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Al65Cu20Fe15 bulk is synthesized with the high-pressure synthesis (HPS) method. Various analytical techniques,
such as single crystal x-ray diffraction (SXRD), scanning electron microscopy equipped with energy-dispersive x-ray spec-
troscopy, and transmission electron microscopy, are employed to characterize the sintered bulk and confirmed its quasicrys-
talline structure. The electrical resistivity of the HPS quasicrystal specimen is measured from 2 K to 300 K, revealing a
significantly elevated value in comparison to samples prepared via alternative methods. Nanoindentation testing demon-
strates exceptional hardness and elastic modulus of our Al65Cu20Fe15 quasicrystal, consistent with existing results. The
ratio of hardness to elastic modulus further highlight the potential superior wear resistance of the Al65Cu20Fe15 quasicrys-
tal. Differential scanning calorimetry measurement conducted on the HPS Al65Cu20Fe15 quasicrystals reveal a high melting
point of 877 ◦C.
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1. Introduction
Quasicrystals represent a unique class of materials that

bridge the gap between crystalline and amorphous forms.
Since the discovery by Shechtman et al. over four decades
ago,[1] quasicrystals have remained a focus point in materials
science and related disciplines due to their exceptional atomic
arrangements and remarkable physical properties. Among
these, Al–Cu–Fe quasicrystals have attracted significant atten-
tion as they are among the first stable icosahedral quasicrystals
to be synthesized and the first naturally occurring quasicrystals
to be identified.[2–4] Historically, the synthesis of quasicrystals
has been explored through various methods, including strip
casting, rapid solidification, and mechanical alloying, to in-
vestigate their nucleation and growth mechanisms.[2,5–15] No-
tably, Tsai et al. achieved the synthesis of millimeter-scale
quasicrystals by melting AlCuFe alloy in an argon arc fur-
nace followed by prolonged annealing.[2] Furthermore, Al-
CuFe quasicrystals have been extensively studied for their
unique properties and potential applications, such as anti-
corrosion properties,[16–19] thermoelectric properties,[20–23]

and mechanical stability and plasticity.[24–26]

Recent research has delved into the nucleation mecha-
nism and phase composition of AlCuFe quasicrystals under
high pressure,[27–29] replicating the extreme pressure and tem-

perature conditions during the formation of these unique struc-
tures in meteorites.[30,31] These studies underscore the signif-
icant impact of pressure on metal properties such as melting
and boiling points, density, thermal conductivity, and electri-
cal conductivity.[32,33] High-pressure sintering (HPS), a novel
material synthesis method, has been employed to investigate
new phases and superconducting materials.[34,35] Furthermore,
HPS has emerging as an effective method for synthesizing
quasicrystals, with the advantage of reduced experimental du-
ration. However, the thermal stability and physical properties
of quasicrystalline samples synthesized via this method war-
rant further investigation.

In this study, Al65Cu20Fe15 quasicrystalline material was
successfully synthesized using HPS method. Our investiga-
tion primarily focused on elucidating its electrical properties,
mechanical behavior, and thermal stability, thereby providing
an empirical basis for the potential applications of quasicrys-
talline materials.

2. Experimental details
2.1. Synthesis

High-purity elemental powders of aluminum (Al, 99.5%
purity), copper (Cu, 99.97% purity), and iron (Fe, 99.5% pu-
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rity) were accurately weighed to a total mass of 5 grams in a
stoichiometric ratio of 65:20:15, respectively. These powders
were thoroughly mixed through grinding in an agate mortar for
a duration exceeding 30 min to achieve a homogeneous mix-
ture. The resultant uniformly mixed powders were then trans-
ferred into a 5 mm cemented carbide mold and compressed un-
der a pressure ranging from 3 MPa to 4 MPa for 3 min, forming
a cylindrical block with a diameter of 5 mm. This cylinder was
subsequently placed into a pyrophyllite mold, as illustrated in
Fig. 1, and subject to HPS using a six-anvil high pressure ap-
paratus (CS-IB type). The synthesis process involved applying
a pressure of 6 GPa, elevating the temperature to 1473 K for
30 min, then lowering the temperature to 1073 K for an addi-
tional 2-hour heating. After ceasing the heating, the pressure
was gradually released, and the sample was carefully removed
from the apparatus.
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Fig. 1. Schematic diagram of high-pressure synthesis crucible assem-
bly: a: pyrophyllite, b: conductive rims, c: boron nitride sheet, d:
graphite furnace, e: boron nitride tube, f: sample, g: boron nitride sheet,
h: graphite sheet, i: pyrophyllite and dolomite composite medium.

2.2. Characterizations

The structure of Al65Cu20Fe15 alloy was analyzed using
single crystal x-ray diffraction (SXRD, Bruker D8 Venture),
employing Mo Kα radiation. Scanning electron microscopy
(SEM) and energy-dispersive x-ray spectroscopy (EDX) tests
were conducted on the HPS sample (supplementary materials).
For the as-prepared HPS sample, two separate SEM/EDX tests
have been conducted. In the first test, a Hitachi S4800 SEM
equipped with EDX (EMAX, Japan) was utilized and a Hitachi
S-3400N SEM equipped with EDX (EDAX Inc., USA) was
utilized in the second test. The microstructure and crystalline
state of synthesized Al65Cu20Fe15 alloy were examined using
transmission electron microscopy (TEM, FEI Talos F200X).
TEM specimens were prepared by crushing a part of the HPS
sample with agate mortar. The resultant powders were then
combined with alcohol, transferred into a sample vial, and
subjected to ultrasonic treatment for roughly 3 min. Using an
eyedropper, 1–3 drops of the suspension were deposited onto
a lacey support film. The sample was observed under TEM
once it had dried.

Microhardness test was performed using a nanoindenta-
tion machine (Nano Indenter G200x), measuring 9 points on
the sample surface with an indentation depth of 250 nm. The
low-temperature resistivity (2 K–300 K) of the sample was
measured using the Van der Pauw method in a home-built he-
lium cryostat (CryoM-14T made from the Physike company).
Thermal parameters were obtained using a differential scan-
ning calorimeter (DSC, Netzsch STA449C) with a heating rate
of 20 ◦C per minute.

3. Results and discussion
3.1. Structural characterization

The cylindrical product obtained from HPS, with a diam-
eter of 5 mm, was initially sanded to remove the black con-
taminated surface layer and then thoroughly cleaned with an-
hydrous ethanol. A portion of the cylinder was subsequently
cut off and crushed into powders. Using an optical micro-
scope, a single particle with a flat surface and no visible flaws
was selected, cleaned with anhydrous ethanol, and attached
to the tip of a glass filament for XRD characterization. The
Phi360 test, involving the rotation of the sample around the ϕ

axis, was conducted on the selected particle (Fig. 2(a)). The
diffraction patterns exhibited clear characteristic rings, indi-
cating the polycrystallinity of the particle. The integral pow-
der diffractions patterns were displayed in the right panel of
Fig. 2(a). For comparison, Bragg’s formula[36] was applied to
convert the Bragg peaks from PDF card 00-042-1043[37] and
XRD patterns from Tsai et al.,[38] both employing copper Kα

radiation, to data corresponding to molybdenum radiation. As
shown in Fig. 2(b), the main peaks of all three works align
well, except that two small peaks do not present in the PDF
card, as indicated by the dotted lines in Fig. 2(b). Given that
the diffraction peaks from both the PDF card[37] and Tsai et
al.[38] correspond to the Al65Cu20Fe15 quasicrystalline phase,
it can be concluded that the quasicrystalline Al65Cu20Fe15 has
been predominantly synthesized in this work with the HPS
method. As illustrated in Fig. 2(b), the XRD peaks represented
by the red line are broader. Scherer’s formula was employed
to qualitatively assess the grain size of the quasicrystals pro-
duced through the HPS method, as well as those reported by
Tsai et al. The results indicated that the average grain size
of the quasicrystals obtained via the HPS method was signif-
icantly smaller than that reported by Tsai et al., leading to a
broad XRD peak. Subsequently, two independent SEM and
EDX tests were carried out on the quasicrystalline samples
obtained by high-pressure synthesis (see supplementary ma-
terials). The experimental results showed that the composition
of the synthesized sample was in good agreement with the ini-
tial designed composition.

TEM observations were performed to further confirm the
formation of quasicrystal phase. Figure 3(a) shows the bright
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field TEM image of an Al–Cu–Fe specimen, which spans
several microns laterally. Selected area electron diffraction
(SAED) measurements were performed over the red-boxed
region of the specimen, all the SAED patterns carrying out
from the same region by rotating the specimen, revealing typ-
ical symmetrical features of quasicrystals, as illustrated in
Figs. 3(b)–3(d). These diffraction spots correspond to the qua-
sicrystal’s two-fold, three-fold, and five-fold symmetrical ori-
entations, respectively, clearly confirming the presence of qua-
sicrystalline phases in the Al–Cu–Fe samples synthesized us-
ing the HPS method.
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Fig. 2. XRD characterization of HPS-produced Al65Cu20Fe15 alloy.
(a) The Phi360 diffraction pattern of the high-pressure synthesis sample,
(b) the powder diffraction pattern obtained by integrating the Phi360
diffraction pattern.

(a) (b)

(c) (d)

Fig. 3. Transmission electron micrographs taken from Al65Cu20Fe15
quasicrystal of high-pressure synthesis: Diffraction pattern of (a) bright
field image, (b) two-fold, (c) three-fold, (d) five-fold.

3.2. Electrical resistivity

Figure 4 shows the electrical resistivity of our quasicrys-
tal Al65Cu20Fe15 as a function of temperature. The resistiv-
ity increases from 5580 µΩ·cm at 300 K to 7280 µΩ·cm at
4.2 K. This behavior is characterized by a large negative tem-
perature coefficient of resistivity (TCR), with a resistivity ratio
(ρ4.2 K/ρ300 K) of approximately 1.3, which is consistent with
values reported for other icosahedral AlCuFe quasicrystal.[39]

In contrast, quasicrystals in the Al–Mn and Al–Cr systems ex-
hibit an obvious positive TCR.[40,41] For comparison, a series
of studies on the electrical resistivity of AlCuFe quasicrystals
were reviewed,[42–44] and the resistivity of AlCuFe quasicrys-
tals measured at 4.2 K are depicted in a bar chart in Fig. 4.
The resistivity of Al62Cu25.5Fe12.5 quasicrystals is the highest
(9730 µΩ·cm) and that of Al63Cu25Fe12 quasicrystals is the
lowest (4300 µΩ·cm). Note that all these quasicrystals except
ours were prepared using the melt spinning method. Interest-
ingly, despite only slight compositional differences among the
various quasicrystals depicted in Fig. 4, their resistivity values
vary significantly, and our sample shows the second highest
values among all listed samples. This discrepancy is likely at-
tributable to the subtle structure variations in these quasicrys-
tals. According to the research conducted by Klein et al. in
1990,[44] a higher purity of the quasicrystalline phase in the
sample correlates with increased resistivity. This finding sug-
gested that the synthesized sample possesses a highly pure
quasicrystalline phase.
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Fig. 4. The resistivity obtained from the experiment is compared with the
literature.

3.3. Mechanical properties

The mechanical properties, specifically the Vickers hard-
ness and elastic modulus of our Al65Cu20Fe15 quasicrystalline
alloy were measured using nanoindentation method. The in-
dentation test was conducted on the sample surface using a 3×
3 matrix, with a 30 µm interval between neighboring points
to eliminate interference from adjacent tests. The indentation
depth was set at about 250 nm. The individual values are then
averaged to obtain the final results. As shown in Fig. 5, the
measured Vickers hardness and elastic modulus are 12.4 GPa
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and 199.5 GPa, respectively. The measured values are in good
agreement with those reported in the literature,[45,46] demon-
strating the reliability of our measurement. Quasicrystal ma-
terials are known for their excellent anti-friction properties,
and the ratio of hardness to elastic modulus (H/E) is a reli-
able index for assessing the wear resistance of materials: The
higher the H/E ratio, the greater the wear resistance.[47–49] In
this study, the H/E of our Al65Cu20Fe15 quasicrystalline al-
loy is 0.062. This value is more than double that of traditional
aluminum alloys and maraging steel,[50,51] suggesting that the
Al65Cu20Fe15 quasicrystalline alloy is likely to exhibit favor-
able friction and wear properties.
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Fig. 5. Hardness (a) and elastic modulus (b) obtained from nanoinden-
tation testing.

3.4. Thermal stability

Numerous studies have classified Al–Cu–Fe quasicrys-
tals as thermodynamically stable.[2,52–54] However, the sta-
bility of Al–Cu–Fe quasicrystals produced using the HPS
method need further confirmation. To investigate this, differ-
ential scanning calorimetry (DSC) tests was conducted from
room temperature up to 900 ◦C. The results, as depicted in
Fig. 6, show no phase change during heating up to the melt-
ing point (877 ◦C), suggesting thermodynamic stability of the
quasicrystalline phase synthesized under high pressure. A
significant observation is that the melting point of HPS qua-
sicrystals is about 15 ◦C higher than that of the quasicrys-

tals obtained from ambient pressure solidification,[2,52,55] un-
derscoring a unique characteristic of our HPS sample. It is
generally accepted that the melting point of substances will
increase under high pressure.[56] As our quasicrystals sample
were achieved by non-equilibrium rapid solidification at 6 GPa
thus it should be different (with a higher melting point) from
that obtained through equilibrium solidification under ambient
pressure. The melting point of the Al65Cu20Fe15 quasicrys-
tal obtained via the non-equilibrium synthesis melt-spinning
technique is 890 ◦C,[57] also much higher than that of Tsai
et al.’s samples.[2] The detailed physical mechanism behind
still needs to be clarified in future. Furthermore, the en-
dothermic peak corresponding to the fusion occurs in a single
stage, no splitting in the peak was observed, indicating that
the Al65Cu20Fe15 quasicrystal is predominantly composed of
a single phase, which is quite similar to the earlier one re-
ported for Al65Cu20Fe15 by Tsai et al.[2] Additionally, the
thermogravimetric (TG) curve measured during the DSC test,
as shown in Fig. 6, indicates that the weight of the sample re-
mained nearly constant throughout the heating process, further
indicating the stability of the quasicrystalline phase.
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Fig. 6. DSC-TG test curve for samples synthesized by high-pressure
synthesis.

4. Conclusion
To summarize, Al65Cu20Fe15 quasicrystals were synthe-

sized at high pressure and high temperature conditions and
characterized with XRD, SEM/EDX, and TEM. Electrical re-
sistivity measurement indicated that the present Al65Cu20Fe15

quasicrystals exhibit high resistivity (the second highest ob-
served) and a negative temperature coefficient of resistiv-
ity, implying that high pressure affects the formation and
atomic arrangements of the quasicrystals. Nanoindentation
tests showed that the hardness and elastic modulus values of
our HPS Al65Cu20Fe15 quasicrystals are comparable to those
prepared by other methods. DSC measurement revealed that
our quasicrystals start to melt at 795 ◦C and complete melting
at 877 ◦C (melting point), which is 15 ◦C higher than that ob-
tained through equilibrium solidification under ambient pres-
sure. These findings are expected to stimulate further research
into the formation and stability of quasicrystals.
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