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The perspective of melt spinning–rapid quenching of a melt to produce
nanocrystalline intermetallic clathrates is discussed, using main-group and
transition-metal clathrates as examples. While melt spinning was originally
developed for production of amorphous materials, our first experiments on
melt spinning of clathrates revealed a surprisingly large grain growth rate,
resulting in grain sizes of at least 1 lm. However, using the ‘‘confusion effect,’’
i.e., complicating the chemical composition of the material by increasing the
number of constituent elements, we have succeeded in reducing the grain size
to 200 nm. We present our scanning electron microscopy, transmission elec-
tron microscopy, and transport property investigations and discuss the effect
of composition on grain size, as well as thermodynamic and kinetic aspects of
clathrate crystallization.
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INTRODUCTION

One of the most promising strategies to enhance
the efficiency of thermoelectric materials is to use
the numerous interfaces in nanocrystalline materi-
als to scatter phonons more efficiently than elec-
trons. A number of nanostructuring approaches
have been proposed. Recently the melt-spinning
technique was used to prepare Bi2Te3 with nano-
layered microstructure with layer thickness of
10 nm to 40 nm.1

Melt spinning comprises injecting a metal melt
onto the surface of a rapidly rotating copper wheel,
which results in very high cooling rates of the order
105 K/s to 106 K/s. This process was originally
developed for preparation of amorphous materials
and has been the main technique for metallic glass
production. Metal alloys with low glass-forming
ability (GFA) usually form nanometer-size poly-
crystalline materials. The advantage of the tech-
nique for preparation of nanocrystalline materials is
its simplicity and short process duration resulting
in a lower probability of oxidation. However, our

first experiments on melt spinning of clathrates
yielded samples with grain sizes of at least 1 lm.2–5

The formation of foreign phases appeared to be
kinetically suppressed. This points to a very high
crystallite growth rate of the clathrate phase. On
the one hand this is a great advantage for producing
bulk clathrates, since the long-term annealing typ-
ically needed to remove foreign phases can be
omitted. On the other hand this restricts the appli-
cability of melt spinning for production of nano-
structured clathrates.

The ability of a material to be quenched in
nanocrystalline form is determined by the relation-
ship between the crystal nucleation rate and the
bulk crystal growth rate. Upon cooling, nucleation is
delayed relative to the melting point Tm while bulk
crystal growth begins immediately below Tm. The
crystal growth rate increases at first with superco-
oling but then falls because of slowdown of diffusion.
If nucleation starts when the crystal growth rate is
still high, a small number of nuclei grow rapidly and
large-grain material is formed. If, on the other
hand, nucleation is delayed until the melt has
cooled down to very low crystal growth rates, a glass
phase is formed. The formation of nanocrystalline
materials corresponds to an intermediate case.
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