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Quasicrystalline alloys and their composites have been extensively studied due to their complex atomic structures,

mechanical properties, and their unique tribological and thermal behaviors. However, technological applications

of these materials have not yet come of age and still require additional developments. In this review, we discuss

the recent advances that have been made in the last years toward optimizing fabrication processes and properties

of Al-matrix composites reinforced with quasicrystals. We discuss in detail the high-strength rapid-solidified

nanoquasicrystalline composites, the challenges involved in their manufacturing processes and their properties.

We also bring the latest findings on the fabrication of Al-matrix composites reinforced with quasicrystals by

powder metallurgy and by conventional metallurgical processes. We show that substantial developments were

made over the last decade and discuss possible future studies that may result from these recent findings.

Professor Witor Wolf joined the Federal University of Minas Gerais (UFMG), Brazil, as an adjunct professor

in May 2018 after receiving his Ph.D. in the same year, from the Federal University of São Carlos (UFSCar),

Brazil, with a period as a visiting researcher at Yale University, USA, in 2017. Witor obtained his B.Eng. and

M.S. from UFSCar, all in the field of Materials Science and Engineering. His interest in unconventional metal-

lic materials, their fabrication and characterization began as an undergraduate student, working on extra-cur-

ricular research activities that were related to fabrication and characterization of quasicrystalline composites.

Since then, most of his research work was focused on applying several fabrication methods and strategies to

discover new Al-based quasicrystalline compositions, ranging from metastable to conventional processing

such as melt-spinning, gas-atomization, powder metallurgy, thermal spraying, spray-forming, and conven-

tional casting. Witor has also fabricated quasicrystalline alloys using magnetron co-sputtering to apply com-

binatorial strategies for manufacturing quasicrystalline alloy libraries. His current research activities are

focused on the development of wear-resistant Al-matrix composites reinforced with quasicrystals using

spray-forming, conventional casting and high-pressure torsion.

Introduction

Quasicrystals were first reported in 1984 by Shechtman et al.

[1]. They were observed in a rapidly solidified Al–Mn alloy,

displaying a distinct point group symmetry from all previously

known metallic structures, m�3�5. This point group contains a

5-fold rotational symmetry, which makes this atomic structure

incompatible with translational symmetry. Quasicrystals are

known to be formed by nonconventional structural units,

such as icosahedral and decagonal, yielding 5-fold and

10-fold rotational symmetries, respectively, which are found

in the vast majority of these phases [2] and can be identified,

for example, by electron diffraction analysis, Fig. 1, taken

from Bindi et al. [3]. Octagonal and dodecagonal structural

units may also be found in specific alloy systems [2]. These

units cannot be properly referred to as unit cells since they

lack translational symmetry. For instance, icosahedral quasi-

crystals have an icosahedron as a structural unit, which cannot

alone fill a volume without leaving gaps. Thus, in certain

atomic sites of this atomic structure, a second “unit cell”

would be necessary to completely fill the space. One of the
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models used to understand how this atomic structure can fill

the space is the Penrose Model. Following this model, quasi-

crystals would be formed by two different tiles (unit cells),

which must be placed edge to edge with specific matching

rules that would allow perfect space filling. These rules lead

to a mosaic picture displaying 5-fold symmetry, which is non-

periodic and ordered at the same time as the quasicrystals [4].

These phases have been extensively studied due to their

unique atomic structures and their functional properties, includ-

ing tribological and thermal behaviors, as well as to their

mechanical properties [5]. However, technological applications

involving load-bearing components have not yet reached a

mature level. This can be attributed to several reasons, two of

the most important being (i) their usually complicated process-

ing that either requires rapid solidification or powder metallurgy

methods and (ii) their inherent brittleness. This latter issue led to

substantial efforts by the academic community to fabricate com-

posites reinforced with these phases to balance the brittleness of

the quasicrystals with the presence of a ductile matrix. The pre-

sent review aims to discuss the studies focused on developing

these composite materials over the past decade. This review

also brings to the discussion the first published studies that

were, mostly, responsible for the advances on quasicrystal-related

research reported recently. We will begin with a short review on

the general aspects of quasicrystal-forming metallic systems, their

properties, and applications, and then, the focus will be on devel-

opments of quasicrystal-reinforcing composites for use as wear-

resistant and high-strength materials.

General Aspects of Quasicrystals and the

Motivation for Using Them as Reinforcing

Phases in Composites

Quasicrystal-forming systems

Most of the metallic quasicrystal-forming systems are Al-based,

with hundreds of alloy compositions found to date. Among the

most important quasicrystal-forming Al-based systems are Al–

Mn [1], Al–Cr [6], Al–Fe–Cr [7], Al–Cu–Fe [8], Al–Ni–Co [9,

10], Al–Cu–Co [9], Al–Cu–Fe–Cr [11], Al–Pd–Mn [12], and

their modifications through alloy addition [13, 14, 15, 16].

Most of these quasicrystals were discovered in the early 1990s

by Inoue, Tsai and collaborators. In addition to Al-based sys-

tems, other important metallic systems forming quasicrystals

are worth mentioning, such as Mg-based [17, 18, 19, 20],

Ti-based [21, 22], and Cd-based [23, 24].

Quasicrystals can be divided in relation to their “forming

ability” from the metallic melt. While most systems can form

quasicrystals only through rapid solidification, there are sys-

tems that can form them using conventional metallurgical pro-

cesses (usually slow solidification processes). Sometimes this

division is discussed in the literature regarding the stability of

the quasicrystalline phases, considering as stable phases the

ones that can be formed in slow solidification conditions,

and as metastable phases the ones that require rapid solidifica-

tion. This classification is, however, not strictly precise since

establishing unequivocally the stability of quasicrystals is diffi-

cult. These phases usually form from peritectic reactions, grow

in a sluggish fashion, and are surrounded by complex phases.

This makes the identification of phase boundaries and phase

stability very challenging. Additionally, most of the so-called

stable quasicrystals are actually not stable in low temperatures

such as the icosahedral phase that forms in the Al–Cu–Fe sys-

tem, which decomposes into a crystalline approximant below a

certain temperature [2]. Thus, the term “stable” when referred

to quasicrystals should be used with caution. However, we will

sometimes make use of it when discussing quasicrystals that

were experimentally observed in microstructures even after

long annealing thermal treatments. It should be mentioned

though, that this fact alone does not suffice to prove the ther-

modynamic stability of a phase.

Several examples can be found in the literature about

Al-based quasicrystals fabricated under low solidification

conditions. The most studied one belongs to the Al–Cu–Fe

system [2, 25, 26, 27], although a significant amount of papers

have been published on Al–Ni–Co [15, 28, 29, 30, 31, 32] and

Al–Cu–Fe–Cr [5, 11, 14, 33] systems. Usually, it is observed

that only alloys containing three or more elements can

form quasicrystals under these processing conditions.

However, Tsai et al. [23] have shown the formation of a stable

quasicrystal in a Cd–Yb alloy. These “stable” quasicrystals are

of great interest because they can be fabricated on a large

scale, by different processing methods. Most quasicrystals,

however, can only be fabricated by rapid solidification of

metallic melts. These “metastable” quasicrystals are found

in several Al-based systems, such as Al–Mn [34], Al–Cr [6],

Al–V [6], Al–Fe–Cr [7], and in their chemical modifications

[13, 35, 36, 37].

Figure 1: Electron diffraction patterns of a natural decagonal quasicrystal,

using (a) selected area and (b) convergent beam electron diffraction pattern.

This quasicrystal was found in the Khatyrka meteorite. Adapted from Bindi

et al. [3]. The image is licenced under CC BY-ND 4.0 (http://creativecom-

mons.org/licenses/by/4.0/).
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Functional properties and technological

applications

Al-based quasicrystals show interesting tribological properties

such as high hardness, low friction coefficient, and nonstick

properties [5, 38, 39]. Thus, many efforts have been made toward

the fabrication of quasicrystalline coatings with improved tribo-

logical properties, especially for applications involving sliding

wear [5, 40, 41, 42, 43, 44]. However, these materials are not cur-

rently applied on a large scale and their production is basically

restricted to scientific research up to now. The closest application

achievement of quasicrystalline coatings, which even reached

mass production, was as nonstick coating on frying pans, aiming

to replace Teflon® in kitchen utensils [45]. However, this applica-

tion was not successful, and the product was discontinued.

According to Dubois [45], this was due to the pan manufacturer

that did not apply the necessary thermal treatment after the

plasma spray process, which was required to enhance the mate-

rial’s corrosion resistance.

Al-based quasicrystals are also heat and electrical insulators

and potential applications of these materials as thermal barrier

coatings have been proposed and studied. An Al–Co–Fe–Cr

alloy that forms an approximant phase of the quasicrystal has

been studied as a potential candidate to be applied as thermal

barrier coatings in engines [5, 46]. Quasicrystalline approximants

are phases with complex crystalline structures, usually containing

several atoms. These structures present many atomic configura-

tions that resemble a quasicrystal structure; however, they are

periodic phases. They usually form in neighboring quasicrystal-

line compositions and the chemical and structural similarities

lead to physical properties that resemble the quasicrystals [5,

47]. The interest behind using quasicrystals for heat insulation

is due to their thermal expansion coefficient, which is similar

to the usual metallic materials used as substrates in these appli-

cations, such as steels and superalloys. This similarity in the ther-

mal expansion coefficient can potentially reduce interfacial

thermal stresses generated between the traditional thermal bar-

rier coatings (ceramic materials) and metallic substrates.

Despite interesting physical properties presented by quasi-

crystals, using them in environments where mechanical loads

are relatively high becomes restricted due to their inherent brit-

tleness. Quasicrystals are particularly brittle at room tempera-

ture due to difficulties of dislocation movement without

diffusion and in fact, they only experience plastic deformation

in temperatures above ∼70% of its melting temperature [48].

Zou et al. [49] have performed an interesting study on deter-

mining a limiting sample size where the mechanical behavior

of a single icosahedral Al–Pd–Mn quasicrystal changes from

brittle to ductile at room temperature, see Fig. 2. They pro-

duced single quasicrystalline pillars using an FIB (focused

ion beam) system with cylindrical shapes [Figs. 2(b) and 2

(c)] and diameters ranging from 140 nm to 2 μm and then per-

formed compressive tests using a nanoindenter. They showed

that the single quasicrystal can display significant compressive

strain [up to 50%, Fig. 2(d)], at room temperature, when the

Figure 2: (a) Strength and fracture/deformation mechanisms for icosahedral Al–Pd–Mn pillars. According to Zou et al. [49], the sample size of a single quasicrystal

pillar of the system Al–Pd–Mn that would lead a transition from brittle fracture mode (crack control) to a plastic deformation mode (displacive plasticity) is close to

400 nm. Above this size, the sample fracture is dominated by Griffith’s criterion. Below that size, the yielding stress (Hardness/3) of the quasicrystal would be lower

than its fracture resistance, and thus, the material would experience plastic deformation even at room temperature. If the sample size is further reduced, there will

be a substantial increase in the plasticity observed until a certain point from which, it will begin to decrease due to diffusion control of the plastic flow, reducing

the strength as the surface-to-volume ratio increases. (b) 140 nm diameter Al–Pd–Mn quasicrystal pillar after mechanical testing, displaying plastic strain close to

60%. (c) 1800 nm diameter Al–Pd–Mn quasicrystal pillar after mechanical testing, displaying brittle fracture with limited plastic strain, ∼3%. (d) Plastic strains

observed in the different sized samples analyzed in that study. Adapted from Zou et al. [49]. The images are licenced under CC BY-ND 4.0 (http://creativecom-

mons.org/licenses/by/4.0/).
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sample size is below 350–510 nm. This is an important result

because it shows that only nano-sized quasicrystalline samples

can display plastic deformation at room temperature. Thus,

using quasicrystals in “large” (above nanometer) components

will always be restricted due to their brittleness and they have

to be analyzed such as the ceramic materials, where fracture

strength can be estimated using Griffith’s criterion [50].

The brittle behavior restricts single-phased quasicrystals to

be used as protective coatings (in applications involving mechan-

ical stresses) and prohibits them from being used in bulk form.

Even wear protection coating applications can be challenging

because the quasicrystalline layer usually presents cracking,

which is developed upon cooling during coating fabrication.

Since cracking introduces large defects inside these materials,

according to Griffith’s criterion, the final product will have rela-

tively low fracture resistance. This is particularly important for

the final wear resistance of the material and restricts the feasibil-

ity of obtaining wear-resistant coatings even with deposition pro-

cesses that can yield high-quality coatings or films. Thus, even if

the quasicrystal layer shows a high-quality microstructure, their

application is restricted to low load levels during operation or

testing. For instance, the wear behavior on pin-on-disk testing

of single-phased quasicrystalline coatings is extremely sensitive

to the loads applied during the tests, as it also happens for

ceramic materials [51]. Single-phased quasicrystalline coatings

behave well under low loads during wear testing. However, if suf-

ficiently high loads are applied, the coatings will fail catastroph-

ically and the coating’s integrity will be impaired.

As a consequence, for applications involving mechanical

stresses, it is of great interest to use the unique quasicrystalline

properties as reinforcing phases on metal matrix composites

(MMCs). This can be achieved by different methods depending

on the quasicrystal system and on the application targeted. For

instance, fabricating high-strength Al alloys reinforced with qua-

sicrystals depends on obtaining nanometric quasicrystalline parti-

cles that will provide superior mechanical strength, particularly at

high temperatures [52, 53]. Wear-resistant Al alloys, on the other

hand, usually present coarse hard phases embedded in the

Al-matrix, as the Al–Si alloys. Therefore, obtaining coarse quasi-

crystalline particles showing good metallurgical bond with the

Al-matrix is important. Since MMCs are the main scope of the

present review, the recent developments on this topic reported

in the literature will be discussed in detail in the next sections.

Several applications, other than protective coatings and high-

strength alloys, have also been studied for quasicrystals, including

their use as: solar light absorbers [45], abrasive polishing agent

[54], reinforcing agents in polymers [55, 56], catalysts [57, 58,

59], hydrogen storage [60, 61, 62, 63], among others. We will

not discuss them in this review any further. More information

regarding these properties and applications can be found in

the detailed and high-quality reviews by Dubois [5, 45, 64].

Manufacturing quasicrystals and their composites

Fabrication of single-phased quasicrystalline alloys can be

achieved by several means, ranging from nonconventional to

conventional metallurgical methods. They include mechanical

alloying [65, 66], rapid solidification processes, such as melt-

spinning [67], gas-atomization [2], and Cu-mold quenching

[68], thermal spraying and film deposition [69] and also by

conventional casting [2]. Usually, single-phased quasicrystals

are obtained from metallic systems that can form these phases

under more stable (low cooling rates) processing conditions.

This is because normally, these phases form from peritectic

reactions, and thus, subsequent thermal treatments are neces-

sary to obtain a single-phased quasicrystalline alloy. For further

details on fabrication of single-phased quasicrystals, the reader

is urged to refer to a review by Huttunen-Saarivirta [2].

On the other hand, fabricating MMCs reinforced with quasi-

crystalline phases may be done using virtually any quasicrystal sys-

tem. The “stable” quasicrystals reinforcing a metallic matrix are

mostly fabricated by powder metallurgy. In this case, the quasi-

crystal is produced either by gas-atomization or mechanical alloy-

ing, and then, the composite can be fabricated by different

methods that can include: a mechanical mixture of powders to

be subsequently consolidated [70], deposited onto a substrate by

thermal spraying [40], spray formed [71], conventionally casted

[72], and more recently by additive manufacturing [73]. In turn,

MMCs reinforced with “metastable” quasicrystals need to be pro-

cessed using rapid solidification techniques since they only form

under these conditions. The most commonly used methods are

melt-spinning [13], Cu-mold quenching [74], gas-atomization

[75], thermal spraying [76], and additive manufacturing [77].

The next sections will discuss, in detail, developments and

advances reported in the literature over the past decade (and

some older, but groundbreaking studies as well) that include

fabrication and characterization of MMCs reinforced with dif-

ferent quasicrystalline systems. We aim to bring a critical eval-

uation of what has been done to date and the next challenges to

be faced to advance in future applications of these materials.

We will begin with metastable processing involving rapid solid-

ification methods and then we will move to the “stable”

quasicrystalline-based composites.

Al-Matrix MMCs Reinforced with Nano-Sized

Quasicrystals

MMCs produced by melt-spinning and Cu-mold

quenching

Most of the initial studies about quasicrystal-reinforcing com-

posites were performed by melt-spinning or Cu-mold quench-

ing (usually die-casting) a liquid metal [53, 78, 79, 80, 81, 82].

The reason for using melt-spinning and die-casting is related to
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the high cooling rates that can be achieved using these fabrica-

tion techniques and the fact that most quasicrystals can only

form upon rapid solidification. Melt-spinning can achieve

one of the highest cooling rates during an alloy solidification

due to the low thickness (usually around 30 μm) of the ribbons

produced and the fact that they solidify on a high-speed rotat-

ing Cu-wheel, thus being a key technique to study quasicrystal

forming ability. Cu-mold quenching (die-casting) can also

achieve enough cooling rates to form metastable quasicrystals.

However, the cooling rates are substantially lowered by the

usual sample’s thickness produced by this technique, in the

range of mm. Despite this limitation, fabricating the compos-

ites via die-casting can be very interesting since the samples

are more adequate for mechanical testing and also, it is possible

to vary the applied cooling rates (e.g., by using a wedge-shaped

Cu-mold), and thus monitor the limiting thickness from which

a desired composite microstructure can be obtained.

As already mentioned, the first reported quasicrystal-

forming system, from Shechtman et al. [1], was observed in a

melt-spun Al–Mn alloy and naturally, the following

quasicrystal-related studies were made in the same system.

The first reported microstructures containing Al-FCC (face-

centered cubic) and quasicrystals belong to the Al–Mn, Al–

Mn–Ce, and Al–Mn–Fe systems and were reported by Inoue

et al. [78] and Schurack et al. [80]. In one of the mentioned

studies [78], the alloys were fabricated by melt-spinning and

showed tensile strengths above 1000 MPa. This outstanding

mechanical strength led to many subsequent studies that

aimed at improving processability and mechanical properties

of these materials. In particular, one of the most interesting fea-

tures presented by these composites was their ability to retain

high percentages (around 60%) of their room temperature

yield strength when tested around 250 °C, where the conven-

tional high-strength Al alloys (7XXX and 2XXX series)

would only retain about 10–30% [35]. The high-temperature

mechanical strength depends on the thermal stability of the

quasicrystal, on how long this phase can maintain its atomic

structure and, equally importantly, on the nanometric particle

size when it is submitted to these temperatures. Figure 3,

adapted from Ref. [83], shows a hot-stage TEM (transmission

electron microscopy) analysis of a melt-spun Al93Fe4.2Cr2.8

(%at.) alloy, which forms nanoquasicrystalline particles

[Fig. 3(a)] embedded in an Al-FCC matrix. In this analysis,

the decomposition of the icosahedral phase, after heating the

sample to 474 °C was noticed. It can be observed that a faceted

squared-shaped particle nucleates from the rounded quasicrys-

tal and after 35 min completely “consumes” the icosahedral

phase.

In the recent literature, several authors have reported stud-

ies that aimed at finding alloying elements that would increase

thermal stability of quasicrystals. Audebert, Galano and collab-

orators have performed extensive work on developing Al–Fe–

Cr-based alloys with nanoquasicrystalline phases embedded

in an Al-FCC matrix with improved mechanical and thermal

properties [7, 13, 35, 83, 84, 85]. The Al–Fe–Cr system forms

nanometric icosahedral precipitates embedded in an Al-FCC

matrix when rapidly solidified in specific chemical composi-

tions, such as Al93Fe4.2Cr2.8 [13] (%at.). The authors studied

the effects of Ti, V, Nb, and Ta additions on the formation

of the icosahedral quasicrystal, its thermal stability, and

mechanical properties among other features. It was found

that partial substitution of Fe and Cr for one of the listed ele-

ments increased the quasicrystal thermal stability [83]. The sta-

bilizing effect of these alloying elements on the quasicrystal

structure can be understood in terms of a space frustration

model of the icosahedral structure and from the thermal diffu-

sivity of those elements in Al [13, 84].

These stabilizing effects were experimentally confirmed by

Audebert et al. [84] in melt-spun alloys with chemical compo-

sitions, indicated in Fig. 4. The X-ray diffraction (XRD) pat-

terns show that as Cr and Nb alloying elements are added,

the i-phase (icosahedral phase) reflections become more

Figure 3: The decomposition of an icosahedral quasicrystalline phase from the Al–Fe–Cr system, by hot-stage TEM. The sample was heated to 474 °C (a) and held

until the end of the decomposition reaction (b) and (c). It can be observed that the quasicrystalline phase was completely consumed by another intermetallic phase

after 35 min of exposure in this temperature. Reprinted from Galano et al. [83]. Copyright (2009), with permission from Elsevier.
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defined and intense, indicating larger particle sizes and frac-

tions. The differential scanning calorimetry (DSC) results

show that the alloying elements increase the decomposition

starting temperature of the quasicrystal.

In the studies conducted by this group, the melt-spun Al–Fe–

Cr–(M = Ti, V, Nb, T) alloys showed, at room temperature, sim-

ilar ultimate tensile strength (UTS) values, ranging from 650 to

700 MPa [52] and displayed virtually no plastic deformation.

At elevated temperatures, the Ti-containing alloy performed bet-

ter, maintaining UTS values above 400 MPa even at 350 °C.

However, all samples showed UTS values above ∼250 MPa

when tested at 350 °C, which is substantially higher than what

would be found for commercial high-strength Al alloys [35].

These findings indicate that Ti is probably the most inter-

esting alloying element to be added to the Al–Fe–Cr

quasicrystal-forming system. Not only does it show interesting

thermal stability, but it also shows superior mechanical proper-

ties. In addition, if we look at melting temperatures of Ti, V,

Nb, and Ta, we will find, respectively, 1660, 1890, 2468, and

3017 °C. Thus, in terms of processability, Ti addition seems

to be very appealing due to its lower melting temperature,

which would then facilitate fabrication of ingots and atomized

powders of this material. We will discuss the development of

gas-atomized powders and extruded alloys from the Al–Fe–

Cr-based system in the next subsection.

The Al–Mn system was also recently re-evaluated by differ-

ent authors regarding alloying addition. Adding rare-earth ele-

ments, such as Ce, was one of the first attempts to increase

stability of the quasicrystalline phase [78]. However, a recent

study by Coury et al. [34] showed, using electron microscopy,

that Ce is virtually absent within the Al–Mn quasicrystalline

structure and its presence leads to the formation of a crystalline

Al–Mn–Ce-based intermetallic. Stan-Głowińska et al. assessed

the influence of Fe addition to the Al–Mn quasicrystal [36,

86, 87]. The authors used wedge die-casting [86, 87] to evaluate

the limiting thickness and cooling rates necessary to obtain

refined quasicrystalline particles embedded in an Al-matrix.

They showed that the Fe-containing alloys could form this

microstructure if cooling rates in the order of 103 K/s were

applied, resulting in a limiting thickness for this composite

microstructure between 600 μm and 1 mm. The binary alloy

(Al–Mn), on the other hand, did not show the formation of

the icosahedral phase in the cast samples, which is a strong

indicative that Fe enhances the stability and facilitates the for-

mation of the quasicrystalline phase. The authors also studied

the influence of Mo and V addition to the Al–Mn–Fe alloy

using melt-spinning to fabricate the samples [36]. Both Mo

and V additions resulted in quasicrystal-containing alloys (as

for the ternary sample) and it was demonstrated that these ele-

ments can further enhance the stability of the quasicrystalline

phase. This was shown by subsequent hot-compaction of the

melt-spun alloys at 390 °C. Only the quaternary alloys retained

the quasicrystalline phase after the sintering process, indicating

that further alloying addition to the Al–Mn-based quasicrystal

is potentially interesting for designing new alloy compositions.

Naglič and collaborators [88, 89] showed that adding Cu, Mg,

and Si to the binary Al–Mn quasicrystal-forming alloy led to

the formation of quasicrystals on Cu-mold quenched samples

with a thickness of about 5 mm. This represents a substantial

increase in the processability of these alloys, allowing fabrication

of relatively thick-walled materials with composite microstructure.

MMCs produced by gas-atomization and powder

metallurgy

Although melt-spinning and Cu-mold quenching liquid metals

are two of the most important laboratory techniques used to

study phase formation and mechanical properties of

Figure 4: (a) XRD patterns of Al–Fe, Al–Fe–Cr, and Al–Fe–Cr–Nb melt-spun alloys, showing that the icosahedral reflections are enhanced and better defined with

alloying additions of Cr and Nb in the binary alloy. (b) DSC analysis from the same alloys, indicating that Cr and Nb additions increase the decomposition tem-

perature of the quasicrystalline phase and extend it almost close to the alloy’s melting temperature. Reprinted from Audebert et al. [84]. Copyright (2013), with

permission from Elsevier.
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quasicrystalline composites, using them for mass production

and technological applications is limited. Gas-atomization, on

the other hand, is a well-established manufacturing process,

which can supply the cooling rates required to obtain nanoqua-

sicrystals embedded in the Al-FCC matrix.

Audebert et al. [35] fabricated Al–Fe–Cr–Nb alloys by

gas-atomization and discussed the difficulties that arise when

alloying elements with different melting temperatures, espe-

cially Al and Nb. The authors used an Fe–Nb pre-alloy to facil-

itate the melting process and three different thermal conditions

(temperature that the alloy was melted and the holding time in

that temperature). One of the main issues that the authors

found was related to chemical composition control, especially

in reaching the targeted Al and Nb contents. Nonetheless,

the authors showed that for specific atomization conditions,

this alloy’s powder can be fabricated with the desired micro-

structure. Another important result was related to the particle

size above which no icosahedral phase forms. They showed

that for powder particles above 175 μm, no quasicrystalline

particles were identified. In addition, particles below 75 μm

were the ones with higher quasicrystalline phase content. In

the same study, the atomized powders were subsequently

extruded at 375 °C. This condition was chosen based on previ-

ous studies of this alloy that showed no decomposition of the

icosahedral phase at this temperature [13]. The authors showed

that the powder microstructure was preserved in the extruded

material.

Prior to the above-mentioned work, Todd et al. [90]

showed that it is possible to fabricate Al93Fe3Cr2Ti2 products

by gas-atomization and hot-extrusion. Only powders with par-

ticle size <100 μm were analyzed in that study and the authors

showed that with reducing powder size, the icosahedral phase

reflections on XRD patterns presented higher intensity and

were better defined. The powder sizes below 50 μm yielded

larger fractions of the quasicrystalline phase. The authors stud-

ied the influence of several extrusion parameters and the initial

powder size in the final mechanical properties. Tensile tests

showed that using initial powder sizes ranging between 25

and 50 μm led to yield stress values around 500 MPa, UTS val-

ues close to 600 MPa and elongation close to 6% at room

temperature.

Although Al–Fe–Cr-based extruded alloys were proven to

show high strength at room and elevated temperatures, one

of the main drawbacks is the lower ductility that they present

under tension, when compared to commercial high-strength

Al alloys [91]. Aiming to improve the extruded Al–Fe–Cr–Ti

alloy’s ductility, Pedrazzini et al. [91] fabricated composites

of the quasicrystalline alloy with fractions of pure Al fibers

that were mixed with the atomized alloy prior to the extrusion

process. The authors showed that with no Al fiber addition, the

extruded alloy showed, under tensile tests at room temperature,

a yield stress of 544 MPa and elongation of 6.4% while 10–20%

volumetric additions of pure Al fibers, enhanced the elongation

to 7.4% at a cost of yield stress reduction to 481 MPa.

Interesting recent developments have been published on

rapidly solidified Al–Cr–Mn–Co–Zr alloys, firstly reported by

Watson et al. [92]. In this first publication, the authors studied

nanoquasicrystalline phase formation on gas-atomized pow-

ders of an alloy with the following composition:

Al93.8Cr2.6Co1.6Mn1.5Zr0.5 (%at.). The powders, with particle

size inferior to 34 μm, showed a microstructure composed

mainly by an icosahedral phase and the Al-FCC matrix. The

powder samples were blind die compacted at 310 °C and

then forged at temperatures ranging from 260 to 315 °C, result-

ing in cylindrical parts with a height reduction of 90%. The

mechanical properties of the forged composite were assessed

by tensile tests in different temperatures. At room temperature,

the samples showed tensile yield strength of 690 MPa and elon-

gation of 6%. At 315 °C, samples showed yield strength of

400 MPa and 10% of elongation. Achieving a significant reduc-

tion through forging processes is an important improvement

toward future applications of these composite materials. The

mechanical properties displayed by this composite appear to

be enhanced in relation to the previously discussed works.

This is a consequence of the forging process, which can effec-

tively improve the reinforcing phase distribution though the

Al-matrix [Fig. 5(a)], yielding an optimized material for

mechanical strength and ductility.

Following the advances brought by Watson and collabora-

tors, Leonard et al. [75, 93] have further improved the ductility

and processability of the Al–Cr–Co–Mn–Zr quasicrystalline

composites, studying the influence of Cr–Co–Mn–Zr content

and forging parameters on the microstructure and mechanical

properties of these alloys. In their recent work [93], three dif-

ferent compositions of the Al–Cr–Co–Mn–Zr system were fab-

ricated by gas-atomization, subsequently blind die compacted

at 310 °C and then forged at different temperatures and reduc-

tions. The particle size used in this work was below 40 μm. The

forging parameters evaluated were temperature (300, 315, 330,

345, and 370 °C) and height reduction from cylindrical samples

(30%, 50%, 70%, and 90%). Figure 5(b) shows the blind die

compacted samples and the cylindrical cuts from which the

forging samples were removed. Figures 5(c)–5(g) show the

samples after different forging steps. Figures 5(c) and 5(d)

show the samples after 30% reduction (axial and slide views,

respectively). Figures 5(e)–5(g) show slide views of the samples

after 50%, 70%, and 90% reductions, respectively. The authors

showed that there was no decomposition of the quasicrystalline

phase during the thermomechanical processes applied and for

the samples with large height reduction a more refined micro-

structure was obtained where the large quasicrystalline particles

were fractured and better dispersed in the Al-matrix. This
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effectively enhanced the elongation displayed by the compos-

ites, under tensile tests, to values up to ∼15% at room temper-

ature. The samples yielding these large elongation values,

displayed tensile yield strength around 450 MPa. These results

suggest a feasible processing route to obtain quasicrystalline

composites with improved ductility, which is one of the most

important issues holding back their applications and thus are

very promising. The latest publication of the same research

group, by Rommel et al. [94], evaluated the corrosion resistance

of this powder-processed Al-based composite in NaCl solution.

The authors studied the effects of the initial powder particle

size and phase constitution on the corrosion severity and con-

cluded that the composite shows good corrosion resistance in

the conditions studied.

Recent advances on additive manufacturing processes of

metallic materials have also opened up new possibilities for fab-

ricating MMCs reinforced with quasicrystals. This is because

most of the manufacturing processes are based on laser sinter-

ing of metallic powders, such as selective laser melting (SLM),

which can yield high cooling rates (necessary to form most

quasicrystals) and produce geometrical complex products.

Kang et al. [77, 95] have made interesting studies on fabrication

of in situ icosahedral Al–Fe–Cr quasicrystals by mixing pure Al

powders with Al–Cu–Fe–Cr decagonal quasicrystals and then

using the SLM process. The formation of the icosahedral Al–

Fe–Cr quasicrystal took place after the mixed powders were

melted and then rapidly solidified. Kairy et al. [96] observed

the formation of Mg–Cu–Zn-based nanometric quasicrystals

during the SLM process of an AA7075 aluminum alloy,

which had never been observed previously. This is extremely

interesting because it allows, from a commercially available

material, fabrication of these composites using additive

manufacturing processes. There is a relatively limited number

of studies using additive manufacturing for processing MMCs

reinforced with quasicrystals. Thus, this could be an exciting

area to be explored and that could yield future technological

applications of these materials.

Al-Matrix MMCs Reinforced with Micron-Sized

Quasicrystals

MMCs produced by powder metallurgy

Quasicrystals that can be fabricated with or without rapid solid-

ification are, as already mentioned at the beginning of this

review, sometimes referred to as the “stable” ones. They are

particularly interesting because their processing can be less

expensive and, in principle, more flexible. However, these qua-

sicrystalline phases usually form in narrow composition ranges

and are surrounded by several intermetallic phases, take the

Al–Cu–Fe phase diagram [97] as an example. These two issues

complicate the process because when a quasicrystal-forming

alloy composition is cast, the microstructures obtained are usu-

ally multi-phased, which leads to a brittle material. In addition,

most of the known quasicrystal-forming alloys do not form

from casting a two-phase microstructure with the quasicrystal

in equilibrium with a solid solution, such as Al-FCC.

The Al–Cu–Fe system is a good example to explain this

condition. Between the compositions of the icosahedral phase

and the Al-FCC, a third phase, ω-Al7Cu2Fe, does not allow

the formation of the microstructure containing Al-FCC and

quasicrystal. The same issue is found in most of the known

quasicrystal-forming systems [32]. This is the reason why

almost all the studies on Al-matrix composites reinforced

Figure 5: (a) TEM micrograph and electron diffraction pattern of the Al93.8Cr2.6Co1.6Mn1.5Zr0.5 forged alloy. The electron diffraction pattern confirms the icosahedral

symmetry of the quasicrystalline particles. (b) Blind die compacted samples (of Al–Cr–Co–Mn–Zr alloys) and the cylindrical cuts for producing the initial forging

samples. (c) Axial view of a forged sample (30% height reduction). (d–g) Slide views of the forged samples after (d) 30%, (e) 50%, (f) 70%, and (g) 90% of height

reduction. (a) Reprinted from Watson et al. [92]. Copyright (2016), with permission from Elsevier. (b–g) Reprinted from Leonard et al. [93]. Copyright (2020), with

permission from Elsevier.
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with “stable” quasicrystals are based on obtaining a powder of

the quasicrystalline alloy, then fabricating the composite by

mixing this material with a ductile second phase (e.g., Al pow-

der) and consolidating it, usually by sintering processes.

Tsai et al. [98] were the first to report the fabrication of an

Al-matrix composite reinforced with Al–Cu–Fe quasicrystals

by ball-milling this phase with Al powder. The mixtures were

then hot pressed to consolidate the composite. In this work,

different volumetric proportions of the reinforcing phase and

two different sintering temperatures were used (400 and 600 °

C). The authors observed a transformation of the icosahedral

phase to the ω-Al7Cu2Fe during sintering at 600 °C. This

phase transformation occurs because the ω-phase is in between

Al-FCC and the quasicrystal in the phase diagram and the high

temperatures applied in the sintering process led to Al diffusion

into the quasicrystal resulting in its decomposition.

Following this first publication, other studies have been

published focusing on the possible fabrication methods to

obtain these composites and on their mechanical properties

[99, 100, 101, 102, 103, 104]. Bonneville and collaborators

have performed extensive studies on Al-matrix composites

reinforced with Al–Cu–Fe particles [102, 105, 106, 107]. The

authors have used several different processing routes such as

a hot isostatic pressing (HIP) process [102], spark plasma sin-

tering (SPS) [106], and gas-pressure infiltration [108] to study

microstructural evolution and mechanical properties of the

composites. Ali, Scudino and collaborators have also contrib-

uted with important studies on the mechanical properties of

hot-extruded Al-matrix composites reinforced with Al–Cu–Fe

particles [101, 109].

One common aspect of all the above studies is that,

depending on the consolidation temperature, the quasicrystal-

line reinforcing phase can partially or completely transform

to the ω-Al7Cu2Fe phase. According to Tsai et al. [98], sinter-

ing above 600 °C leads to complete transformation of the ico-

sahedral phase. Subsequent studies have monitored this

reaction in detail in the consolidated samples [101, 106].

This phase transformation was shown to be beneficial for the

mechanical properties. This is because the ω-phase has a

lower density than the quasicrystal, which results in a volumet-

ric expansion of the reinforcing particles within the Al-matrix,

improving interfacial bonding between the particles and the

matrix and introducing compressive stresses in the ductile

matrix [101].

Figure 6 shows examples of the typical microstructures

obtained in Al + Al–Cu–Fe composites. In Fig. 6(a), the com-

posite was fabricated by uniaxial hot pressing followed by hot

extrusion [109]. Figure 6(b) shows a composite that was fabri-

cated by uniaxial hot pressing [103]. Figure 6(c), on the other

hand, shows the fabrication of the composite by gas-pressure

infiltration of the quasicrystalline powder in molten Al [108].

This is a different process where the quasicrystal phase is

added to the liquid matrix which is then solidified. Other

authors have also tried this approach [110, 111]; however,

they report a complex microstructure formed after matrix sol-

idification due to partial dissolution of the quasicrystalline par-

ticles. Figure 6(d) shows a composite microstructure fabricated

by hot-extrusion [70]. This latter microstructure shows wave-

like patterns of the reinforcing phase. This microstructure

resulted from the high energy ball mixing of the Al and quasi-

crystalline powders, which led to a flattening of the Al powder

increasing its surface area, where fine quasicrystalline particles

could adhere, prior to the extrusion process.

The strengthening mechanisms of the reinforcing quasi-

crystalline particles in the above-referred cases are significantly

different than the ones from the rapid-solidified quasicrystals

(previous section). The reinforcing particle sizes are much

coarser in the stable-quasicrystal composites because the

microstructure is fabricated ex situ, that is, quasicrystals and

ductile matrix are fabricated separately, mixed, and then con-

solidated. The reinforcing particles in these composites are in

the micron-size range. This means that most of the strengthen-

ing effects of these quasicrystalline particles are based on load

transfer from the matrix to the particle and secondary strength-

ening due to dislocation interactions and multiplication as a

consequence of introduced interfacial stresses between matrix

and particles [99, 109]. Orowan strengthening can also occur

if submicrometric particles are involved, which is a minor effect

in the case of composites such as the ones from Fig. 6 [99].

The consequence of this coarser microstructure is that the

mechanical strength of these composites is inferior to the ones

reinforced with rapid-solidified quasicrystals. This can be seen

by the substantially lower tensile yield stresses of these materi-

als (usually lower than 200 MPa [99] at room temperature) and

further supported by the fact that most mechanical tests

reported in these studies were performed using compression.

This is because the large and brittle quasicrystalline particles

act as stress concentration that will lead to the low tensile

strength observed. Compressive yield strength in the range of

300–400 MPa were reported for Al + Al–Cu–Fe composites

with a volume of particle reinforcement in the range of 40–

60% [102, 109], at room temperature.

Although most of the studies about MMCs reinforced with

stable quasicrystals are based on the Al–Cu–Fe system, a few

have also fabricated Al-matrix composites reinforced with

Al–Pd–Mn-based quasicrystals using hot extrusion [70] and

Al–Cu–Cr–Fe-based quasicrystals using SPS or uniaxial com-

pression [112, 113, 114]. In these studies, the same type of

coarse particle reinforcement was observed.

Thus, applications of these composites as high-strength

materials do not seem feasible and this is mostly due to the dif-

ficulties in obtaining a refined dispersion of the reinforcing
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phase. However, applying these materials for tribological pro-

tection is one possible way of using a few of the unique prop-

erties of quasicrystals.

MMCs produced by slow solidification/

conventional processing

As already stated, some quasicrystal systems can be produced

using conventional metallurgical processes because they can

be obtained using slow solidification. Composite processing,

on the other hand, is more complicated because it would

require finding a quasicrystal-forming system that shows a

phase field with stability between Al-FCC and the quasicrystal.

If that did not exist, then the methods for obtaining such com-

posites would be only the ones described in the previous

subsection.

In a recent publication, Wolf et al. [72] have shown, experi-

mentally, that the Al–Cu–Fe–Cr system can form this two-phase

co-existence between a decagonal quasicrystal and Al-FCC in a

cast alloy. In that study, an Al85Cu6.75Fe3.375Cr4.875 (%at.) alloy

ingot was cast and then annealed at 600 °C for 10 h. The resulting

microstructure contained, in volumetric percentages, 48.7% of

decagonal quasicrystals, 43.5% of Al-FCC, and 7.8% of

ω-Al7Cu2Fe. The decagonal phase formed during the annealing

step from a peritectic reaction between a liquid phase (formed

from the eutectic Al–Al2Cu of the as-cast ingot) and a quaternary

Al–Cr-rich intermetallic phase that forms as a primary phase in

this alloy when solidified under slow cooling rates [71].

Figure 7 shows TEM images that identified and confirmed this

microstructure. This was the first time such a composite micro-

structure was obtained using only conventional metallurgical

processes.

This work brought important outcomes to the develop-

ment of Al-matrix composites reinforced with quasicrystals

because they can now be fabricated virtually by any metallurgi-

cal method. For instance, large-scale fabrication of these

MMCs can be obtained by conventional casting ingots if a

proper annealing step is also performed. Thus, tons of this

composite material may be fabricated using the alloy developed

in that work, which was virtually impossible in any of the pre-

viously known quasicrystal-reinforcing composites. In addition

to the processing improvements, the reinforcing particle/matrix

interface is probably stronger in this case because the metallur-

gical bonds between the phases were formed during solidifica-

tion as opposed to the sintered products by powder metallurgy.

The microstructure obtained using conventional casting will

consist of large quasicrystalline particles, which can be used

against wear and friction, but are not quite optimal for

mechanical strength. In the latter case, the quasicrystal particles

will need to be refined.

Metastable processing can also be used to fabricate the Al–

Cu–Fe–Cr-based composites because the decagonal phase for-

mation is facilitated under rapid solidification conditions. The

same phases found after annealing of the cast ingot, were

formed when a similar alloy was gas-atomized [71], without

further need for thermal treatments. In addition, the micro-

structure was more refined in the atomized powders. This

also opens up possibilities for additive manufacturing of this

Figure 6: Al + Al–Cu–Fe composites fabricated by (a) uniaxial hot-pressing and

subsequently hot-extrusion, (b) uniaxial hot-pressing, (c) gas-pressure infiltra-

tion of Al–Cu–Fe particles in a molten Al-alloy, and (d) hot-extrusion of high-

energy ball-milled powder composites. (a) Reprinted from Ali et al. [109].

Copyright (2011), with permission from Elsevier. (b) Reprinted from

Dobrzyńska et al. [103], Copyright (2015), with permission from Elsevier. (c)

Reprinted from Laplanche et al. [108]. Copyright (2009), with permission

from Elsevier. (d) Reprinted from Wolf et al. [70], licenced under CC BY-ND

4.0 (http://creativecommons.org/licenses/by/4.0/).

Figure 7: TEM micrographs of the cast and annealed Al85Cu6.75Fe3.375Cr4.875
alloy with the phase identification by electron diffraction of the phases that

composes the composite microstructure. (a) Bright field micrograph displaying

the alloy´s microstructure. Electron diffraction patterns taken from the quasi-

crystalline (b), Al-FCC (c), and Al7Cu2Fe (d) phases. Reprinted from Wolf

et al. [72]. Copyright (2019), with permission from Elsevier.
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alloy, in the sense that the final microstructure is probably

going to be very refined and possibly present high-mechanical

strength. However, this hypothesis has not been tested yet.

The spray-forming technique was also used to fabricate this

composite and the quasicrystal phase was formed directly dur-

ing solidification with no need of further thermal treatments to

obtain the Al-FCC + quasicrystal microstructure in the bulk

material. Figure 8(a) shows a ∼2 kg composite sample, fabri-

cated in a single processing step, by spray forming an

Al85Cu6Fe3Cr6 (%at.) alloy. This sample was obtained directly

from the melt during the solidification process and contained

mainly the decagonal quasicrystal and Al-FCC phases [Fig. 8

(b)]. This was a result from the solidification mechanisms of

the spray-forming process. The atomized droplets that were

completely or partially solidified during spraying of the metallic

stream contained the decagonal phase, which forms as a pri-

mary phase upon rapid solidification [71]. When these droplets

impinge the deposit being formed, they can be totally or partially

re-melted. Considering the particles that were only partially

re-melted, they will contain the decagonal phase that will then

act as an inoculant for the further growth of this phase.

Because of the spray-forming process characteristics, thematerial

displays a coating-like microstructure (layered microstructure

with porosity) and the low solidification rates the bulk material

experienced during deposition led to formation of large quasi-

crystalline particles, which are appropriate for applications of

this material on protection against wear and friction.

The sliding wear behavior of the sprayed composite was

assessed by pin-on-disk tests which showed a superior perfor-

mance of this material in comparison to an Al–Si A380 alloy

when tested in two different conditions, showing half of the

wear rate experienced by the Al–Si alloy. The coefficient of fric-

tion shown by the composite was also lower than the Al–Si

alloy. In addition, the authors have shown in a recent publica-

tion [115] that this composite has a significantly improved (two

times higher) wear resistance when compared to a single-

phased Al–Cu–Fe–Cr decagonal quasicrystal fabricated by

high velocity oxygen fuel spraying (HVOF). Most of the previ-

ously published wear-related studies on quasicrystalline materi-

als are based on single-phased (or nearly single-phased)

quasicrystals [5, 69, 116] and, although interesting results

have been reported, the brittleness of the quasicrystalline

phase leads to a transition on the behavior of these materials

under sliding wear, depending on the load applied. However,

adding a ductile second phase to its microstructure can reduce

their load sensitivity, yielding materials and coatings with

improved wear resistance.

Opportunities for Future Research

Based on the literature review performed in this work, poten-

tially interesting opportunities for new research on the develop-

ment of Al-matrix quasicrystalline composites can be

associated with:

(i) The development of the next generation of high-strength

aluminum alloys with appropriate ductility for application

at room temperature, and especially at high temperatures,

related to the Al–Cr–Mn–Co–Zr alloy. As discussed, this

alloy can be processed by many thermomechanical

methods and can yield materials with improved ductility

at room temperature yet maintaining high values of tensile

strength. There is room for research on the development

and optimization of the manufacturing processes,

especially regarding gas-atomization and

thermomechanical processing, which are not trivial and

decisive for the success of applying this material.

(ii) The Al–Cu–Fe–Cr system also appears among the most

promising ones. Since it can be fabricated using virtually

any metallurgical process, developing a viable casting

procedure for obtaining high-quality MMCs can lead to

improved tribological properties. In addition, there is

room for assessing new compositions with different

fractions of quasicrystal content depending on the alloy’s

Figure 8: (a) ∼2 kg spray formed composite

with (b) microstructure consisting mainly of

Al-FCC and quasicrystals. Reprinted from

Wolf et al. [71]. Copyright (2020), with per-

mission from Elsevier.
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composition. Another key point for further developing

this MMC is to refine the quasicrystal particles, which can

lead to improved mechanical strength.

(iii) Technological applications of quasicrystalline-based

coatings and surfaces with improved wear resistance are

probably restricted to adding a ductile second phase to

balance the quasicrystal’s brittleness. There are many

possible ways for obtaining this microstructure. The Al–

Cu–Fe–Cr system is a very appealing one because the

composite microstructure can be obtained as a coating or

a bulk material, opening up several possibilities for

processing strategies. Cold spraying metastable

quasicrystals embedded in Al-matrix, such as the Al–Cr–

Mn–Co–Zr alloy, is also a promising way to obtain these

wear-resistant materials.

(iv) Additive manufacturing: the new manufacturing processes

introduced for 3D printing metals, such as SLM, can be

effectively used to fabricate MMCs reinforced with

quasicrystals. The high cooling rates that can be achieved,

make it possible to fabricate refined microstructures, which

would, in turn, result in high-strength materials. In addition,

the possibilities of fabricating complex shapes from

gas-atomized powders (Fig. 9) and the significant industrial

interestmake thismanufacturingprocess evenmore attractive.

Concluding Remarks

Quasicrystals certainly have unique properties that are of inter-

est in many areas and, although technological applications of

these materials have encountered several drawbacks, the latest

achievements reported in the literature points out, in the

author’s opinion, an optimistic scenario for the next studies

on the developments of new Al-matrix composites with

improved properties and processability.

Recent developments in improving high-strength Al alloy

compositions and processing routes can catalyze their applica-

tion, especially at high temperatures, where commercial Al alloys

cannot be used and Ti alloys are used instead. These high-

strength quasicrystalline composites could certainly be applied

in these cases if their mechanical properties and processing

methods are adequate (and financially advantageous). This has

been the focus of recent studies on these high-strength Al alloys.

The recent discovery of the viability for producing, on a large

scale, ingots of Al-matrix composites reinforced with Al–Cu–

Fe–Cr quasicrystals can, on the other hand, catalyze their use

in applications such as tribological and thermal protection.
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