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1. Introduction

Reducing the consumption of fossil fuel and the emis-
sion of carbon dioxide (CO2) is essential for realizing a 
sustainable society. Generation of electricity using thermo-
electric generators that can convert waste heat (thermal 
energy) into electric power (electrical energy) has attracted 
considerable attention as one of the key technologies that 
can enhance the efficiency of energy use.

Since the thermoelectric conversion efficiency of a 
thermoelectric generator depends on its dimensionless 
figure of merit (ZT),*1 a large magnitude of ZT is highly 
required for effective electricity generation. While ZT ≥ 4 
is required to enhance the fuel efficiency of automobiles by 
recovering exhaust heat in the form of electric power, the 
ZT of practically used thermoelectric materials is reported 
to be limited to 1-2.(1) A small magnitude of ZT prevents 
the practical use of presently available thermoelectric 
materials. Expensive and/or toxic constituent elements, 
such as Pb, Te, Sb, and Se,(2)-(4) are another obstacle for 
their use in consumer products. Therefore, it is necessary to 
develop an environment-friendly, low-cost thermoelectric 
material having a high ZT.

It is well known that ZT is defined by the following 
equation as a function of the Seebeck coefficient S,*2 elec-
trical conductivity σ, and thermal conductivity k.

ZT = SσT/κ  ............................................................  (1)

Generally, k is determined by electrons and lattice 
vibrations and, therefore, divided into two contributions as 
in k = kele + klat, where kele and klat represent the electron 
thermal conductivity and lattice thermal conductivity, 
respectively.(5)

Among the physical properties to be controlled, it has 
already been found that the Seebeck coefficient, electrical 
conductivity, and electron thermal conductivity depend on 
the energy- and momentum-distribution of electrons (here-
after abbreviated as electronic structure) near the Fermi 
level.(6),(7) This means that the development of techniques 

for arranging the electronic structure near the Fermi level 
leads to an effective improvement in the performance of 
thermoelectric materials.

The use of quantum wells, quantum wires, quantum dots 
(nanoparticles), or other nanostructures*3 has been suggested 
as a method for controlling electronic structure.(8)-(11) Notably, 
however, no paper has reported a significant increase in ZT 
due to a quantum effect.*4 (11)-(17) A possible reason is that, 
due to its large particle size, a nanostructure cannot create 
the suitable electronic states. The size of conventional 
nanoparticles is 5 nm or more,(13),(18),(19) while the target 
particle size necessary for creating a quantum effect is 3 
nm or less.(8)-(10),(14) We emphasize here that the most impor-
tant issue is how to make a nanostructure. 

Recently, Makino et al. and Okamoto et al. developed 
techniques for precipitating nanoparticles in amorphous 
materials.(18)-(20) Notably, Makino et al. succeeded in devel-
oping a soft magnetic amorphous bulk material containing 
nanocrystalline particles called NANOMET.(20) They 
obtained an amorphous ribbon using a liquid quenching 
technique that is shown schematically in Fig. 1. In this 
technique, molten alloy is injected into a copper wheel 
rotating to be rapidly quenched.
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Fig. 1.  Schematic illustration of the liquid quenching technique
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This paper describes the results of a basic study that 
we completed toward the development of an amorphous 
bulk material containing nanocrystalline particles. As has 
already been described, the objective of this study was to 
create nanocrystalline particles precipitated in amorphous 
materials. The first step was developing a method for 
synthesizing an amorphous bulk material. In particular, we 
created an amorphous ribbon using a liquid quenching 
technique and applied high pressure to the ribbon in order 
to form a bulk. The key point of the liquid quenching tech-
nique was employing a composition where the material 
melting point becomes relatively low. This condition 
allows us to keep the liquid phase at low temperatures. If 
such a low-melting-point alloy is composed of many 
elements, an amorphous phase can be more easily obtained 
partly because the complex mixture of elements prevents 
atoms from diffusing toward the most stable site(20) and the 
enhanced entropy helps stabilize the amorphous phase. On 
the basis of the considerations described above, we 
succeeded in developing an amorphous bulk from an 
Al-Mn-Si alloy,(21)-(30) which is a low-cost, low-toxic multi-
element thermoelectric material.(31),(32) 

2. Experimental Results

(1) Sample preparation method
A mother ingot was prepared by melting 99.95% pure 

Al, Mn, and Si in an induction heating furnace. The mother 
ingot was re-melted and quenched into a ribbon under an 
inert gas atmosphere by using the liquid quenching tech-
nique (Fig. 1). The obtained ribbon was approximately 
2 mm in width, 100 mm in length, and 0.02 mm in thick-
ness. Subsequently, the ribbon was crushed into powder 
and subjected to a high pressure of approximately 3 GPa at 
room temperature to form a bulk. The crystallinity of the 
specimen was evaluated by X-ray diffraction measurement 
and transmission electron microscopy. The Seebeck coeffi-
cient and electrical conductivity of the specimen were 
measured to evaluate the thermoelectric performance.
(2) Result and discussion

We first prepared samples composed solely of C40 
phase (Al27.5Mn33.0Si39.5), C54 phase (Al33.0Mn33.5Si33.5), and 
HMS phase (Mn36.4Si63.6), which are typical Al-Mn-Si crys-
talline phases known as thermoelectric materials.(30)

Powder x-ray diffraction (XRD) patterns proved that 
it is very difficult to stabilize the properties of an amor-
phous phase in these compositions of single phases. 
Subsequently, we prepared a specimen consisting of two or 
more phases to realize the low melting point, preventing 
the long-range diffusion of atoms in the quenching process. 
However, as shown in the upper panel of Fig. 2, the 
samples consisted of several crystalline phases in place of 
amorphous phases. The melting temperature of the samples 
was rather high at around 1100°C (determined by a radia-
tion thermometer), and we speculated that this high melting 
point prevented us from obtaining amorphous phases. 

We prepared, at the next step, low-melting-point 
samples using the ternary phase diagram.(33) We selected 
Al29.0Mn29.9Si41.1 and Al34.4Mn21.2Si44.4 for the sample compo-
sitions that have melting point of 1000°C and 900°C, 

respectively, and prepared the ingots. The XRD patterns of 
samples are shown on the middle and lower panels of 
Fig. 2. A halo pattern was observed for the sample prepared 
at Al29.0Mn29.9Si41.1 together with tiny sharp peaks of crys-
talline phases. This fact proved that the principal phases of 
this specimen were amorphous. In sharp contrast to the 
sample prepared at Al29.0Mn29.9Si41.1, no XRD peak was 
detected for the sample at Al34.4Mn21.2Si44.4, possessing 
lower melting temperature. We strongly emphasize here 
that the formation of amorphous phases in the Al-Mn-Si 
alloy system has not been reported yet, and this is the first 
success in preparing a pure amorphous phase.

Before making an amorphous bulk, we clarified its 
crystallization temperature with a differential thermal 
analyzer. The result is shown in Fig. 3. An exothermal reac-
tion was observed at a temperature near 450°C for the 
amorphous Al34.4Mn21.2Si44.4 alloy. This fact indicates that, 
as long as it is kept at a temperature below 400°C, the 
amorphous phase would remain in the sample even in the 
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Fig. 2.  X-ray diffraction signals of Al-Mn-Si alloy specimens created by 
 liquid quenching technique (ribbon)
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Fig. 3.  Result of crystallization temperature measured by 
 differential thermal analysis
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bulk shape. We should also stress here that high crystalline 
temperature allows us to control the precipitation of crystal 
phases using heat treatment to make an appropriate struc-
ture for the quantum effects on electron transport proper-
ties. 

After grinding the ribbon sample into powder, we 
sintered the powder into bulk by applying a high pressure 
of approximately 3 GPa at room temperature, which was 
much lower than its crystallization temperature of 400°C. A 
photo of the sintered sample is shown in Fig. 4 as an inset. 
The obtained specimen was a bulk with a cylindrical shape 
of 7.9 mm in diameter and 0.5 mm in thickness. The XRD 
patterns of the sample before and after the high-pressure 
process are shown in Fig. 4. No sharp peak, which indi-
cates the precipitation of crystal phases, was detected in the 
XRD pattern even after the high-pressure process, veri-
fying that the amorphous phase persisted in the sample 
without any precipitation of crystalline phases. We empha-
size here that a bulk Al-Mn-Si amorphous material was 
successfully prepared to be used for thermoelectric applica-
tions.

The Seebeck coefficient and electrical conductivity of 
the bulk amorphous Al-Mn-Si were measured at room 
temperature shown in Fig. 5. The bulk amorphous Al-Mn-Si 
were characterized by the possession of a small Seebeck 
coefficient of 20 μV/K and a large electrical conductivity of 
5 × 104 S/m. It is noteworthy that the Seebeck coefficient 
was kept small at one-fifth of the value observed for crystal-
line Al-Mn-Si thermoelectric materials.(21),(34),(35) The small 
magnitude of the Seebeck coefficient coupled with the 
large electrical conductivity would be attributed to a rather 
large density of states at the Fermi level. We expect that, in 
the future, the properties of amorphous Al-Mn-Si alloys 
can be improved by controlling the electronic structure 
using the nanocrystalline particles. 

Although the thermoelectric performance of the 
prepared samples was insufficient in quality, achieving an 
amorphous bulk free from crystalline phases is of great 
importance because it has the potential to be a precursor of 
a nanostructured thermoelectric material. We will continue 

to investigate the best process for making nanostructured 
thermoelectric materials under various heat treatment 
conditions in order to develop a high-performance nano-
structured thermoelectric material.

3. Conclusion

In this study, we developed an Al-Mn-Si amorphous 
thermoelectric bulk as a precursor of a nanostructured ther-
moelectric material using liquid-quenching technique with 
high pressure subsequently applied at room temperature. 
The amorphous ribbon was obtained by controlling the 
composition with consideration of the melting point. The 
finally determined composition was Al34.4Mn21.2Si44.4 and its 
melting point was 900°C. Then, a high pressure of approxi-
mately 3 GPa was applied to the ribbon to make it into a 
bulk without having any precipitation of crystalline phases. 
The amorphous bulk material created in this process should 
be used as a precursor of a nanostructured thermoelectric 
material that would possess high thermoelectric perfor-
mance.
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Fig. 4.  XRD signals of amorphous Al-Mn-Si material before and after 
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Fig. 5.  Thermoelectric properties of amorphous Al-Mn-Si alloy
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Technical Terms
＊1  Dimensionless figure of merit, ZT: A dimensionless 

quantity used to represent the thermoelectric 
conversion performance (efficiency) of a material. 
Thermoelectric conversion efficiency ζ is given by 
the following equation:

  where Th and Tl are the higher and lower temperatures, 
respectively, and T is (Th + Tl)/2. This equation shows 
that thermoelectric efficiency ζ increases monotonically 
as ZT increases. This means that increasing ZT is 
essential to the development of a thermoelectric 
material. 

＊1  Seebeck coefficient: An intrinsic physical quantity of 
a material, which represents its voltage generation 
capability under a temperature difference. Assume 
that a temperature difference of ΔT generates a 
voltage of ΔV between the hot and cool points of the 
material. Then its Seebeck coefficient is calculated 
from - ΔV/ΔT.

＊3  Nanostructure: A structure composed of crystals of a 
few nanometers in size. When an electronic energy 
difference is given between the crystalline structure 
and the material surrounding the structure, electrons 
are confined in the structure. This phenomenon is 
considered to be useful for developing a quantum 
effect.

＊4  Quantum effect: When electrons (or positive holes) 
are confined in a local space (several nanometers in 
size) in a material, their wave property becomes 
tangible and causes a dramatic change in the value of 
energy that can accommodate electrons. As a result, 
the state density or the number of electrons that can 
exist in each unit of energy changes dramatically. 
Changing the state density is a promising means of 
improving the thermoelectric properties of materials.
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