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ABSTRACT 

 

The quasicrystalline alloy which contains the element aluminum present dispersion of 

particles in nanometric scale that exhibit high values of mechanical strength at room 

temperatures and high temperatures. The quasicrystalline solids have no crystallographic 

conventional symmetrical structures; but they are constituted by a unit cell with periodic 

repetition in space and ordination mode, intermediate between periodic phases and crystalline 

phases amorphous non-crystalline. The process of Mechanical alloying, a technique of 

powder metallurgy developed in the 60's, it was established as a viable processing method in 

the solid state to produce various quasicrystalline phases metastable and stable. The interest 

in obtaining this material is due to its good structural, electronic and magnetic properties, and 

the interactions between the properties. In general, the quasicrystalline alloy show resistant to 

friction and wear, good electrical and thermal insulators, are hard, used in photonic sensors 

and some formations of quasicrystals are good hydrogen storers. In this work, researched he 

used the Mechanical alloying to obtain the icosahedral and decagonal phases Al65Mn22Cu13 

and Al67,6Cr23,3Fe9,1 in order to study the magnetic properties. Samples of quasicrystalline 

alloys were obtained by high energy milling with balls mass ratio of 20: 1 with rotation of 

200rpm, at time intervals ranging from 1 hour to 40 hours a planetary ball mill Pulverisette 5 

Frittsch. Evaluations of physical characterizations were made by scanning electron 

microscopy showed a microstructure with nonuniform and large nodules symmetries. The X-

ray diffraction provides information about identification of phases resulting from 

Al65Mn22Cu13 Al67,6Cr23,3Fe9,1  and alloys, the formation of icosahedral phases, intermetallic 

and decagonal and the presence of typical diffraction pattern peaks of their crystallographic 

network. The magnetic measurements were performed as a function of temperature M (T), 

and also due to the applied field F (M). It can be concluded that the formation of 

quasicrystalline phases is possible as grinding time and speed for Al65Mn22Cu13 

Al67,6Cr23,3Fe9,1 and alloys obtained by Mechanical alloying process. 

 

Keywords: Magnetism. Quasicrystal. Mechanical alloying and Quasicrystalline Phases. 

 

 

 

 

 

 



 
 

 
 

RESUMO 

 

As ligas quasicristalinas que contém o elemento o alumínio, apresentam  dispersão de 

partículas em escala nanométrica que apresentam valores elevados de resistência mecânica 

em temperaturas ambientes e em altas temperaturas.  Os  sólidos  quasicristalinos  possuem  

estruturas simetricas  não cristalográfica convencional; mas  são  constituídos por uma célula 

unitária com repetição periódica no espaço e ordenação, de modo, intermediário entre as fases 

cristalinas periódicas e as fases não-cristalinas amofas.  O processo de mecanossíntese, uma 

técnica da metalurgia do pó desenvolvida nos anos 60, foi estabelecido como um método 

viável de processamento no estado sólido para a produção de várias fases quasicristalinas 

metaestáveis e estáveis. O interesse de obtenção desse material é devido as suas boas 

propriedades estruturais, eletrônicas e magnéticas, e a interações entre as propriedades. Em 

geral, as ligas quasicristalinas mostram resistentes á fricção e ao desgaste, bons isolantes 

elétricos e térmicos, são duros, utilizados em sensores   fotônicos e algumas formações de 

quasicristais são bons armazenadores de hidrogênio. Neste trabalho, pesquisou  o usou da 

mecanossíntese para a obtenção das fases icosaedral e decagonal Al65Mn22Cu13 and 

Al67,6Cr23,3Fe9,1 com o intuito de estudar as propriedades magnéticas. As amostras das ligas 

quasicristalinas foram obtidas por moagem de alta energia com razão massa bolas de 20: 1, 

com rotação de 200 rpm, nos intervalos de tempo que variou de 1 hora até 40 horas  em um 

moinho de bola planetário Frittsch Pulverisette 5. Avaliação das cararterizções físicas foram 

feitas por microscopia eletrônica de varredura apresentaram uma microestruturas com 

simetrias não uniforme e nódulos grandes. Adifração de raios-X fornece informações sobre 

identificações das fases decorrentes das ligas Al65Mn22Cu13 and Al67,6Cr23,3Fe9,1 as formações  

das fases Icosaedral, decagonal e intermetálicas e a presença de picos padrões de difração 

típicos da sua rede cristálografica. As medidas magnéticas realizadas foram em função da 

temperatura M (T), e também em função do campo aplicado M (H). Pode-se concluir que é 

possível a formação das fases  quasicristalinas conforme o tempo de moagem e da velocidade 

para ligas Al65Mn22Cu13 and Al67,6Cr23,3Fe9,1 obtido pelo processo mecanossíntese. 

 

Palavras-chave: Magnetismo. Quasicristal. Mecanossíntese e Fases Quasicristalinas. 
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1. Introduction 

 

Technological advances directly depend on the development of new materials with 

different properties and industrial applications. In general, it is necessary to explore and 

investigate materials that have physical properties, good superficial electronic - mechanical 

and thermodynamic. 

The alloys whose formation contains aluminum  constituted of incorporation is to obtain a 

material containing a dispersion of particles in Nano metric scale (with volume fraction of 10 

to 30%) have shown strength values of the order 30% higher than the completely amorphous 

alloys and about 150% higher than the conventional high strength alloys. In particular 

interests among the other Nano-structured alloys are the Quasicrystalline alloys with 

microstructure containing Icosahedral and Decagonal particles and Nano size have as one of 

principal elements aluminum [1]. 

The quasicrystals are disordered atomic structures that exhibit quasi-periodic translational 

order of long range with crystallographically forbidden symmetry. They are good electrical 

and thermal insulators and exhibit hardness and resistance to high wear.  

These materials are prepared by various techniques namely: Conventional smelter for 

Mechanical Alloying and rapid solidification techniques (melt-spinning and atomizing gas). 

The methods commonly used to obtain the quasicrystalline alloys; there are many studies and 

research being carried aiming improvement in obtaining the material as the final product. The 

quasicrystalline materials are quite brittle and as often used in powder form or as 

reinforcement in composite materials for use in the surface layers.  

The compositions of the quasicrystalline alloys are generally binary, ternary and 

quaternary; some compositions have been research and success for certain applications. 

Among the other compositions of quasicrystals is always shown for studies to know; 

AlCuFe, AlMnPd, AlNiCo, Al-Pd-Mg, Al-Cu-Co, Al-Co-Fe-Cr; and the other formation of 

quasicrystalline alloys are also investigated in certain industrial purposes. 
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The quasicrystalline powders are thermodynamically stable at temperatures above 800 ° C 

under an inert gas atmosphere and above 500 ° C in air. Moreover the effects of the defects 

possibly generated during mechanical grinding and the influence of particle size of the 

powders in the stability of the material [2], a quasicrystalline decagonal phase. Al65Cu20Co15 

powder undergoes transformation   into a Nano-crystalline phase when milled for 30 h.   

The mechanical alloying is a processing technique in the solid state where the products are 

formed by energy transfer from mechanical collisions in a high energy mill. In forming the 

molding, the particles are repeatedly subjected to a fracture and welding process to form the 

final stages [3]. The grind for a while "prolonged" enables the formation of phases with Nano 

metric grains that have great importance for their applications in various fields. 

Alloys quasicrystals have as thermal special feature high stability and mechanical 

properties at elevated temperatures much higher than those of conventional alloys. Several 

systems can present icosahedral quasicrystalline particles with spheroidal morphology 

surrounded by a cubic aluminum phase centered phase, for example, Al-Fe-Cr-Ti , Al-MTM- 

Ln (M =V, Cr, Mn; TM= Ti, Fe, Co, Ni, Cu and Ln = Lanthanide metals) [4]. 

The quasicrystals formed mostly are stable and aluminum base is usually the equilibrium 

phase usually can be predicted from phase equilibrium diagram. More the quasicrystalline 

alloys are metastable become irreversibly in regular crystals after heat treatment or 

amorphous form with small crystals irregularly. 

Quasi-periodic materials are studies objectives because of its structural, thermal and 

surface characteristics and having differing physical properties of common metallic materials. 

Today scientific research has focused on the study of their characteristics and obtaining new 

alloys capable of forming quasicrystalline phases. Alloys (AlMnCu and AlCrFe) and the 

other with formation of chemical elements gallium, magnesium, cobalt, nickel and palladium 

and others are examples of such systems. Other families of alloys is studied intensively 

AlCuFe are the most studied due to ease of obtaining the elements and relatively low 

processing costs. 

The study of magnetic properties of quasicrystals is interesting, while apart from other 

material mass (bulk). In view enables the study of new and fundamental aspects of magnetism 

present in the quasicrystalline alloy makes with this material becomes increasingly attractive 

not only from the scientific point of view but also industrialists. 
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The magnetic behavior of a material whatever defined by the arrangement of the electrons 

in their atomic structure; this behavior can be identified in the presence of an external applied 

field. The solids may be showing some of reactions to feature a certain magnetic behavior. 

The most relevant magnetic behaviors are Diamagnetism, Paramagnetism, Ferromagnetism, 

Antiferromagnetism and Ferrimagnetism. 

However the magnetic property of quasicrystal; we should be noted the icosahedral phase 

and the stability of quasicrystalline alloy are being investigated in terms of the linear 

relationship between the magnetic susceptibility and temperature square function. However 

suggesting a particularly strong structure and depression in the electronic density of states at 

the Fermi energy which can be interpreted elevated temperature dependence of the square, in 

consequence of the dependence Pauli paramagnetic temperature [5]. 

It should mean, low chemical reactivity of the quasicrystal is attributable to the presence of 

pseudo gap which is a decrease in electron density of states at the Fermi surface. But is low 

reactivity with oxygen one can compare with the reactivity of quasicristaline alloy AlCuFe 

with their crystalline analogs. Oxidation of alloys subjected to high temperatures is quite 

complex since it involves a number of technical activation processes [6]. 

The development of this research work is mainly focused on the use of high-energy 

milling process to obtain quasicrystalline materials (AlMnCu, AlCrFe) and the effects of 

processing and influences the physical and chemical properties of the material under study. 

For a better understanding of the theme, this work was divided into chapters wherein: 

 

I Have made a brief introduction to the subject. 

II The theoretical foundation we will try to make an approach on the two types of materials 

quasicrystals AlMnCu, AlCrFe. 

III Experimental method that used in this work is presented. 

IV Sets out the main results and discussions of this work. 

V Presents the conclusions of this study. 
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1. Introdução 

 

O avanço tecnológico depende diretamente do desenvolvimento de novos materiais com 

diferentes propriedades  e aplicações  industriais. De modo geral, é necessário explorar e 

investigar materiais que possuem propriedades boas físicas, superficiais, eletrônicas, 

mecânicas e termodinâmicas. 

  As ligas  cujo a formação contém o alumínio, na sua constituição de composição, tem a 

obtenção de  um material contendo uma dispersão de partículas em escala nanométrica (com 

fração volumétrica de 10 a 30%) têm apresentado valores de resistência mecânica da ordem 

de 30% superiores aos das ligas totalmente amorfas e cerca de 150% superiores aos das ligas 

convencionais de alta resistência. Em particular interesse dentre as demais ligas nano-

estruturadas,são as ligas quasicristalinas com microestrutura contendo partículas icosaedrais e 

decagonais e tamanho nanométrico  tenho como um dos princiapais elementos o alumínio[1]. 

Os quasicristais são estruturas atômicas desordenadas que exibem ordem translacional 

quasiperiódicas de longo alcance,com simetria cristalograficamente proibida. São bons 

isolantes elétricos e térmicos, e apresentam dureza e resistência ao desgaste elevada. Esses 

materiais  são preparados por várias técnicas, á saber: fundição convencional,por 

mecanossíntese, e técnicas de solidificação rápida (melt-spinning” e atomização a gás),             

os métodos comumente utilizados para obtenção das ligas quasicristalinas, há muitas 

pesquisas e investigação sendo desenvolvidas, visando aprimoramento na obtenção do 

material como o produto final. Os materiais quasicristalinos são bastante quebradiços, sendo 

por isto, freqüentemente, utilizados em forma de pó como reforço em materiaiscompósitos ou 

para aplicação em camadas superficiais.eposição, evaporação de gás a laser dentre outros. 

As composições das ligas quasicristalinas em geral, são binarias,  ternárias e quaternárias, 

algumas composições já foram pesquisas e obtiveram êxito para determinadas aplicações. 

Dentre as demais  composições de quasicristais estam sempre evidenciada para  estudos a 

saber; AlCuFe, AlMnPd, AlNiCo, Al-Pd-Mg, Al-Cu-Co, Al-Co-Fe-Cr e a demais  formação 

de ligas quasicristalinas tambem são investigadas  em determinados fins indústriais. 

Os pós quasicristalinos são termodinamicamente estáveis em temperaturas acima de 800°C 

sob atmosfera de gás inerte e acima de 500°C ao ar. Por outro lado, os efeitos dos defeitos 

possívelmente gerados durante a moagem mecânica e da influência do tamanho das partículas 

dos pós na estabilidade do material [2]. Que uma fase decagonal quasicristalina. 

Al65Cu20Co15, em pó, sofre transformação para uma fase nano-cristalina quando moído por 

30 h. 
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A mecanossíntese  é uma técnica de processamento no estado sólido, onde os produtos se 

formam pela transferência de energia proveniente de  colisões mecânicas num moinho de alta 

energia. Na formação das ligas, as partículas são submetidas repetidamente a um processo de 

fratura e solda até formarem as fases finais [3]. A moagem por um tempo “prolongado” 

possibilita a formação de fases com grãos de dimensões nanométricas que apresentam grande 

importância pelas suas aplicações em diversas áreas. 

As ligas  de quasicristais têm como característica especial alta estabilidade térmica e 

propriedades mecânicas em temperaturas elevadas muito superiores que as das ligas 

convencionais. Vários sistemas podem apresentar partículas quasicristalinas icosaedrais com 

morfologia esferoidal rodeadas por uma fase alumínio cúbica de fase centrada, como por 

exemplo, Al-Fe-Cr-Ti e Al-MTM- Ln (M =V, Cr, Mn; TM= Ti, Fe, Co, Ni, Cu; e Ln = metais 

lantanídeos) [4]. 

As ligas que se enquadram nestes sistemas geralmente contêm concentrações de Al na 

faixa de 75 a 95 (% at.). A microestrutura mista que é observada nestas ligas é formada numa 

única etapa de solidificação sendo que a fase icosaedral se precipita como a fase primária a 

partir do líquido, seguida por precipitação do alumínio, a partir do líquido remanescente. 

Os quasicristais formados em  sua maioria são estáveis é á base de alumínio è nomalmente 

as fases de equilíbrio normalmente, podem ser previstos a partir de diagrama de equilíbrio de 

fases. Mais as ligas quasicristalinas que são metastáveis transformam-se de forma 

irreversível, em cristais regulares após tratamento térmico ou em forma amorfas com 

pequenos cristais de forma irregular. 

Os materiais quasiperiódicos são objetivos de estudos devido as suas características 

estruturais, termicas e superficiais, e por terem propriedades físicas divergentes dos materiais 

metálicos comuns. Atualmente, as investigações cientificas têm como foco o estudo de suas 

características e a obtenção de novas ligas capazes de formarem fases quasicristalinas. As 

ligas (AlMnCu e AlCrFe) e as demais com constituição com elementos químicos galium, 

magnésio, cobalto, níquel e paládio entre outros são exemplos desses sistemas. Outras 

famílias de ligas intensivamente pesquisados é AlCuFe são as mais estudadas devido à 

facilidade de obtenção dos elementos e custo relativamente baixo de processamento. 

O estudo  das propriedades magnéticas dos quasicristais  é interessante, ao mesmo tempo 

diferencia de  outros materiais massivos (bulk). Em vista, possibilita o estudo de aspectos 

novos e fundamentais do magnetismo, presente nas ligas quasicristalinas, faz com que este de 

material se torne cada vez mais atraente não só do ponto de vista científico, mas também do 

indústriais. 

O comportamento magnético de um material qualquer  que seja definido pela disposição 

dos seus elétrons em sua estrutura atômica; este comportamento pode ser identificado na 

presença de um campo externo aplicado. Embora, o sólido poderá  exibir  alguma reação com  



21 
 

 
 

1. Introduction __             ______________________________________________________     

 

característica de certo comportamento magnético. Os comportamentos magnéticos mais 

relevantes são o diamagnetismo, paramagnetismo, ferromagnetismo, antiferromagnetismo e 

ferrimagnetismo. 

Entretanto, a propriedade magnética do quasicristal, deve-se ressaltar a fase icosaedral e a 

estabilidade das ligas quasicristalinas esta sendo investigada em temos, da relação linear entre 

a susceptibilidade magnética  e função do quadrado da temperatura. Entretanto, sugerindo 

uma estrutura particulamente acentuanda e com depressão na densidade dos estados 

eletrônico em energia de Fermi; podendo ser interpretado a dependência da temperatura 

elevada ao quadrado, em consequencia  da dependência temperatura de paramagnetismo de 

Pauli [5]. 

Convém  dizer, a baixa reatividade química dos quasicristais é atribuída à presença de 

pseudogaps, o qual é uma redução na densidade eletrônica de estados na superfície de Fermi. 

Mas, está  baixa reatividade com oxigênio, pode-se comparar  com a reatividade da liga 

quasicristalina de AlCuFe com seus análogos cristalinos. A oxidação de ligas submetidas a 

altas temperaturas é bastante complexa, uma vez que estão envolvidos vários processos 

técnicos de ativação [6]. 

O desenvolvimento desse trabalho de pesquisa tem como foco principal a utilização do 

processo de moagem de alta energia para a obtenção de materiais quasicristalinos (AlMnCu, 

AlCr Fe) e os efeitos do processamento e a influencias nas propriedades físicas e quimicas do 

material em estudo. 

Para uma melhor compreensão do tema proposto, esse trabalho foi dividido em 

capítulos, onde: 

I É feita uma breve introdução ao tema. 

II  A fundamentação teórica que vai tentar fazer uma abordagem sobre os dois tipos de 

materiais quasicristais almanaque AlCrFe, AlMnCu 

III metodologia experimental  que fez uso nesse trabalho é apresentada. 

IV são expostos os resultados e principais discussões desse trabalho. 

V apresentam-se as conclusões desse estudo. 
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2. Theory 

2.1. Crystalline Solids 

 

The materials in the solid state can be classified according to parameters and criteria. One 

of those criteria refers to its quality of being crystalline, amorphous and quasicrystaline. 

A crystal is characterized by periodic arrangement of atoms or there is a repetition of this 

arrangement, where each atom is connected to its nearest neighboring atoms, showing the 

translational order of long range [7]. 

The properties of crystalline solids depend on their structure or the way the atoms, ions or 

molecules are arranged especially. There are a number of crystalline structures which range 

from a simple structure to complex structures. To better define the crystal structures we use 

the atomic rigid sphere model where the atoms or ions are regarded as solid spheres with 

defined diameters. This model as being shown in Figure 1 the spheres representing the closest 

neighboring atoms touch. 

 

Figure 1. The aggregation is representation of neighboring atoms in a cubic crystal structure 

of face-centered [8]. 
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When a crystal is ideal, the atoms are arranged in a network defined by three fundamental 

vectors  ,a b  and c  
.
 If the atomic configurations are the same for both an observer in x  as 

for ´x  ;  It has the following relationship: 

´ 'x x ua vb wc                                                                                                 (1) 

In which u, v and w are arbitrary integers. X ' is the set of points that define a network for 

all integer values of u, v and w. Thus the relationship that defines the crystal structure is given 

by the relationship: " network + Base = crystalline structure" [9].  

For crystal lattices whose T network translations can turn on them; A T-network 

translation operation is given by: 

' 'T x ua vb wc                                                                                      (2)  

The points in the network can be connected and sets this operation is the displacement of a 

crystal parallel to itself through translation vector T of the crystal. Network translation 

operations of equation (2) are part of symmetry of a crystal of operations that transform the 

crystal structure in itself. 

The crystal structure is described in terms of a periodic network commonly called a 

Bravais network with a group of atoms fixed on each point of the network. However there are 

seven crystal systems: Triclinic, Monoclinic, Orthorhombic, Hexagonal, Rhombohedral, 

Tetragonal and Cubic. More, 14 Bravais lattices are referred to the shaft systems are not 

always distinct. Thus, there are only seven systems of axes which represent the 14 lattices. As 

illustrated in Figure 2 below.  
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Figure 2. Geometry of the unit cells for seven crystal systems. 

The determination of the geometry of the unit cell requires the definition of six parameters: 

three edges of the lengths a, b, c the three angles between the axes α, β, ϒ as shown in Figure 

3. A set of unit cells form the "crystal" with geometric contours, which, by acquiring the 

jagged edges for its growth and due to the contact points of each set, shall be called grain. 

 

Figure 3. The unit cell with coordinated axes x, y, z is showing the axial lengths a, b and c 

and the inter-angles a, b and c. 

A crystal contains atoms plans, and these plans influence the mechanical properties of the 

crystal such as tensile strength, ductility, and other plastic deformation. It is therefore 

advantageous to identify the various atomic planes existing in a crystal [10]. 

The crystal imperfections are, in principle of two types: point defects and line defects. 

Point imperfections correspond to the lack of one or more atoms the presence of extra atoms 

or displacement atoms. Line imperfections correspond to the absence atoms in line of a plane 

of atoms. The most important is the disagreement because he attributed to this defect the main 

responsibility for the phenomenon of plastic deformation of metals [11]. 
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2.2. Amorphous 

 

     Amorphous solid literally means formless. There is an absence of regular and systematic 

atomic arrangement in large atomic distances. The atomic structures of an amorphous recall 

those of a liquid. Figure 4 is an example of the crystal structure (a) and amorphous (b) of 

silicon dioxide. 

 

Figure 4. (a) Atomic ordering of a SiO2 crystal and (b) is Amorphous Structure SiO2. 

The most outstanding property of amorphous solids is the lack of a fixed melting point so 

that the transition to the liquid state is found over a range of temperatures, due to the irregular 

arrangement of its molecules. It can be said that amorphous materials have unique properties 

since they are obtained by the rapid solidification of metal alloys have easy magnetization 

due to meet their atoms arranged randomly facilitating orientation of the magnetic domains. 

Examples of amorphous solids include plastics, glasses, soaps, paraffin, and many other 

organic and inorganic compounds. Classes of solid materials that have an amorphous 

structure and are distinguished by technological interest it arouses are amorphous metals also 

called metallic glasses. 
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2.3. Quasicrystals 

 

     The quasicrystals were discovered in 1984 by physicist Dan Shechtman being officially 

announced to the scientific community. Shechtman noted in an Al-Mn alloy the rotational 

symmetry of order five. This symmetry was known, but not observed in crystals. Thus, this 

discovery of quasicrystals provided a revolution in the physical foundations of classical 

crystallography. Consequently, according to a new state of matter is between the amorphous 

structure of disordered long-range, and crystal with ordered and periodic structures [12].  

Logo for the classic crystallography means a crystalline solid which has a three-

dimensional periodic arrangement of certain basic components which are identical structural 

units whereby called by a base formed by a single atom or group of atoms. The homogeneity 

of crystalline substances is an implicit consequence of the order its elementary components 

occupying land positions that recurs for large atomic distances [13]. 

The quasicrystals have an aperiodic order symmetries contains both short- and long-range 

and rotation prohibited in classical crystallography. It is due to its atomic aperiodicity 

comprises its physical properties are unusual such as: High hardness, Low electrical and 

thermal conductivity, Low surface energy, accompanied by a low coefficient of friction, 

strong corrosion resistance and good hydrogen stores for use in catalysis [14]. 

So it is possible to observe solid quasicrystalline through the diffraction pattern, the 

symmetries of five, eight, ten and twelve which gives the structures of Icosahedral alloys, 

Octagonal, Decagonal and Dodecagonal respectively [15]; as is shown in Figure 5 below. 
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Figure 5. Electron diffraction pattern of representation of a quasicrystal with icosahedral 

symmetry Source: (Shechtman 84) [16]. 

But Table 1 shows some examples of quasicrystalline alloys with their symmetries. While 

crystals have plans arranged periodically the quasicrystals have their plans together 

periodically. Despite the timing the plans are highly ordered and their positions can be 

provided by a specific irrational number t = 2cos (w / 5) = 1.618034. The inter plan space in 

quasicrystals can vary but the variation is controlled and repeatable manner. Thus, there is a 

long range translational order in accordance quasicrystals have been reported in the research 

work [17]. According to Table 1 is showing some examples of alloys with quasicrystalline 

structures of icosahedral symmetry, octagonal, decagonal and dodecagonal. 

Quasicristalina structures Alloys 

  Al-Cu-Fe, Al-Mn, Al-Mn-Si, Al-Mn-Cu, Al-Mn-Zn, 

   Al-Al-Cu-Ru, Al-Cu-Os, Al-Cr, Al-V-Si, Al-Pd-Ru,  

Icosaedral Al-Pd-Mn, Al-Pd-Re, Al-Pd-Mg, Al-Li-Cu, Al-Mg-Zn,  

  Al-Rh-Si, Ti-Fe-Si, Ti,Zn,Ni, Mg-Li-Al, Mg-Zn-Y, 

  Zn-Ho, Cd-Mg-Tb 

Octagonal Ni-Cr-Si, Ni-V-Si, Mn-Si 

  Al-Mn, Al-Cr-Fe, Al-Pd, Al-Pd-Fe, Al-Pd-Ru, Al-Pd-Os,  

Decagonal Al-Os, Al-Co-Ni, Al-Cu-Co, Al-Cu-Fe-Co, Al-Cu-Co-Si,  

  Al-Co-Fe-Cr-O, Al-Cr-Si, Al-Ni-Fe, Al-Ni-Rh,  

   Al-Cu-Rh,Zn-Mg-Y, Zn- Mg-Sn, Zn-Mg-Ho 

Dodecahedron Ni-Cr, Ni-V, Ni-V-Si, Ta-Te, Co-Cu, Al-Co-Fe-Cr. 
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The atomic arrangements which comprises the quasicrystals formations of the families is 

particularly complex metal alloys, namely that consist of two, three or four elements; with the 

crystal structure being described by a giant unit cell containing hundreds of atoms. Network 

atomic structure is called by atomic clusters. The quasicrystals clusters are constituted by a 

set of connected and bonded atoms, becoming interpenetrated allowing a limit on the network 

is infinite dimensional. 

The compositions of the quasicrystalline alloys are usually Binary, Ternary and 

Quaternary some compositions have been research and success for certain applications. 

Among the other quasicrystals system is always shown for study AlCuFe, AlNiCo and 

other families of quasicrystals are investigated with broad scientific purpose, they are; 

AlMnPd, AlPdMg, AlCuCo, AlCoFeCr, AlCrFe, AlMnCu also been around for applications 

in the field of science. 

But stressing the icosahedral phases of the quasicrystalline alloys generally classified into 

two families; and they are differentiated by atomic clusters, and icosahedral phases are 

structural units resulting from a succession of several atomic layers and forming a 

symmetrical spherical volume of about 10 Å diameters and containing 55 to 33 atoms. 

However these quasicrystals clusters are described by two models namely; the first is to 

Bergman and the second model of Mackay. Thus, the description two models Mackay and 

Bergman are the following; and as shown in Figure 6. 

 The model for Mackay icosahedral structure has the first layer 13 atoms in the center; 

the second layer contains 12 atoms and clusters icosahedron; third layer already has 30 

icosidodecaedro atoms. 

 For Bergman model has a first layer containing 13 centered icosahedral atoms. The 

second layer is a dodecahedron 20 atoms. 
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Figure 6. Representations of icosahedral quasicrystal cluster are model (a) Bergman (b) 

Mackay. 

However it is interesting to reveal the studies by Bradley Goldschmidt and showed that the 

previously unknown phase quasicrystalline was named ψ Al6Cu2Fe being proposed and 

itsaverage composition in Al65Cu22,5Fe12,5 region. But this phase was the result of a peritectic 

reaction phase β2 - AlFe3 and net remaining a temperature of 860 ° C [18].  

In this composition AlCuFe there is strong aluminum predominance and even then there is 

the coexistence of icosahedral quasicrystalline ψ phase with other phases belonging to the 

system, such as the cubic phase β2 AlFe3, the monoclinic phase λ1 and Al3Fe tetragonal ω 

Al7Cu2Fe. 

At temperatures above 740ºC where the phase ω melts, I phase has a phase coexisting with 

the liquid phases and β and λ.  The coexistence of a three-phase region, which includes the 

phase-occurs between 700 and 740ºC. As the temperature is reduced to 600 ° C, a reaction  
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I L       occurs and the phase I is no longer in contact with the liquid. At this time, 

it has a three-phase coexistence with, β, λ and ω that persists to 550ºC. 

The obtaining methods of quasicrystals and mode of its preparation have direct influence 

on their structural characteristics. However, most of the quasicrystalline alloys are metastable, 

but there are other stable alloys. 

However, the stability of a quasicrystal can be said when their properties do not change 

over time, even following a reversible solidification path [19]. But a metastable phase to be in 

non-equilibrium state, while remaining a long time without modification, cannot be handled 

by the rules of thermodynamic equilibrium [20]. 

 

2.3.1. Analysis of behavior of physical Quasicrystals. 

 

      Investigations on quasicrystals have become increasing and intense, especially on the 

decagonal and dodecagonal phase. While quasi-crystals icosahedrais show quasi-periodicity 

in three dimensions, other classes are quasi-periodic in two directions. The feature of the 

diffraction pattern of a quasicrystal is densely configured by Bragg peaks with non-

crystallographic symmetry and reflects a long-range translational order in. This order is quasi-

periodic, resulting in at least two reciprocal basis vectors with relative lengths that cannot be 

measured when they are associated in their network directions [21]. The structure models of 

quasicrystals of Lifshtz made an analysis regarding the quasicrystal. The solid whose density 

function R (r) can be expanded as a superposition of counting numbers wave plans by Fourier 

expansion,  

. ( )( ) ( ) ik r i

K L

r K e 



                                                                                                     (3)  

They are called quasi-periodic crystals. Where L is a defined as an integral number of 

linear combinations of the observed wave vectors Bragg peaks and k is a wave vector. If we 

consider the full linear combinations of a finite number D of the wave vectors in the 

expansion of Equation 3, one can expand the rest, what characterizes a crystal as quasi- 
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periodic. The analysis by Lifshitz shows the behavior of quasicrystals what had been 

observed in experiments, from the quasi-periodicity in the Bragg peaks [22]. 

The model describes a general icosahedral glass and natural microscopic model. This 

model explains the finite widths of icosahedral diffraction peaks. However the difficulty in 

this model is the width of the peaks which is less than that proposed by the same. One factor 

that has complicated the glass icosahedral discussion with quasicrystalline model was the 

change in the rules of generalization of icosahedral glass model. This change was the extent 

of the union of rules to neighboring seconds to reduce the energy of the glass phase making it 

more stable compared to the crystalline phase [23]. 

The main rule for the formation of quasicrystalline structure is mainly explained by the 

theory of almost cell unit including its ability to separate inter and intra linkages of groups. 

During the nucleation (the formation of organized structures) the order of atomic location 

is assumed to be similar to that found in crystalline materials while the quasi-periodic 

structure ranged develops during the growth process according to statistical and test energy. 

Thus, it is suggested to minimize the free energy of the system as the rule that guides the 

formation of the quasicrystal. The thermal properties of quasicrystals display that are poor 

conductors of heat with a thermal conductivity 0,5W.m
-1

.K-1 at 20 ° C [24]. 

However it’s thermal conductivity increases rapidly with temperature, but also becomes 

small when compared with metals even when the The resistivity of quasicrystalline phases is 

surprisingly high, despite the fact that the metals in the quasicrystalline phase having low 

resistividade. However these are not as insulating materials that can conductivity disappears 

at T = 0K. The resistivity values decreases with temperature which is opposite of the law 

Matthiessen [25]. 

The magnetic properties of quasicrystals is a broad issue and Rekem research and study at 

this point. Under a different magnetic behavior of compositions quasicrystalline systems 

depending on the structure and preparation technique can have; ferromagnetic, paramagnetic 

and diamagnetic [26]. 
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Some studies have reported that the magnetic behavior of quasicrystals based on aluminum 

(AlPdMn, AlCuCr, AlCuFe) may be influenced by formation of pairs of neighboring 

transition metals; ie, the Mn atoms, Cr and Fe even with low atomic percentage of the other 

alloying elements quasicristalline, these atoms has superior magnetic property. 

But there are other factors that can reflect the magnetic behavior are: high local symmetry 

of the Fe sites, the coordination number of the iron sites deviation, causing the disorder, the 

distribution of specific atoms around the iron atom [27]. 

 

2.3.2. The main applications of quasicrystalline alloys 

 

     The quasicrystals arouse interest not only by scholars, most also be applied in the 

industrial sector due to its good physical and chemical properties. The development of 

research has shown the numerous possibilities for the use of quasicrystalline solids such as: 

1. Pots Surface Coating; 

2. Devices for energy conversion of heat; 

3. Thin films for absorbing solar energy; 

4. Hydrogen Storage; 

5. Catalysts for dehydration of methanol to dimethyl ether obtained; 

6. Increase the resistance in composites; 

7. Photonic Sensors;     

8. Aircraft engine parts; 

9. Surgical appliances. 
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2.4. Magnetic Materials 

   

Magnetism has a dipolar nature, co-existing always two poles or magnetic centers in a 

magnetic field, separated by a certain distance. The static magnetic fields are produced by 

stationary electrical currents or magnets. When the charges moving with constant velocity is 

generated a steady magnetic field. This current flow can be formed by magnetizing currents 

such as currents within a permanent magnet, electronic beam currents as in electronic valves 

and driving currents such as currents in wires [28]. 

The substances whether they are solid, liquid or gaseous show some magnetic 

characteristic at all temperatures. Thus, magnetism is a basic property of any material. 

However there are a variety of different types of magnetic materials, it is important to first 

know why these materials have magnetic properties; and then find out which leads to 

different behavior of these materials, for example because a material carries a permanent time 

while others do not [29]. The easily magnetize able magnetic materials are those that have 

high maximum magnetic permeability. The magnetic behaviors of some materials are such as 

iron with high magnetic intensity, while others are not. In fact one of the simplest techniques 

of separation of ferrous materials from non-ferrous is by comparing their magnetic properties. 

The iron is a magnetic material gave the term ferromagnetism, to encompass the intense 

magnetic properties possessed by the iron group in the periodic table [30]. 

However ferromagnetism is a result of the electronic structure of atoms. It should be said 

that at most two electrons can occupy each of the energy levels of a single atom and that this 

is also true for atoms in a crystalline structure. These two electrons have opposite spins and as 

each electron when turning around itself is equivalent to a load moving each electron acts as 

an extremely small magnet with the corresponding north and south poles [31]. 
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Figure 7. These representations are atomic magnetism, (A) Diamagnetic (B) Magnetic. 

 

      In general an element the number of electrons has a certain spin is equal to the number of 

electrons having the opposite spin and the overall effect is a magnetically insensitive 

structure. However, an element with not fully completed internal sub-levels, the number of 

electrons with spin in one direction is different from the number of electrons with opposite 

spin. Thus these elements have a global magnetic moment not null. 

 

2.4.1. Magnetic Induction 

 

According studies of literature stated that the magnetic induction B "is called" induction 

"as it is a quantity that expresses the ability to induce flow in a given medium." The magnetic 

induction B is similar to the electric induction D and is related to the magnetic field intensity 

H according to equation (4) as represent is below [32]. 

.B H                                                                                                                          (4) 

Where   is the permeability of the medium; while H  represents the vector magnetic field 

strength; vector B  is known as magnetic flux density or magnetic induction, expressed in 

Tesla (T) or Weber per square meter (Wb/m
2
). 
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Therefore when there is a ferromagnetic material and this is placed in an applied magnetic 

field, there is an increase of magnetic field strength. This increase in magnetization is 

measured by the magnetic permeability μ defined as the ratio between magnetic induction and 

field applied: 

B

H
 

                                                                                                                                   (5)  

 

2.4.2. Permeability Magnetic 

     

Permeability is the basic parameter for the soft magnetic material since it indicates the 

amount of magnetic induction is generated by a material when placed under the influence of a 

certain magnetic field. 

However we note that we have a relationship between the magnetic induction B  and 

magnetic intensity H  for the vacuum magnetic permeability 0 
 
and are   a constant 

with the value in the international system of units (SI). For the air is slightly larger than    is 

slightly larger than 0  it may however be admitted equal to 0  in practical applications. 

Therefore the magnetic permeability ; it is in general not constant B  it is not a linear 

function of  H  for some materials. Therefore the most important that the value of the 

permeability constitutes the usual representation of the relationship given by equation (4), 

provided through the B-H curves. These curves vary considerably from one material to 

another, and for the same material are strongly influenced by thermal and mechanical 

treatments [33]. 

Naturally it is considered that absolute permeability   and a relative r   
the second being 

given by the ratio between the first and the permeability of air or vacuum 0  
as shown in 

equation (6) below 
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 0

r







                                                                                                                         (6) 

 

2.4.3. Magnetic Susceptibility 

 

     However the magnetization of a magnetic material is proportional to the applied field, it is 

possible to set a proportional factor called magnetic susceptibility, or can describe 

mathematically expressed by the following equation below: 

M

H
 

                                                                                                                             (7) 

Where we have to; M  = Magnetization, which is the magnetic moment per unit volume; 

and magnetization, which is the magnetic moment per unit volume; and H  = Magnetic field 

intensity. This greatness often used to express some intense magnetic response of materials 

and also represents the amplification of the magnetic field produced by the material. Both r  

and   have the same meaning and are thus related:
 

1r  
                                                                                                                       (8) 

However it is necessary to say that the susceptibility of ferromagnetic materials in high 

temperature above the critical temperature cT  called Curie temperature follows the Curie-

Weiss law in the 1
 Curie point is zero and increases linearly with temperature. Emphasizes 

that the critical temperature  cT  or Curie temperature is the temperature above which the 

materials lose their ferromagnetic characteristics and start to present paramagnetic behavior. 

 

2.4.4. Types of Magnetism and Magnetic Moment   

 

 



37 
 

 
 

2. Theoretical Foundation____________________________________ ____________ 

 

In materials example, in some metallic alloys magnetism it is also caused by 

moving electrons and in this particular case the fields and magnetic forces are caused 

by the intrinsic spin of the electron and its orbital motion around the respective cores. 

Naturally the electrons are paired which causes the positive and negative magnetic 

moments cancel out. The magnetic moment created a ferromagnetic material by an 

unpaired electron that does not interact with others, is called magneton Bohr and this 

dipole moment has the following mathematical value. 

24 29.27 10 .
4

B

e

q
x A m

m




 

                                                                                             (9) 

q   Electron charge;  

  The Planck's constant; 

em = Electron mass. 

When a magnetic field is applied to a set of atoms, several types of behavior are observed 

representing various types of magnetism: 

In diamagnetism material is under the action of an external magnetic field, the electrons 

revolving around its own axis will be adjusting, releasing during this set an external magnetic 

directed contrary to the applied magnetizing field, weakening thus the external field applied. 

It should be said that effect provides a negative magnetic susceptibility in diamagnetism is: 

( / )M H  . 

The results of paramagnetic, alignment magnetic dipoles of the individual atoms or 

molecules in the applied field are. Materials which have a small positive magnetic 

susceptibility in the presence of a magnetic field are referred to as paramagnetic. The 

paramagnetic effect on the material disappears upon removal of the applied magnetic field. 

1. Pauli paramagnetic is due to magnetic moment associated with the spin angular 

momentum of the free electrons (delocalized) of a metal. 
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2.  For the Curie paramagnetic in the absence of magnetic field applied to the solid, these 

atomic magnetic moments are oriented randomly and their resultant is zero. 

3.  At high temperatures, a good part of these magnetic dipoles adopt other orientations 

which correspond most energy that is if misaligned. 

4.  The ambient temperature the orientation of the dipoles is almost completely random 

and magnetic susceptibility of the material becomes very small. 

As is shown paramagnetic susceptibility, p  varies with temperature according to Curie's 

law:
p

C

T
 

 .
 

Therefore we call constant C Curie, given by:  

 

In ferromagnetism, when the applied field is removed the material retains part of the large 

magnetization. Certain metallic materials possess a permanent magnetic moment in the 

absence of an external field and exhibit high and permanent magnetization. As shown in 

Figure 8 below. 

 

Figure 8. This representation is possible alignments of magnetic moments in neighboring 

atoms. 

2 2

0 ( 1)

3 B

Ng BJ J
C

K

  




39 
 

 
 

2. Theoretical Foundation____________________________________________            ____ 

 

For a material antiferromagnetic the presence of a magnetic field, the magnetic dipoles of 

the atoms of antiferromagnetic material are aligned in opposite directions so that the overall 

magnetization is zero. For example; the manganese and chromium elements in the solid state 

at room temperature are antiferromagnetic. 

Therefore, the ferrimagnetism is a type of magnetism present in some ceramic materials, 

wherein the different ions have magnetic moments of different values and when aligned by a 

magnetic field anti-parallel to originate a global magnetic field. The ferrimagnetic materials, 

better known as ferrites, can provide high amplification tax field. So, we have the general 

formula of ferrites to know 2 4MFe O , M  this is a doubly ionized ion magnetite whose 

magnetic structure is shown in Figure 9. Thus we have M
2+

. 

 

Figure 9. Illustration of the magnetic structure is magnetic. 

However important to emphasize currently knows many types of magnetic sorting, into 

different solid; one of the most common the orientations of the magnetic moments rotate in a 

fixed angle to move from one atom adjacent to the atom so that the magnetic moments along 

one direction are arranged helically. 

 

2.4.5. Temperature Effects on Ferromagnetism 

 

    However it is understood as the temperature of a ferromagnetic material is increased by the 

added thermal energy it increases the mobility domain, making alignment thereof but also 

preventing them to remain aligned when the field is removed. 
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In general the less familiar ferromagnetic material exhibiting ferromagnetism some only at 

temperatures much below room temperature are rare earth compounds such as for example, 

gadolinium or dysprosium. 

However the temperature above which a ferromagnetic material becomes paramagnetic 

Curie temperature is called. 

However the Curie temperature of iron for example, is 1043 K, above which this is 

paramagnetic metallic element [34]. 

    Hence the material behaves like a paramagnetic magnetic susceptibility is described by a 

modified Curie's law, the so-called Curie-Weiss law. 

c

C

T





                                                                                                                          (10)    

Is where c  the Curie temperature. For iron, cobalt and nickel c is higher than room 

temperature, but in many materials the Curie temperature is lower, which obviously prevents 

its use as permanent magnets. Then in Table 2 below are some ferromagnetic materials and 

their Curie temperature. 

Table 2: Show some of ferromagnetic materials and their respective Curie temperature [35].  

ferromagnetic material Curie temperature (K) 

     Chrome 436 

     Nickel 627 

      Iron 1043 

    Gadolinium 289 

 

Of course, the transition temperature for an antiferromagnetic called Néel temperature. For 

temperatures above the transition, the vibrations of atoms or ions with high amplitude destroy 

the alignment of magnetic moments. This happens when the thermal energy is of the order of 

(or higher than) power interaction that leads to alignment. Decreasing temperature reduces the 

amplitude (and energy) of the vibrations; when the solid transition temperature  
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approaches the amplitude of vibration it is already so small that some neighboring magnetic 

moments align, creating a local magnetic field, which in turn leads to the alignment of a few 

moments; local field increases, and the process continues until all of the solid moments are 

aligned in a single [36] direction. In figure 6 below will have the representation of the effect 

of temperature on the saturation magnetization of a ferromagnetic material. 

 

 

Figure 10. Effect of temperature on saturation magnetization of a ferromagnetic material 

below its Curie temperature TC. 

 

2.5. Magnetic properties of quasicrystals 

 

     The physical properties of quasicrystals differ greatly from crystalline and amorphous 

solids. Furthermore, studies of mechanical and electronic properties that are intensively 

investigated, and consequently the magnetic behavior of these materials in the continuous 

process there are controversial and, therefore, is a question which have much studies to 

researchers in quasicrystals. 

Generally, it has been reported in the literature quasicristalina icosahedral alloy Al-Cu-Fe 

presents a paramagnetic behavior [37]. However other studies have made this alloy Al-Cu-Fe, 

and may also have a diamagnetic behavior, being mono-quasicrystal [38] or poly-quasicrystal 

[39], this would have a ferromagnetic behavior; then this magnetic behavior change can  
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generate controversy. However two issues that currently are not yet fully clear: First the 

origin of the formation of the second magnetic moment and the influence of the preparation 

method of the samples used.  

According to the first viewpoint Stadnik [40] reported that phase I-AlCuFe for having 

transition metals, for example: Iron atoms is in the constitution of quasicrystalline connects 

with him unpaired electrons 3d. The iron contains only a small fraction (about 10-4) atoms 

carrying a magnetic time. This same behavior was observed in quasicrystals of Al-Mn-Pd. 

This theory was proved theoretically by calculations [41]. The density of electronic states 

similar verging site Al-Cu-Fe is. The main interesting of aspects in the magnetic behavior in 

quasicrystals and variations is. 

The diamagnetism and paramagnetic Pauli Landau in quasicrystals exhibit good quality 

structure, but in general are weakly diamagnetic. Soon, the diamagnetism is explained by 

small gaps terms of Fermi energy led the effective masses of electrons to the anisotropic. 

Consequently the effective masses of the electrons very low in certain directions, 

combined with the decrease in Pauli paramagnetic and reducing the number of particles at the 

Fermi level are responsible for the diamagnetism in Landau quasicrystalline alloys and 

strengthening the Pauli paramagnetic. As well as the gaps are very sensitive to impurities and  

Phasons in general is the magnetic behavior of quasicrystalline solids is to diamagnetism 

[42]. 

With underlining that the quasicrystals contains only a small fraction of magnetic ions. 

These depend on the magnetic moment of training and also the symmetry and the long-range 

local correlations. The interaction of ions in quasicrystals are strong that raises the freezing 

temperatures, in addition to the normal cooling temperature and the increase in glass-spin 

[43]. 

The quasicrystals have reduced local order of transition metals in terms hybridization in 

sublevels d, s and p, and the concentration of these ions provides an increase in the magnetic 

disorder. Moreover, the criterion for identifying Stoner transition metal in the density of high 

local electron conduction, displacement in the magnetic moment [44]. For this study used the  
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power system quasicrystalline Al-Cu-Fe, the energy of a metal matrix containing transition 

metal impurities in a sufficient distance so that the electrons is forbidden to jump from one 

energy state to another. This description of this model Hamiltonian of Friedel-Anderson was 

shown in the following expressions. 

( ) ( ) ( ) id

nk id

H En k n k n k E id id    
 

,

,

( )id nk hyperfine d d

id nk

V id n k H UN N
 

   
                                                    (11) 

In the first row of the matrix contains the energies of the conduction band of local electrons, 

s, p and d electrons on site. The second line is the energy of the sublevels s interaction, p and 

d, and the repulsive interaction of electrons in the local sites between the electrons in the 

sublevels d.  

In this case the nearly free electrons in the wave function of sublevels s-p  |  n K and 

can be approximated by plane waves [45]. 

The point of origin of the sublevel d of transition metals, and the competition of local 

Coulomb energy and the kinetic energy of the band. According to the Coulomb energy is:  

2 2( )
4

colomb

U
E N m  with 

  
d d

N N N
 

   the total number of localized electrons d, 

d d
m N N

 
 

 
net polarization of the electrons in transition metal atom. Repels electrons in 

the d subshell of the transition metal atom and supports the transfer of an electron d to an 

unoccupied band state. colombE  therefore favors the formation of a magnetic moment of the 

transition metal ions. 

 

2.6. Mechanical Alloying 

 

    The Mechanical Alloying is a processing technique in the solid state, where the products 

are formed by energy transfer from mechanical collisions in a high energy mill. In alloying,  
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the powder particles are subjected repeatedly to a fracture and welding process to form the 

final stages [46]. 

In recent years, Mechanical Alloying process, a powder metallurgy technique developed in 

the 60s; More BENJAMIN who was established as a viable method of processing solid to 

produce various quasicrystalline phases (QC) metastable and stable [47]. The chronological 

development of mechanical alloying is presented in Table 3. 

Table 3: Chronological development of mechanical alloying is [48]. 

 

Due to the inherent advantages compared to conventional methods, this simple and 

effective technique is used to prepare metallic, ceramic, polymeric and composite materials. 

The mechanical alloying advantages are listed in Table 4. 

Table 4. The advantages of mechanical alloying is [49]. 

Dispersion Production of secondary phase particles; 

            Extension of solubility limits in solid state; 

            Refinement of the grain size to the nanometer range; 

            Synthesis of new crystalline phases and quasicrystalline; 

             Development of amorphous phase (glassy); 

            Cluttering of ordered intermetallic; 

Possibility of forming alloys difficult miscibility elements; 

         Induction of chemical reactions at low temperatures. 

 

The preparation of the post of quasicrystalline alloy Al-Mn-Cu and Al-Cr-Fe that will be 

processed by mechanical alloying e starts with the preparation of the starting mixture, which  

Year of occurrence Important facts in the development of Mechanical Alloying 

1966 Formation alloy oxide-dispersion strengthened (ODS) Ni base

1970     First publication on Mechanical Alloying

1981 Amorphization of intermetallic

1983 Amorphization of powder mixtures

1987 Synthesis of nanocrystalline

1989 Synthesis of quasicrystalline phases

1990 Synthesis of amorphous materials by mecanossíntese
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is a mixture of powders used as raw material in the desired ratio. Subsequently, It occurs 

loading of this mixture together with grinding bodies (grinding balls) in a planetary mill (high 

energy mill) capable of urging these bodies and the powder mixture with high power and 

speed in order to provide changes that do not it is possible in a common mill. This mixture is 

then milled for the time necessary until they reach a homogeneous solid form, where powder 

particles formed, thus obtaining the desired materials will be Suryanarayana [50]. In 

mechanical alloying process of collision between the grinding bodies and the dust particles 

that are between the grinding bodies. The collision of the particles with milling bodies and 

these against the walls of the grinding container cause repeated cycles of deformation, cold 

welding and fracture of the particles. These processes of deformation, fracture and cold weld 

define the final structure of the material. 

 

2.6.1. Post Formation Mechanisms quasicrystalline 

 

     In the early stages mechanical alloying two opposite effects are induced in the powder 

particles due to high energy collisions [51]: 

 Particles ductile powder is welded cold-deformed repeatedly, leading to hardening and 

subsequent fracture, breaking these into smaller particles. 

 The fragile dust particles suffer fracture decreasing their size and are incorporated in the 

ductile particles when they are between them at the time of cold welding. 

Two kinds of collisions that may be effective for mechanical alloying results, the shock 

two grinding bodies and the collision of a milling body with the wall of the grinding 

container. Collisions are defined by the speed and the angle of incidence of the colliding 

material. As being illustrated in Figure 11. 

 

 

Figure 11. Representation of the main event in which energy transfer is occurs during 

mechanical alloy. 
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When a milling body collides with the wall of the grinding vessel may be a small amount 

of powder between them, this type of shock primarily involves the friction of these powders, 

as shown in Figure 12 [52]. 

 

Figure 12. Collision between balls - powders - the container wall in mechanical alloy. 

 

2.6.2. Process Variables influencing the mechanical alloy 

 

     In mechanical alloying process many variables influence the final formation of dust and 

these variables, hereafter called external parameters are: type of mill, grinding atmosphere 

milling time, ratio of mass ball-powder, nature and number of process controlling agent and 

rotational speed. Knowledge of these parameters and the physical and structural 

characteristics of a given system it is important to obtain the desired properties of 

quasicrystalline alloys. 

 

2.6.2.1. Milling Types 

 

During mechanical alloy, the powders are placed into a container or pot with a stirrer and 

means controlled atmosphere. The most commonly used stirrers are balls of various materials 

and sizes (there mills using steel bars). The pot-balls-materials set is loaded in the machine 

(mill) to be in charge of causing the mechanical movements necessary for performing the  
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process. There are several types of mills and the most used are the conventional horizontal, 

vertical, vibrating and planetary [53].  

 Conventional Ball Mill and High Energy Ball Mill: These mills horizontally rotate 

around its axis of revolution, as seen in Figure 13. The powders and grinding balls are swept 

away by the wall of the container and when they reach a certain point fall due to gravity. In 

addition, the beads slide past each other. The combination of these movements front and 

induces collisions of friction in powders. Ball mills with small diameter grinding container 

are low-energy mill or conventional balls. 

 

Figure 13. It’s a scheme of a horizontal Ball Mill [54]. 

 Planetary mills: This mill comprises a container which rotates at a rotational speed ω 

on a tray rotating at a rotation speed Ω in the opposite direction, as shown in the scheme of 

figure 14. Consider three types of system milling this mill, depending on the ratio between ω 

and ω speed. If this ratio is small the system is described as chaotic so that the balls collide 

with the walls of the container they return, predominantly frontal impact shocks. If the ratio is 

high, there is a friction system and spheres remain in the container wall, especially the friction 

and shearing shocks. 

 

 

 



48 
 

 
 

2. Theoretical Foundation__________         __________________________   ____________ 

 

 

 

Figure 14. Scheme of a mill Planetarium [55]. 

 Attritor mill: The principle of this mill is different from others because the container 

remains stationary during milling, which moves balls and the powder during milling is a shaft 

with several stirrers rotating with a rotation speed (ω) 100 at 1000 rpm inside the mill, as can 

be seen in Figure 15. The shear shock and friction are crucial to frontal impact.    

 

Figure 15.  It’s a scheme of an attractor mill [56]. 

 

2.6.3. Reason balls / powder 
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This is a very important parameter in the mechanical alloying process, because it is directly 

related to the amount of energy. The higher this ratio, the greater the energy transfers to the 

processed materials. This is because the number of collisions per unit time increases with 

increasing the number of balls and each impact energy increases with the weight of balls. 

With the increased frequency of collisions and energy involved in each collision occurs a 

temperature rise in the milling, which accelerates the diffusion process. 

 

2.6.4. Speed Milling 

 

     Depending on the mill there are certain limitations on the maximum speed that should be 

used. Another limitation on the maximum speed of rotation or oscillation that may reach a 

mill is that, at high speeds, the temperature inside the container may reach a very high value.  

This may be advantageous in some cases where diffusion is required to promote 

homogenization and or between the alloying powders. However in some cases, this increase 

in temperature can be a disadvantage because it will accelerate the transformation processes 

during milling and result in the decomposition of solid solutions supersaturated or other 

stages metastable [57]. 

 

2.6.5. Grinding Atmosphere 

 

     The control of the atmosphere has an important role in the high energy and final product 

characteristics milling process because the use of an inert atmosphere prevents the formation 

of oxides on the new surfaces formed upon fracture of a particle. Without control of the 

atmosphere, oxygen can lead to the destruction of quasicrystals, depending on the alloy and 

the conditions to which it is subjected, and only occurs when oxygen can penetrate the 

structure [58]. 

 

2.6.6. Grinding Temperature 
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    The temperature of the powders reaches during the grinding process has an influence on 

mechanical alloy, since it accelerates the diffusion mechanisms and micro-welding at the 

microscopic level, these processes are involved in the formation of the final product, whether 

it is a solid solution, an intermetallic, a Nano composite or an amorphous phase [59]. 

Part of the high mechanical energy involved in collisions of bodies during the MAE is 

dissipated as heat, consequently, the temperature of the grinding media increases. Therefore, 

this increase will depend on the materials involved, the kinetic energy of the grinding beads 

that are closely associated with the mechanical drive mill (according to the characteristics and 

operating conditions of the equipment), as well as processing time. 

 

2.6.7. Impurities in Process 

 

     Contamination is a feature of mechanical alloy process. The main reasons are the means of 

grinding, milling and the atmosphere of the agent process controller. If necessary, the 

contamination caused by the atmosphere can be avoided by grinding in an inert atmosphere or 

vacuum. Contamination caused by the grinding media is inevitable and depends on the 

milling time and also the time since the last cleaning performed at the mill. 

     When the material subjected to grinding promotes lining the walls and mill balls, it is not 

recommended for constant cleaning of equipment; the lower the contamination of a given the 

further material is the latest cleaning equipment. Since the contamination caused by the 

resulting process controlling agent as mentioned above the formation of carbon compounds 

and for materials such as aluminum contamination is also inevitable. 

 

2.6.8. Study mechanical alloy Process for obtaining the icosahedral and decagonal 

phases. 

In a study quasicrystalline Al70Cu20Fe10 alloy system and the mechanical alloying 

technique revealed through the analysis of X-ray diffraction showed 20 hours of milling noted 

the precursor aluminum and Al 2 Cu and   -Al (Cu, Fe) and milling 40 hours produces  
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a structure consisting of icosahedral phase with cubic phase   -Al (Cu, Fe) and a small 

amount of Al 2 Cu intermetallic phase. When milled for 50 h, the ratio of the intensity of the 

icosahedral phase to the cubic phase-is significantly reduced compared to the situation after 

grinding 40 hours and 60 hours an increase in phase   [60]. 

 

Figure 16. X-ray diffractogram of the Al70Cu20Fe10 system after (a) 20 h, (b) 40 h (c) 50 

hours and (d) grinding 60h [61]. 

Regarding quasicrystalline alloy Al-Cr-Fe this research for the icosahedral phase and 

decagonal noted studies researchers Sordelet et al; they made studies on other families of 

quasicrystals using the technique of mechanical alloying under conditions of time and with 

the combination of the addition of Cr in Al-Cu-Fe system, which increased the formation of 

quasicrystaline icosahedral phase [62]. They found a decagonal phase of the Al-Cu-Fe-Cr 

alloy 5 hours with heat treatment confirmed the study Dong as shown in Figure 17. 
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Figure 17.  Diffractogram of quasicrystaline alloy Al-Cu-Fe-Cr, after thermal treatment at 5 h 

which shows d = c = decagonal phase and the cubic phase. 
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3. Materials and Methods 

3.0. EXPERIMENTAL PROCEDURE 

3.1. Materials. 

 

     In this chapter, we are presenting the experimental procedure used to obtain the 

quasicrystal Al65Mn22Cu13 and Al67,6Cr23,3Fe9,1 by Mechanical Alloying technique. 

The quasicrystalline alloys prepared were characterized by Technics; Diffraction X-ray 

Scanning Electron Microscopy, Energy Dispersive Spectroscopy and Vibrating Sample 

Magnetometers to assess their physical and magnetic properties. Mechanical Alloying this 

process obtained a small amount of alloys and Al65Mn22Cu13; Al67,6Cr23,3Fe9,1 in which, study 

the evolution of milling times (1, 5, 10, 20, 25, 30, 35 and 40h) in this material. In this 

flowchart in Figure (18) below is shown the sequence of activities performed. 

 

 

 

 

 

 

 

 

 

Figure 18. Flowchart is displaying the experimental part of the sequence of production of 

quasicrystalline alloys. 

Quasicrystalline alloy elements Al, Mn, Cu, Cr, Fe 

Stoichiometry of Quasicrystals Al65Mn22Cu13 and Al67,6Cr23,3Fe9,1 

Post Processing of Quasicrystals by Mechanical Alloying 

Characterization Structural and Magnetic 

XRD, SEM and EDS Magnetic Measurements 
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3.2. Preparation of the quasicrystalline alloy (AlMnCu, AlCrFe) by Mechanical alloying 

 

The quasicrystal elemental powders with a purity of 99.99% for each element which 

constitutes the two compositions were weighed on a precision balance, with a resolution of 

Micron B4000 10-2g to give the nominal compositions. The precursors were placed in steel 

jars, and held washes in argon atmosphere condition. So, to have accurate information of the 

total mass of the alloy powder has the relationship ball/ powder, as determined by 20: 1, 

correctly indicating the total sample weight, 20g for each; the ball sizes used in this procedure 

experimental were 10mm. In quasicrystals two materials, a mill used with discretion 

following a planetary mill, Fritsch Pulverisette model P5, as in this Figura19 where proceeded 

processing the mixture of elemental powders by mechanical alloying. 

     Table 5. parameters variables used in the execution of grindings for the two selected 

alloys. 

 

In this experimental preparation of quasicrystalline alloys (Al-Mn-Cu and Al-Cr-Fe) was a 

repetition of an identical sequences; time in minutes mill (tm = 60 min), followed by the stop 

time (tp = 5 min). The time of each grinding corresponds to the following equation: (n x TM) 

so we have the sequence to other milling times ranging from 1, 5, 10, 20, 25, 30, 35 and 40 

hours.  

 

Composition of alloys Mill Size of Ball (mm) Speed (rpm) Relationship Ball / powder Mass of powders (g) Vacuum (mbar)

AlMnCu Planetarium Fritsch Pulverisette P5 10 200 20.1 20 5x102

AlCrFe Planetarium Fritsch Pulverisette P5 10 200 20.1 20 5x102
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Both alloys processed by mills did not use any lubricant or PCA process control agent 

(Process Control Agent).  

          

 

Figure 19. Representation Mill Fritsch Pulverisette P5 used in the preparation of quasicrystal 

(a) without the pitchers and (b) with the pitchers installed. 

 

   The grinding container as illustrated in the Figura20, these stainless steel pitchers have an 

internal volume of 51cm
3
, and steel balls of 10 mm and 8g. 

         

Figure 20. This representation is pitchers with spherical balls Fritsch Pulverissette P5 mill. 
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3.3. X-ray Diffraction 

 

    The X-ray diffraction (XRD) is a major technique to characterize materials, particularly 

those which have micro crystal nanostructures. The DRX is widely used in qualitative and 

quantitative analysis of crystalline phases, as well as in determining the parameters of the unit 

cell, particle size and non-uniform deformation of crystal. It’s an analysis that stands out for 

the simplicity and speed of the method, reliability the results obtained. 

The X-ray diffraction was explained by the English physicists Sir W. H. Bragg and his son 

Sir W. L. Bragg, in 1913. "In crystalline metals, for certain wavelengths and incident 

directions sharply defined, intense peaks of scattered radiation (Bragg peaks) were observed.  

These observations are examples of wave interference X-rays, and is evidence direct the 

periodic structure of crystals, Figure 21 representing how the phenomenon occurs [63]. 

 

Figure 21. This is representation X-ray diffraction. 

 

     The X-rays diffraction focusing on a crystal composed of parallel planes ions, separated by 

a distance d. For obtaining the pattern of X-rays is necessary that the rays being reflected 

specularly on the ions, that is, the angle of incidence (θ) equals the angle of reflection. In 

addition, the reflected rays should interfere constructively. The difference in the paths 

traveled by the rays must be an integer number of its wavelength (λ) to ensure the phase 

concordance. All this explanation is summed up in the famous Bragg's Law to the diffraction 

of X-rays by a crystal. 

2n dsen                                                                                                                 (12) 
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Bragg's Law in the experiment is found the peaks representing the crystal planes of the 

sample. It is noted that certain information is known beforehand, as the 2θ value and the 

wavelength of X-rays and hence the distance between the crystal planes is the same diffracted 

obtained. The inter plan distance (d) in cubic crystalline structures can be found through the 

relationship [64]. 

2 2 2

2 2

1 ( )h k I

d a

 


                                                                                                                                 (13) 

The Miller indices (h, k, l) refers to the family of planes generating peak diffractogram of 

the sample under study. 

However, the used X-ray diffraction to identify phases present in powders and their 

evolution with milling times without heat treatment. The two samples of quasicrystal 

(AlMnCu / AlCrFe) were analyzed using an X-ray diffractometer, Shimadzu model XRD - 

6000, with Cu radiation - Ka (λ = 1.54056 Å) with 40 kV, the tests were carried out at a 

temperature of 298K and 30 mA current, and acquired in the angular intervals 0 ° ≤ 2θ ≤ 

120
o
, with Δ step (2θ) = 0.02° and Dt / step (2θ) = 4 s, held in CETENE (Centre Northeast 

Strategic technologies) in the state of Pernambuco. 

 

3.3.1. Scanning electron microscopy and Energy Dispersive Spectroscopy (SEM–EDS). 

 

     Powders of the alloy quasicrystals were processed by mechanical alloying for these 

particular purposes of analysis the morphological structure and crystal pellet form, was used, 

an electron microscope TESCAN scan MIRA 3 model with microprobe Oxford to SDS X-

Max model. 

The materials under study, through the electron microscope scan of the interactions that 

occur when the electron beam strikes the samples analyzed. These interactions valid by 

detectors provide information on the composition, topography, electric potential and local 

magnetic fields and others. It is clear and common knowledge that there are two types of 
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interactions between the electrons and the samples can be divided into two classes. The 

elastic scattering is that the trajectory of the electrons within the sample without however 

changing the kinetic energy of the same. Soon the other is responsible for electron backscatter 

phenomenon; and comprising different interactions where there is kinetic energy loss of the 

electrons to the sample atoms allowing the generation of secondary electrons, Auger electrons 

are absorbed as well as X-ray and characteristic cathode luminescence [65]. 

As the analysis on a scanning electron microscope, the images obtained show that the 

secondary electrons provides detail of ionized material surface in shades of gray. The lighter 

shades can represent both sides of quasicrystalline alloys and cobalt ferrites oriented for the 

detector, as well as defects of metallization and edges of the samples. The resolution obtained 

in the secondary electron image corresponds to the diameter of the incident electron beam and 

which can vary according to the specifications of the equipment used in the analysis. Another 

constraint resolution for the image of the secondary electrons is the instrument calibration 

conditions, such as the amperage and vacuum conditions [66]. In Figure 22 below is the 

electron microscope scanning equipment used in the analysis of quasicrystal is Department of 

Physics / CCEN / UFPE. 

The energy dispersive spectroscopy X-ray (EDS) spectroscopy is a technique naturally be 

associated with electronic microscopic. The microscope generally have equipment allowing 

microanalysis obtaining chemical information in areas of micron order which are qualitative 

and quantitative achieved by an X-ray detector resulting from interaction between the primary 

beam and sample [67]. The EDS analysis was used with the purpose of identifying the 

compositions of quasicrystals in addition to quantify the chemical elements present in each 

sample. 
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Figure 22. This representation is scanning electron microscope equipment (Tescan) 

Department of Physics / CCEN / UFPE. 

 

3.3.2. Analysis on Magnetic quasicrystals 

 

     Magnetic characterization made in the samples synthesized by the technique of mechanical 

alloying, the quasicrystalline alloy (AlMnCu, AlCrFe). In this study is the magnetic property 

of the sample at temperatures of 50K will 300K analysis was performed on the equipment of 

Physical Property Measurement System, model 6000 a controlled device by a sophisticated 

microprocessor. 

 

 3.3.3. Vibrating sample magnetometer (VSM) 

 

    The equipment has been developed by S. Foner in 1955, since then it is known as a 

vibrating sample magnetometer (VSM). Consequently, the magnetometer is most used in 

research laboratories and is characterized by its good performance, low cost and simplicity of 

operation [68]. 

This technique is based on the principle of load flow variation of a sample subjected to a 

magnetic field H to promote this charge flow; the sample is vibrated with frequency and 

constant amplitude during the analysis. However the sample is fixed to one end of a rod made  
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of non-magnetic material; the other end of this rod is fixed to a vibration source, which may 

be a speaker or some other type of mechanical vibrator; with the sample under vibration, 

applies the magnetic field through the magnets and load flow experienced by the sample is 

measured by obtainers coils [69]. In view of monitoring the magnetic properties of a material 

with respect to temperature is. This can be done by heating or cooling the sample by passing a 

heated or cooled gas; Cooling is common to use liquid nitrogen, argon and heating.  

Noting that, when magnetized specimen generates an alternating voltage of the same 

frequency in detection coils which are arranged in such a way as to maximize the induced 

signal. This signal is picked up by obtainer’s coils and sent to a lock-in amplifier that 

provides signal amplification and improved sensitivity, from the selection of appropriate 

phases and frequencies. 

Thus, the working principle of the vibrating sample magnetometers (VSM) is based on 

Faraday's law, in which the induced voltage (ε) in the detection coil can be expressed by: 

( )
d

t
dt




 
                                                                                                              (14) 

It is 
d

dt


  the magnetic flux variation as a function of time. 

      For this work with samples of quasicrystal and cobalt ferrite, proposed for this research 

were made the ZFC measurements (Zero Field Cooling), the sample cooling process under 

zero field, until it reaches a desired temperature. Subsequently applies an external magnetic 

field to magnetize the samples. The FC measures (Field Cooling) were performed after the 

end of ZFC measure when it reaches the maximum desired temperature. Below we have the 

illustrative representation of the equipment used to analyze is magnetic. 
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Figure (23): Representation equipment for magnetic analysis PPMS of the Department of 

Physics at UFPE. 
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4. Results and Discussion 

 

The present work we have quasicrystalline alloys (AlMnCu and AlCrFe) and subsequent 

characterization for identify the formed phases. For this purpose we organized a 

chronological sequence presented follow: 

  X-ray diffraction patterns: In order to identify the phase formation, secondary phases 

compounds and some behaviors typical of mechanical alloying process. 

 Scanning electron microscopy (SEM): For morphological characterization and study 

the possible contamination with jars and balls during the milling process. 

 Energy dispersive spectroscopy X-ray (EDS): Identify the quantify the most 

predominate elements of two quasicrystalline alloys. 

 Vibrating sample magnetometer (VSM): For the magnetic basic study in order to 

show if some unexpected properties are presents in the obtained material.  

 

4.1. X-Ray Diffraction 

 

The results of X-ray diffractograms of the samples with Al65Mn22Cu13 quasicrystals and 

Al67,6Cr23,3Fe9,1 are shown in Figures (24) (25) (26), respectively, for different milling times 

1, 5, 10, 20, 25, 30, 35 and 40h in order to optimize the parameters in the milling process. 

 

 

 

 



63 
 

 
 

4. Results and Discussion__               _____________________________________________ 

 

 

 

 

Figure 24. X-ray diffratogram for quasicrystalline Al65Mn22Cu13 alloy X-ray 35 hours of 

grinding. 

 

Figure25. X-ray Diffratogram for the sample Al67,6Cr23,3Fe9,1 for 15 hours of grinding. 
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Figure26. X-ray diffratogram for the sample Al67,6Cr23,3Fe9,1 for 40 hours of grinding. 

Both X-ray diffractograms referring to the quasicrystall alloys of Al65Mn22Cu13 and 

Al67,6Cr23,3Fe9,1. We noted that, according to the formation of quasicrystalline alloy 

composition can be taken to the presence of two or three of the following stages: phase 

with quasicrystalline structure, phase  - crystalline, that it is a solid solution of cubic 

structure isomorphous with cesium chloride structure (CsCl) and the phase   isoform 

monoclinic structure. The formation of quasicrystals stages during the process, especially the 

coexistence of phases   and   already had evidence in the literature on studies by 

researchers. But it is convenient to say during this reaction mechanism    and    does not 

provide the kinetic conditions for the alloy become completely quasicrystalline [70]. 

In this work it was possible to observe the influence of milling parameters on the 

formation phase of quasicrystals. The structural evolution, during the milling process was 
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observed in function of time (0-5h) indicating a significant broadening of the diffraction 

peaks for the two Al65Mn22Cu13 and Al67,6Cr23,3Fe9,1 alloys.  

But some peaks overlapping diffraction in quasicrystalline alloy is due to the evolution of 

the β phase, which allowed not accurately measure the integral amplitude peaks. The main 

grain size changes during the early stages of milling. The grain size decreases rapidly from 1-

3 to about 10-20 nm after 10 hours of milling. 

However basically necessary to certain mill speed of 200 rpm or even higher speed with 

the desired phase dependence and applicability of the material to be used to be achieved. As 

is seen in XRD patterns of Al65Mn22Cu13 and Al67,6Cr23,3Fe9,1 is naturally found explanatory 

peaks and flooding as to initiate the formation of β phase has to be an intensity of milling and 

speed. The diffraction peaks of (110) the β phase was observed after 15 hours of grinding at 

200rpm. This clearly indicates that an acceleration phase to the β quasicrystalline is due to a 

phase transformation, this may occur with increased grinding intensity [71]. 

Therefore it is evident the predominance of some peak which is attributed to the 

aluminum, because has a dominant volume fraction for the elemental composition of the alloy 

quasicrystals. For 15 hours in grinding the resulting of the mechanical process is the evolution 

of a metastable phase β which is associated with the dissolution of copper (Cu) and aluminum 

the remainder of [72]. 

Thus the composition may have AlCrFe the existence of two main phases of icosahedral or 

decagonal type: Alloy with grinding time a little longer than the Al65Mn22Cu13 of 40 hours. 

     In this case Al67,6Cr23,3Fe9,1 notoriously initially observed also in the second diffraction 

pattern in Figure (26) the presence of intermetallic phase Al3Fe and a solution of Al and Cr 

based precursors. However, the sample milled for 20 h observes the icosahedral phase due to 

the presence of chromium atom, but with time further milling 40 hours, and have presented 

the phases previously recorded in the previous diffractogram was can get you crystal + 

decagonal phase in quasicrystalline alloy  Al67,6Cr23,3Fe9,1. 
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  4.2. Scanning Electron Microscopy (SEM) 

 

     The images presented in both quasicrystalline alloy Al65Mn22Cu13 and Al67,6Cr23,3Fe9,1 

show microstructures with irregular shapes and porosity as the respective figures below. 

 

Figure 27. Micrograph of Sample Al65Mn22Cu13 with 5h of milling. 

 

Figure28. Micrograph of Sample Al65Mn22Cu13 with 10h of milling. 
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       Figure 29. Micrograph of Sample Al65Mn22Cu13 with large nodules formations. 

  

Figure 30. Micrograph of Sample Al67,6Cr23,3Fe9,1 dense layer of alumina. 
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Figure31. Micrograph of the alloy Al67,6Cr23,3Fe9,1 after 10 hours of grinding. 

 

Figure32. Micrograph of the alloy Al67,6Cr23,3Fe9,1 in the formation of nodules. 
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The SEM images of the two quasicrystalline alloys show the existence of intermetallic 

phases associated with small regions oxides. For quasicrystalline alloy Figure (27) 

Al65Mn22Cu13 with 5 hours of milling, has only small spherical particles meaning that there 

are a number of crystallites and agglomerates of irregular surfaces. The corresponding 

micrograph Figure (28) Sample Al65Mn22Cu13 is observed with longer grinding time in 10 

hours, this microstructures presenting with irregular symmetry and pointed a little uniform 

and triangular with disagreements in their relief, that become structures crystals. This 

probably indicates that a large volume fraction of the solid particles collide with each other on 

the metal surface during the grinding process. In Figure  (29) that occurred to formation of 

large lumps, possibly indicating that the β phase nucleation can occur in such locations 

accordance sites of quasicrystalline composition of each alloy; probably influence of 

impurities and existing during the synthesis process helps accelerate the oxidation of the 

quasicrystal. Figures (30), (31) and 32 present images of morphology of the sample 

quasicrystal Al67,6Cr23,3Fe9,1 with similar behavior AlMnCu the icosahedral phase, but with a 

predominance of the decagonal phase. For Figure (30) the beginning of the thin layer of 

aluminum oxide with pores is white points, meaning the aluminum oxidation in the alloy in 

the form of aluminum oxide Al2O3. According to Chang et al observed the tendency of 

aluminum enrichment in the outermost surface quasicrystalline alloy. The behavior of 

intermetallic constituents of the icosahedral quasicrystal and decagonal phase, the presence of 

oxygen shows that the aluminum atoms move the mass to the surface. It is assumed to be due 

to the driving force provided by the exothermicity of the oxide which is higher than that of 

other alloy constituents [73]. The second image Al67,6Cr23,3Fe9,1 it is sample showing a large 

crystal with regular and uniform format and predominance of β phase. This is similar to a 

crystal of a hematite, probably meaning that there was an iron atom in oxidation of Fe
2+

 

oxidized form [74]. In the latter quasicrystalline micrograph of alloy Al67,6Cr23,3Fe9,1 discloses 

the formation of some large and medium-sized nodules; resulting from the grinding synthesis. 

Oxygen generally exhibits different affinities with the intermetallic compound elements, 

leading to selective oxidation. The oxygen absorbed is widespread in the quasicrystal and 

induces a phase transformation in which oxygen is stabilized. Oxygen reacts in the 

quasicrystal surface forming metal oxides. The interface region beneath the oxide layer is 

preferably oxidized in the exhaust element. Thus the concentration is shifted out of the  
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range of stability may occur quasicrystalline phase and a phase change. After thirty minutes 

of oxidation arise in deep holes icosahedral phase, which are fine in grain boundaries and / or 

grain surface with protrusions. In this initial phase oxidation observes a topographic surface 

containing small nodules islands, which form a thin oxide layer with a thickness in 

micrometers (um.) After a period of two hours, irregularly distributed lumps are observed on 

the grain surface. Finally, after some hours, the nodules form a voluminous oxide layer [75]. 

 

4.2.1. Energy Dispersive Spectroscopy (EDS) 

 

The EDS spectrum of the two quasicrystalline alloy Al65Mn22Cu13 and Al67,6Cr23,3Fe9,1 as 

lying below. 

 

 

Figure33. Elemental analysis of EDS quasicrystalline alloy Al65Mn22Cu13. 
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   Figure34. Elemental analysis of EDS quasicrystalline alloy Al67,6Cr23,3Fe9,1. 

 

Composition analysis with an EDS as shown in Figures 33 and 34, the observed regions 

have been composed mainly of Fe, Cr, Mn, O, and Cu, a larger amount of Al, they can 

complex with Cu, Al2O3, AlFe3, Al3Cu, Cu2O and Fe3O4 or CuFeO2 since the phases present 

in the transformation is due to the strong presence of conduction electrons of Fe and Cu are 

protected by the thin layer of aluminum oxide which enables the peritectic reaction between 

the phases of γ-Al13Fe4 liquid and to form the highly dense phase ω-Al7Cu2Fe1. Aluminum is 

more prevalent than the other elements (copper, chromium, manganese and iron) in exact 

proportions, since the existence of γ-Al2O3 favor the formation of spinel on the copper in the 

alloy AlMnCu, and oxidized iron AlCrFe forming CuO and FeO. 

 

4.3. Vibrating Sample Magnetometer (VSM) 

4.3.1. Magnetization measures in quasicrystalline alloys (Al65Mn22Cu13 and 

Al67,6Cr23,3Fe9,1). 
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     Magnetization measurements as a function of the applied field were made in 

Al65Mn22Cu13 and Al67,6Cr23,3Fe9,1 samples. These graphics are represented respectively in the  

figures below. Through the hysteresis curves we obtained magnetic characteristics of the 

coercive field, the remanence magnetization and saturation magnetization. We can see for the 

two compound obtained here, that alloy are magnetically soft and coercivity and remanence 

have low values. 
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               Figure 35. Hysteresis curve as a function of the field Al65Mn22Cu13. 
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Figure 36. Hysteresis curve as a function of the field Al67,6Cr23,3Fe9,1. 
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Magnetic measurements above showed that our material have the expected behaviors for a 

quasicrystalline alloy. In other hand it is not sufficient to conclude many aspects about the 

magnetic internal conditions typical to the obtained material. In future experimental 

experiences we will use electron paramagnetic resonance in order to identify the role of the 

present atoms in the alloys showed here and Mossbauer spectroscopy to the iron atoms 

information. Some experiments including the thermal dependence for the magnetic 

parameters sowed above will be executed in order to understand the magnetic characteristic 

of our samples.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



74 
 

 
 

5. Conclusions and perspectives_              _________________________________________ 

 

Chapter 5. Conclusions and perspectives 

The present work presented the quasicrystalline alloys of AlMnCu and AlCrFe obtained by 

mechanical alloying. The initial characterization finding some magnetic and structural 

behaviors devolved important conclusions in this dissertation. 

1. We conclude that it is possible to obtain the quasicrystalline alloys based in Al using 

mechanical milling by short milling times. 

2. Obtaining the system AlMnCu and AlCrFe mechanical alloying allow a large amount of 

already quasicrystal powder form. 

3. In transitions from crystalline phases, intermetallic, icosahedral and decagonal possibly 

occur stability of the stages in the milling process and the grinding time influences the 

average grain size is about 19nm with 5 hours of milling. 

4. The X-ray Diffraction (XRD) shows the presence of the main phases corresponding to 

each alloy quasicrystalline AlMnCu icosahedral and decagonal AlCrFe. 

5. The images of Scanning Electronics Microscopy (SEM) of quasicrystalline alloy are 

displaying formations of large nodules with spherical shape of the resulting intermetallic 

phases with oxide regions. 

6. The Energy Dispersive Spectroscopy (EDS) showing the peaks with greater intensity 

peaks, meaning the highest prevalence and amount of aluminum element to the other 

constituent atoms of the two formations of quasicrystalline alloys. 

7. The Vibrating Sample Magnetometer (VSM) showed basic properties characteristic of 

the above mentioned materials. But it is not sufficient the magnetization curves for inferring 

detailed aspects of the material. 

That is why we have a schedule for future perspectives. Fundamentally we identified the 

importance of other measurements for the better understanding of the magnetic and structural 

properties of the material. We suggested here that Mossbauer spectroscopy and electron  
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    paramagnetic resonance will be used to the study of the material. Then thermal dependence 

of magnetic parameters is very important too.  
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