticed. The SEM micrographs (Fig. 6) reveal that the
fine scale of the as-milled powders is not altered during FAST.
ig. 3. Selected XRD patterns collected during in situ constant rate heating
f nc-AlCuFe showing the phase evolution towards the formation single-phase
uasicrystals above 750 ◦C.
The displacement rate of the upper die (signal (2), Fig. 5)
onitors the densification of the powder specimen. It is seen that

ensification occurs mainly during the initial heating stage of the
AST process and less during the isothermal holding at the sin-

ig. 4. Temperature evolution of the alloy phase constitution for nc-AlCuFe
owders upon constant rate heating.

F
s

ig. 5. Typical FAST-SPS sintering diagram: (1) temperature, (2) displacement
ate (in mm/s), (3) pulsed current.

ering temperature (700 ◦C). Hence shortening of the isothermal
tage would prevent excessive grain-growth and significantly
horten the FAST process. This result further points out the need
or a detailed examination of the microstructural evolution, and
f the formation and stability of constituent phases during non-
sothermal heat treatments. Thermal analysis coupled to in situ
ynchrotron radiation diffraction experiments are ideal tools to
ccomplish this task.

SEM micrographs of the cross-section (fracture surface)
f the sintered pellets indicate that fairly uniform, ultrafine
icrostructures were preserved throughout the specimen thick-

ess during processing by FAST. Neither large pore agglomer-
ig. 6. SEM micrograph of the fracture surface of the AlCuFe FAST-sintered
pecimen.
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presently underway to clarify the formation of the �-phase dur-
ig. 7. XRD patterns obtained from the centre and near edge region of a FAST
intered pellet.

his is mainly due to the limited exposure to high tempera-
ures. The observed morphology of the FAST sintered pellets is
eminiscent of interlocked microstructures, likely to form upon
partial) melting. Interlocked microstructures are known to assist
he general improvement of mechanical properties (toughness)
f the FAST sintered parts [14].

The sintered specimens still exhibit uniform porosity in the
ubmicron range. An uniform distribution of small pores was
hown to be a prerequisite for the suppresion of pore coarsening
15] and thus also for obtaining full-density sintered parts.

X-ray microdiffraction was employed to investigate the uni-
ormity of the sintered parts. Synchrotron radiation diffraction
atterns were collected from the outer surfaces of the pellets.
he diffraction patterns taken from the centre and specimen
dge are identical (Fig. 7). The sintered parts consist of bcc �-
l(Cu,Fe) and iQC �-phases: the �-phase is indexed by (h k l)
iller indices (bottom), the �-phase using Cahn (N, M) indices

Fig. 7).
Chemical mapping by SEM/EDX further confirmed the high

omogeneity of the sintered pellets (Fig. 8). We may thus con-
lude that either an uniform thermal field was applied throughout
he volume of the bulk sintered body during FAST processing

r that thermal gradients did not affect the phase structure of the
pecimens. Rapid densification is achieved without alteration of
he initial ultrafine microstructure of the starting powders. The

i
a
c

ig. 8. EDX composition maps of the region A (bright image), showing the
patial distribution of Al (B), Cu (C) and Fe (D).

ulk sintered parts consist of a fine mixture of iQC �-phase and
cc �-Al(Cu,Fe).

. Discussion and conclusions

Nanocrystalline powders were obtained by ball-millling of
ure elemental powders in liquid media. Single-phase quasicrys-
alline powders result from subsequent non-isothermal anneal-
ng above 750 ◦C. The wet-milling route prevents detrimental
xidation, powder losses or severe contamination from the grind-
ng media. It thus appears that milder MA processing followed
y non-isothermal annealing at moderate-to-low heating rates
re effective in providing single-phase iQC powders. Sintering
y FAST results in homogeneous bulk solids with uniform ultra-
ne microstructure, which points out the absence of thermal field
r chemical gradients during FAST. The electric field/pulsed
urrent application promotes rapid neck-formation and densifi-
ation without grain-growth. An important observation is that
ensification seemingly occurs mainly during the initial heat-
ng of the specimen. Detrimental effects such as microstructure
oarsening or abnormal grain-growth caused by prolonged expo-
ure to elevated temperatures could then be avoided by choosing
shorter dwell time at the sintering temperature.

Icosahedral � and bcc �-phases were found to form through-
ut the volume of the sintered parts. The �-phase has local
tomic arrangements similar to the iQC �-phase [2,6]. Its for-
ation has no dramatic effects upon the Al–Cu–Fe alloy per-

ormance in most applications [1–5,10]. Further studies are
ng FAST and whether or not the same phase sequence develops
s in non-isothermal annealing. It was recently demonstrated that
arbon contamination from the graphite dies may safely be ruled
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ut [16]. The variation of the heating rate merely causes a mod-
rate shift of the transition temperatures, but does not modify
he observed evolution of constituent phases with temperature.
ydrostatic pressure was also shown to have no influence on

he phase transformation sequence [12]. The modest pressure
pplication during heating in FAST is thus expected to have no
ffect. We have recently suggested [12] that rapid quenching
nder pressure may provide an efficient route to stabilize the
C �-phase against its competing crystalline phases. Further

xperimental work is however still needed to clarify this issue.
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