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Observation of the Undercoolability of Quasicrystal-Forming Alloys by Electromagnetic Levitation
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The electromagnetic levitation technique is applied to undercool melts of quasicrystal-forming alloys
of Al-Cu-Co and Al-Cu-Fe. Undercooling with respect to the solidification of the decagonal phase
(quasiperiodic in two dimensions) and the icosahedral phase (quasiperiodic in three dimensions) is mea-
sured in situ by contactless temperature measurements. The undercoolings are analyzed within nu-
cleation theory. The results indicate that the activation energy for the formation of the nuclei of quasi-
crystalline phases is lower than that of crystalline phases. The decrease of activation energy is more pro-
nounced for the icosahedral phase than for the decagonal phase.

PACS numbers: 64.70.Dv, 61.25.Mv, 61.44.+p, 81.30.Fb

Following the pioneering work by Turnbull [1], it is
now well established that metallic melts can be substan-
tially undercooled below the solid melting temperature.
A relative undercooling of AT/T; (T| is the melting or
liquidus temperature) on the order of 20% has been found
for a series of different metallic elements. Frank [2]
pointed out that such high undercoolings may be caused
by an icosahedral short range order (ISRO) in the under-
cooled liquid. A characteristic feature of ISRO is fivefold
rotational symmetry which is incompatible with the
translational symmetry of normal crystalline phases.
This may give rise to an additional barrier for the nu-
cleation of crystalline phases, since the ISRO must be
broken before solidification of crystalline phases can
occur. Computer simulation experiments on simple
Lennard-Jones liquids confirmed that ISRO should be
energetically favored in the undercooled melt [3]. Fur-
ther evidence for this assumption comes from the
identification of magic numbers in the mass spectra of
free atomic cluster beams with numbers of atoms of
13,55,147,... corresponding to icosahedral aggregates
[4]. However, the dense packing of atoms in icosahedral-
ly ordered atomic aggregates also implies the phenome-
non of space frustration, which progressively increases
with increasing cluster size and consumes the energy gain
by the icosahedral packing at a critical cluster size.
High-resolution electron microscopy studies on Au clus-
ters show phase fluctuations between icosahedral and fcc
ordering at cluster sizes of about 600 atoms [5]. This
may indicate that at such a cluster size the effect of ener-
gy gain due to icosahedral ordering is compensated by the
energy loss due to the effect of space frustration.

According to classical nucleation theory, one expects
cluster sizes for the formation of critical nuclei in liquids
on the order of a few hundred atoms [6]. Therefore, the
question arises whether ISRO in undercooled melts may
favor large undercoolings or not. This question attracted
renewed attention after the discovery of the new class of
quasicrystalline materials [7). The short range order in
quasicrystalline phases is quite similar to that of an
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icosahedron. From this point of view one expects that the
nucleation of quasicrystalline phases may be favored by
an ISRO in the undercooled melt, leading to a reduction
of the relative undercooling. So far, only indirect investi-
gations of undercooling and nucleation of quasicrystalline
phases in Al-Mn alloys have been reported [8].

In the present work we report on the first direct mea-
surements of the undercooling of the decagonal (D)
phase in AlgsCuysCoyo and the icosahedral (I) phase in
AlgoCu3zsFeq alloys. These alloys were selected since they
form quasicrystalline phases even at moderate cooling
rates [9]. The alloy compositions were chosen after de-
tailed preinvestigations had shown that primary solidi-
fication of quasicrystalline phases is ensured [10]. This is
essential for the interpretation of the undercooling re-
sults. The samples were prepared by inductively premelt-
ing the constituents, all of purity better than 99.999%, in
a water-cooled Cu crucible under an Ar gas atmosphere.
Undercooling conditions were established by the elec-
tromagnetic levitation technique which allows container-
less processing of samples of about 7 mm in diameter in
an He-10% H;, gas environment. Direct measurements of
temperature-time profiles during heating, cooling, under-
cooling, and solidification of the levitated drop were per-
formed by a pyrometer (accuracy =+ 10 K, sampling rate
of 100 Hz). Further details of the levitation chamber are
given elsewhere [10]. The as-solidified samples were ex-
amined by scanning (SEM) and transmission (TEM)
electron microscopy. In addition, differential-thermal
analysis (DTA) was used to determine the liquidus and
transformation temperatures of the alloys.

The application of the electromagnetic levitation tech-
nique guarantees the avoidance of container-wall induced
heterogeneous nucleation. As a consequence, undercool-
ings can be achieved on the order of AT/T; = 0.20 for
bulk samples of pure metals which are otherwise only ob-
tainable by the droplet dispersion technique on small par-
ticles [11]. All the samples were undercooled several
times. The reproducibility of the undercooling results is
better than + 10 K. Figure 1 shows a temperature-time
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FIG. 1. Temperature-time profile as obtained from a bulk AlesCuz5Coio melt solidified in the containerless state. The inset on the
right-hand side shows a TEM diffraction pattern of the as-solidified sample. The inset on the left-hand side gives a DTA trace.

profile obtained for AlgsCuysCojo. Here, the sample is
undercooled to AT =205 K with respect to the melting
temperature of the quasicrystalline phase. This corre-
sponds to a relative undercooling of AT/T; =0.16. The
release of the heat of transformation leads to a tempera-
ture rise during recalescence. The recalescence time 7
amounts to 0.5 s. Taking into account the measuring
area of the pyrometer (diameter d=0.34 cm), the
solidification velocity can be estimated from V=d/zt to
be ¥'=0.7 cm/s. This is much less than measured for
pure metals and simple alloys [12]. The inset on the
left-hand side gives a DTA trace during cooling for the
same alloy, from which the liquidus temperature of the
quasicrystalline D phase is inferred. The inset on the
right-hand side shows a TEM pattern of the as-solidified
sample giving evidence that the quasicrystalline D phase
solidified.

Figure 2 represents an equivalent temperature-time
profile obtained for AlgoCuisFee. In comparison to the
AlgsCuysCoyo alloy, the undercooling is smaller and
amounts to AT=110 K or AT/T; =0.10 with respect to
the melting temperature of the quasicrystalline 7 phase.
The recalescence time is ¢ =0.7 s, indicating a smaller
solidification velocity of the I phase of ¥ = 0.5 cm/s. The
TEM pattern (inset on the right-hand side) reveals
solidification of the I phase. The DTA trace (inset on the
left-hand side) provides the liquidus temperature of the /
phase. All data inferred from Figs. 1 and 2 are collected
in Table I.

For further analysis it is important to identify the pri-
mary phase formed after undercooling. Figure 3 shows

the microstructure (obtained by SEM) of the as-solidified
sample of AlgoCussFeg [13]. Primary solidification of the
icosahedral phase (1) is indicated by the formation of
dendrites (note that the formation of dendrites always
needs undercooling [12]), which is followed by the forma-
tion of a phase of Cs-Cl type structure (2), intermetallic
Al,Cu (3), and AICu (4). It is noteworthy that due to
the large undercoolings the crystallization of the A phase
(Al;3Fey4) is circumvented, which otherwise crystallizes at
small undercoolings. Equivalent investigations on the
Al-Cu-Co alloy show a similar microstructure evolution,
however, with the D phase primary solidified.

For the interpretation of the experimental results we
refer to classical nucleation theory [6]. The steady-state
homogeneous nucleation rate I is given by

I=lkgTNL/3n(T)agdlexp(—AG*/ksgT),
with
AG* =167103/3AG?.

1)

ao is an interatomic spacing and n(T) is the viscosity of
the undercooled melt. N; denotes Avogadro’s number
and kg is Boltzmann’s constant. AG* is the activation
threshold for the formation of a critical nucleus with o
being the interfacial energy of the solid-liquid interface
and AG the difference of the Gibb’s free energy between
solid and liquid. The temperature dependence of the
viscosity of quasicrystal-forming alloy melts can be ap-
proximated by a Vogel-Fulscher ansatz [14],

n(T) =noexpla/(T—Ty)]. )
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FIG. 2. Temperature-time profile as obtained from a bulk AlsoCuisFes melt solidified in the containerless state. The inset on the
right-hand side shows a TEM diffraction pattern of the as-solidified sample. The inset on the left-hand side gives a DTA trace.

For an estimate we assume that the value of parameter A o =aAS;T/(NLVE)'S, (4)
is the same as for Al-Mn [8]. The prefactor 7o is calcu- ) . .
lated such that n(T;) =1 P, as is typical of quasicrystal- where a is a factor depending on the structure of the sol1§
forming alloys. T corresponds to the ideal glass transi- nucleus (a=0.86 for fec and a=0.71 for bc%),land Vin 15
tion temperature. We use To=0.57 for a first approxi- the molar volume. The nc.:gentr(?plc mode!  assumes
mation. The Gibbs free energy difference is calculated tetrahedral short range order in the interface Whl.Ch has a
according to an expression shown to be a good approxi- similarity with the short range order of quasicrystals.
mation for Al-Mn alloys [8] Taking into account Eq. (1) and using the values for the
’ different parameters as listed in Table I, the experimen-
T tally determined values of the maximum undercooling are
AG=AS;AT —yASy |AT —TlIn|—= 11, &) analyzed with a being the only fit parameter. a reflects

with y=[In(T/To)]1 ~! a proportional constant and AS;
the entropy of fusion [15]. To estimate the interfacial en-

ergy o, we refer to the negentropic model developed by ] ; “;,;'4}‘”
4 4 ‘ Q"

Spaepen [16] and Thompson [17],

TABLE 1. Characteristic thermodynamic data used for the
calculations of the nucleation behavior of the undercooled melt
into quasicrystalline decagonal (AlssCu2sCo10) and icosahedral
(AlgoCussFes) phases, respectively.

Parameter Units  AlesCuzsCoio AleoCussFes
Meltin.g tempe.ratures of 1259 1098
quasicrystalline phases
3 1 8.3x10°¢ 8.3x10°¢
Er]:/t[:)ol:r :)(;l?lzﬁm JI/TEK/[;(;D 8.45 8.42 FIG. 3. Microstructure of the as-solidified sample of
yA K 2i06 2i06 AlgoCuisFes. The following phases are identified: the I phase
o P 0.0352 0.0216 (1) of composition Ales.sCuzeFers, primary solidified, a phase
Mass density g/cm? '4 6 '4 6 of Cs-Cl type structure (2) of composition Als7.sCuse3Fe.2, in-

termetallic Al,Cu (3), and AlCu (4).
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the most important influence of the structure of the solid
nucleus on nucleation behavior and is determined quanti-
tatively on the basis of the measured undercoolings for
the D and I phases, respectively. For the further analysis
it is assumed that at least one nucleation event is neces-
sary to initiate solidification of the undercooled melt so
that IVt=1. V denotes the volume of the sample and ¢
gives the experiment time ¢t =(7T, — T,)/(dT/dt) with T,
the nucleation temperature and d7/dt the cooling rate.
Both quantities are inferred from the corresponding
temperature-time profiles. This analysis leads to the con-
clusion that @ =0.47 for the D phase and a =0.32 for the
I phase.

Our analysis is based upon the assumption of homo-
geneous nucleation and suggests a low interfacial energy
between quasicrystalline nucleus and undercooled melt.
This is in agreement with results of the investigation of
the kinetics of icosahedral phase formation upon heat
treatment of rapidly quenched Al-Mn [18]. In addition,
atomization experiments on Al-Mn revealed an extremely
high density of quasicrystalline particles, on the order of
10'® c¢m 73, which has been interpreted as an indication
for homogeneous nucleation [19]. On the basis of these
and additional experiments in a drop tube temperature-
time-transformation (TTT) diagrams were calculated an-
ticipating homogeneous nucleation [8]. For the cooling
rates occurring in the present experiments undercoolings
are predicted by these diagrams which are comparable to
those measured. All these observations confirm that the
assumption of homogeneous nucleation is justified. If,
nevertheless, heterogeneous nucleation is tentatively as-
sumed this would have the following consequences: Anti-
cipating the same catalytic potency f(8) for all phases
our main conclusions remain unchanged, i.e., that the in-
terfacial energy of the quasicrystalline phases is lower
than that of crystalline phases and that it decreases when
going from a decagonal to icosahedral structure. On the
other hand, if the observed change of AG™ is exclusively
attributed to a change in f(8) an anomalous variation
has to be postulated, i.e., by a factor of 3 between the two
quasicrystalline phases and even higher values between
the icosahedral and crystalline phases.

In summary, the electromagnetic levitation processing
of quasicrystal-forming alloys of AlgsCuzsCoip and
AlgoCuisFeg¢ was applied to measure undercoolings of
quasicrystal decagonal and icosahedral phases. The
analysis of the results within the classical nucleation
theory leads to the conclusion that the activation thresh-
old AG* for the nucleation of quasicrystalline phases is
smaller than that for crystalline phases. Further direct

support for this finding comes from the observation that
primary crystallization of competing crystalline phases
(of even higher melting temperatures than those of the
quasicrystalline phases) can be circumvented. This result
is explained by an ISRO in the undercooled melt and is in
agreement with an analysis of short range order in under-
cooled liquids [20].

Financial support for the present work by the Deutsche
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gratefully acknowledged.
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FIG. |. Temperature-time profile as obtained from a bulk AlssCuzsCoio melt solidified in the containerless state. The inset on the
right-hand side shows a TEM diffraction pattern of the as-solidified sample. The inset on the left-hand side gives a DTA trace.
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FIG. 2. Temperature-time profile as obtained from a bulk AlgCuisFes melt solidified in the containerless state. The inset on the
right-hand side shows a TEM diffraction pattern of the as-solidified sample. The inset on the left-hand side gives a DTA trace.



FIG. 3. Microstructure of the as-solidified sample of
AlgoCuisFes. The following phases are identified: the I phase
(1) of composition Ales4Cuz26Fers, primary solidified, a phase
of Cs-Cl type structure (2) of composition AlsysCuse3Fes, in-
termetallic Al2Cu (3), and AlCu (4).



