Vol. 126 (2014)

ACTA PHYSICA POLONICA A

No. 2

Proceedings of the 12th International Conference on Quasicrystals (ICQ12)

Nanoquasicrystalline Phase in Mechanically Alloyed
and Heat-Treated Al;5Cu;1Crqg

T.A. SVIRIDOVA®*, A.P. SHEVCHUKOV?, E.V. SHELEKHOV?, D.L. DIAKONOV®,

M.V. GORSHENKOV®, S.D. KALOSHKIN®, V.V. TCHERDYNTSEV?, Z. L1 AND G. Fan?
?Center for Composite Materials, National University of Science and Technology “MISIS”, Moscow 119049, Russia
*Bardin Central Research Institute for the Iron and Steel Industry, Moscow 105005, Russia
“Int. School of Microscopy, National University of Science and Technology “MISIS”, Moscow 119049, Russia
dState Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, Shanghai 200240, China

X-ray diffraction analysis, scanning and transmission electron microscopy, thermal analysis and measurement
of chemical composition were implemented to determine structure, thermal stability and chemical composition of
the decagonal quasicrystal in Al73Cu11Cri6 alloy produced by long-term mechanical alloying of elemental powders
followed by annealing at 700°C. According to the TEM investigation such a technique permits to produce a
single-phase nanostructural quasicrystal with grain size about 60 nm. Differential thermal analysis revealed that
the decagonal phase does not exist above 923 °C and undergoes incongruent two-stage melting coming to the end

at 1100°C.
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1. Introduction

Owing to their very unusual electronic and transport
features and promising mechanical properties such as
hardness, adhesion and friction, quasicrystals have a very
good perspective in various applications as protective
coatings or fillers of composite materials. Since nano-
structural materials are known to have improved mechan-
ical properties, nanocrystalline quasicrystals give us an
additional opportunity to produce materials with useful
characteristics.

Nanoquasicrystalline phases could be fabricated by
various methods. Thus the melt spinning was used to ob-
tain a composite material in Al-Fe-Cr—Z alloys (Z = Ti,
V, Nb, Ta) with rounded nanoquasicrystalline particles
(80 + 250 nm) embedded into Al-matrix [1]. The similar
composite material with quasicrystalline and intermetal-
lic nanoparticles (200 + 1000 nm) can be produced by
gas atomization [2]. The mechanical alloying is known
to be a non-expensive method to attain nanostructural
state and followed by annealing it can be used to syn-
thesize complex intermetallic compounds including qua-
sicrystals. For example, nanostructural icosahedral qua-
sicrystal was produced in Al7oCusgFeq as a result of me-
chanical alloying of elemental blend followed by annealing
at 600 °C for 4 h [3]. In our previous works a similar pro-
cedure was applied to obtain decagonal quasicrystals in
Al-Cu—Cr system [4, 5].

It is worth noting that up to now there is no com-
plete phase diagram of the Al-Cu—Cr system and it is
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not yet clear how many various quasicrystalline phases
can be created in the system depending on the produc-
ing methods. Shortly, at least two different decagonal
quasicrystals with dissimilar periodicities along tenfold
direction were found in Al-Cu-Cr system. In [6] Dj
and Dg phases (in terms [7]) with translation length of
1.24 and 1.24 x 3 = 3.72 nm respectively were found
by transmission electron microscopy (TEM) in rapidly
solidified Alg7Cu15Cras. Decagonal Dg-Al75Cui2Crig
phase was found in as-cast alloys Al;gCuyoCryg [8] and
AlnCulgCrn [9] coexisting with A117CI‘9 and CuAlg
phases while long-term annealing revealed that Dg phase
is stable in extremely narrow temperature range around
1000°C [10]. And at least two different decagonal qua-
sicrystals — D3—A171_4CU194201‘9_4 and d—phase with un-
known periodicity Al;3Cu;;Crig — were obtained by
mechanical alloying (MA) and subsequent annealing
in [4, 5].

The main goal of this work is to characterize quasicrys-
talline phase in Al-Cu—Cr system obtained earlier by
combination of mechanical alloying and annealing [4].

2. Materials and methods

The mixture of elemental powders (purity 98.0%, pow-
der size = 250 pm), Cu (99.5%, ~ 30 + 50 pm) and
Cr (98.5%, ~ 30 + 50 pm) with nominal composition
of Al;3Cu;1Crig was mechanically alloyed in Ar atmo-
sphere using the AGO-2M planetary ball mill at 620 rpm
for 14 hours. The powder-to-ball ratio was 1:10, 200 g of
balls were charged in a vial with filling ratio 35 + 40%.
The 0.2 ml of ethanol served as a process control agent
preventing powder adhesion on work surfaces.

As-milled powder was annealed for 1 h at the 700 °C in
a pipe furnace under Ar atmosphere and then air-cooled.
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Differential scanning calorimetry (DSC) were carried out
using simultaneous thermal analyzer NETZSCH STA 449
F3 Jupiter with heating and cooling rates 10 K/min.

Phase composition was determined by X-ray diffrac-
tion (XRD) analysis by means of CoK, radiation.
Chemical composition of annealed powder was measured
by both the inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) and energy-dispersive spec-
troscopy (EDS).

The powder microstructure was examined using scan-
ning electron microscope JEOL JSM6610LV with energy-
dispersive spectroscopy (EDS) equipment. The qua-
sicrystalline phase was characterized by transmission
electron microscopy (TEM) using the JEM-200CX mi-
croscope.

3. Results and discussion

The combination of mechanical alloying with milling
time 14 h and subsequent annealing at 700°C for 1 h
was used to synthesize a ternary intermetallic compound
Al;3Cu;11Crig from an elemental blend. The annealing
mode was selected based on previous experiments [4].
Fig. 1 shows microstructures of as-milled (a) and as-
annealed (b) samples. Figure la demonstrates clearly
visible white submicron Cr-particles amidst a gray “ma-
trix” which, judging by EDS analysis, contains all closely
intermixed alloy constituents. The relatively slow disso-
lution of Cr is due to its higher hardness compared to
other plastic alloy components. XRD analysis (Fig. 2a)
shows that as-milled sample contains three crystalline
phases — Al, Cr and CuAl; intermetallic.

As follows from Fig. 1b, the as-annealed sample
consists of only one phase. Since the corresponding
XRD pattern (Fig. 2b) resembles the one obtained from
decagonal quasicrystal with a periodicity along 10-fold
axis 1.26 nm [5] we can assume that the as-annealed sam-
ple contains a similar quasicrystalline phase (d-phase).

Several methods were used to characterize the single-
phase as-annealed sample. TEM was applied to measure
the grain size and periodicity along 10-fold axis. Figure
3a shows bright-field image of the nanostructural pow-
der with average grain size about 60 nm. Two electron
diffraction patterns (Fig. 3b,c) clearly indicate that the
as-annealed sample of Al;3Cu;;Crig alloy is a decagonal
quasicrystal. Figure 3b predominantly measured from a
single grain shows 10-fold symmetry whereas the other
diffraction pattern (Fig. 3c) is a typical one along 2-
fold axis (2D). The periodicity along 10-fold axis mea-
sured from Fig. 3c and refined by indexing the corre-
sponding XRD pattern (Fig. 2b) is 1.264 nm. But it
should be noted that electron diffraction pattern of Dg-
quasicrystal differs from D3 phase only by additional rows
of weak spots between strong reflections rows [8]. Since
the diffraction pattern (Fig. 3c) contains redundant re-
flections coming from adjacent grains, it is difficult, if not
impossible, to distinguish in our case these two decagonal
quasicrystals.
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Fig. 1. Microstructure of as-milled (a) and as-annealed
(b) samples. The white periphery of the particle is tin,
which served as a binder during the sample preparation.

The composition of as-annealed quasicrystalline
phase was found to be A171.5CU11,5CY16,5F80,5
(EDS). As-milled powder had quite similar compo-
sition: A172_7CU11.1CI‘157F€0.5 (by ICP-AES) and
Al722Cuy1.1Crig.2Feg 5 (by EDS). The Fe-doping is due
to wear of milling tools.

Figure 4 shows three DSC curves of the Al;3Cu;;Crig
alloy. First two curves (Fig. 4a,b) are taken on the first
and second heating of as-milled powder, respectively, the
last one (Fig. 4c) is obtained on heating of as-annealed
powder (700°C, 1 h). It should be noted that the first
heating gives rise to complete melting of the sample. Fig-
ure 2c demonstrates an XRD pattern of as-milled powder
after the second heating in calorimeter, which slightly dif-
fers from as-annealed sample.

As it was determined earlier [4], the first heating of as-
milled powder (Fig. 4a) results in the two-stage formation
of the d-phase. First step of the transformation takes
place in the temperature range of 250+450 °C and mainly
relates to CuAly phase formation with minor dissolution
of Cr. The second stage occurs at 520+ 640 °C where Cr-
dissolution becomes appreciable and the single product
of this process is a decagonal quasicrystal.

Since the exothermic effect at 795°C appears only in
samples that were not melted (Fig. 4a and c), this effect
is likely the release of excess energy of grain boundaries
in nanocrystalline as-milled and as-annealed samples in-
duced by grains growth. The volume fraction of high-
angle grain boundaries can be estimated as 3d/D, where
d ~ 1 nm is a grain boundary thickness and D is a grain
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Fig. 2. XRD patterns of as-milled (a) and as-

annealed (b) samples and as-annealed powder on re-
peated heating in calorimeter up to 1250 °C (c).

Fig. 3.

Bright-field image (a) and diffraction patterns
along 10-fold (b) and 2-fold axes obtained by TEM from
the as-annealed sample of Al73Cu11Crig alloy (c).

size. Assuming that atomic structure inside grain bound-
ary is close to that in the melt, i.e. its excess entropy is R
and excess energy is RT (R is gas constant, T is a trans-
formation temperature), the energy of grain boundaries
can be evaluated as

U= RT3d/D. (1)
Using the experimentally measured by TEM grain size
D = 60 nm, this estimation gives U =~ 450 J/mol (for
non-eqiulateral grains it would be greater), whereas ex-
perimentally measured effect is about 750 J/mol.
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Fig. 4. DSC curves on first (a) and second (b) heat-
ing of as-milled sample and (c) heating of as-annealed
powder.

All other transformations above 650°C relates to the
incongruent melting of the d-phase coming to the end
at 1100°C. The major endothermic effect at 923 °C cor-
responds to the first step of melting which, judging by
the isothermal cross sections of Al-Cu—Cr phase dia-
gram [10], should occur through several stages:

d—phase > L+ (¢ — L+ vy — AlgCry — L, (2)
where L is a liquid phase and ( is a ternary hexa-
gonal phase with a wide homogeneity region about
Al720111301“15 [10]

The curve in Fig. 4b predictably lacks for exothermic
peaks corresponding to d-phase formation but demon-
strates three weak endothermic effects below 700°C. All
of them are very close to non-variant temperatures in
Al-Cu or Al-Cr systems. It means that cooling rate in
calorimeter is not slow enough to reach equilibrium con-
dition since the termination of a peritectic reaction needs
retarding this process solid-state diffusion. As a result
the corresponding XRD pattern (Fig. 2c) besides the d-
phase reflections contains the several weak peaks of CuAl
and CuAl, phases as well as a-Al;O3 phase.

4. Conclusion

Long-term mechanical alloying of elemental powders
with subsequent annealing at 700 °C for 1 hour was used
to produce a single-phase nanostructural decagonal qua-
sicrystal in Aly;3Cu;1Crig alloy. The as-annealed qua-
sicrystalline sample was characterized by X-ray diffrac-
tion analysis, scanning and transmission electron mi-
croscopy and thermal analysis. Its exact chemical com-
pOSitiOH was found to be A171.5CU11_5CI‘16_5F60_5 and it
is stable up to 923°C. Above this temperature decago-
nal quasicrystal undergoes incongruent two-stage melting
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coming to the end at 1100°C. As follows from trans-
mission electron microscopy, the quasicrystal periodicity
along 10-fold axis most likely is 1.26 nm.
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