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Abstract 
 

The influence of rapid solidification from the liquid state on the structure of Al71Ni24Fe5 alloy was studied. The samples were prepared by 

induction melting (ingots) and high pressure die casting into a copper mold (plates). The structure was examined by X-ray diffraction 

(XRD), light microscopy and high resolution transmission electron microscopy (HRTEM). The mechanism of crystallization was 

described on the basis of differential scanning calorimetry (DSC) heating and cooling curves, XRD patterns, isothermal section of Al-Ni-

Fe alloys at 850°C and binary phase diagram of Al-Ni alloys. The fragmentation of  the structure was observed for rapidly solidified alloy 

in a form of plates. Additionally, the presence of decagonal quasicrystalline phase D-Al70.83Fe9.83Ni19.34 was confirmed by phase analysis 

of XRD patterns, Fast Fourier Transform (FFT) and Inverse Fast Fourier Transform (IFFT) of transmission electron microscopy images. 

The metastable character of D-Al70.83Fe9.83Ni19.34 phase was observed because of the lack of thermal effects on the DSC curves. The article 

indicates the differences with other research works and bring up to date the knowledge about Al71Ni24Fe5 alloys produced by two different 

cooling rates. 
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1. Introduction 
 

Rapid solidification (RS) technologies are described as very 

fast extraction of thermal energy during the transition metal from 

a liquid to solid state. RS technologies include: melt-spinning, 

plasma spray deposition, rotating electrode process, high pressure 

die casting to water quenched mold and many others [1–4]. The 

advantages of RS include structure fragmentation and the 

formation of new non-equilibrium phases. Fast cooling in various 

alloy compositions provide the possibility of forming an 

amorphous, nanocrystalline or quasicrystalline structure, as well 

as their combinations, which provide a number of properties more 

favorable than the crystalline structure and strengthening 

mechanisms [5]. 

The high-pressure die casting is a method that provides a 

solidification rate of up to 103 °C/s. The process consists in very 

fast injection (10-100 ms) of liquid metal into a closed die by a 

piston. The matrix can be cooled by internal water channels [6,7]. 

The technology of high pressure die casting into a copper mold 

was used in other works to obtain alloys with a quasicrystalline 

structure, including: Al-Mn-Cu-(Mg, Si) [8], Al-Cr-Fe-Si [9],  

Zr-Ti-Nb-Cu-Ni-Al [10]. 

Quasicrystals, apart from crystalline and amorphous structures, 

constitute the third state of a solid [11]. The atoms in the 

quasicrystalline structure do not show the periodicity 

characteristic for crystal, but long range order [12]. Quasicrystals 
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are characterized by a large extent pentagonal, octagonal, 

decagonal, dodecagonal and icosahedral symmetries, which are 

subject to the special principle of quasiperiodicity [13]. 

Quasicrystalline structures indicate versatile properties like low 

thermal and electrical conductivity, low coefficient of friction 

along non-periodic axes, mechanical strength, high hardness, 

thermal stability and corrosion resistance [14, 15].  

According to the literature [16], it is possible to obtain aluminium 

nanocomposites with combinations of amorphous, crystalline or 

nano-quasicrystalline phases.  

Nano-quasicrystalline phases as reinforcement are the subject of 

researches, and the importance of composite nanocrystalline 

alloys as an innovative class of materials was described by Inoue 

et al. [17]. Many current sources also describe the developing 

knowledge of amorphous-nanocrystalline composites [18]. Many 

known articles indicate the presence of quasicrystalline and 

crystalline phases without the discussed amplification mechanism 

[19, 20]. Nanocrystalline aluminium alloys reinforced with 

crystalline nanoparticles are materials that constitute an original 

class that differs from quasicrystals and nanocrystals. 

Reinforcement in the form of nano-quasicrystalline particles up to 

30% by volume ensures plasticity of aluminium composites [21].  

The group of Al-Ni-Fe alloys was extensively described in the 

literature as quasicrystalline structure forming. The literature 

describes that the presence of thermodynamically stable 

quasicrystals can only be obtained in a few alloying compositions 

[22, 23].  Grushko et al. [24] described the existence of a stable 

decagonal phase for the Al71.5Ni23.5Fe5 alloy in the temperature 

range 1120÷1200 K. While, the work [23] describes the 

thermodynamic approach of designing Al-Ni-Fe alloys with a 

quasicrystalline structure, where the decagonal phase was 

identified for the Al71Ni24Fe5 composition.  

The aim of the study was to characterize the structure of the 

Al71Ni24Fe5 alloy in a slow-cooled (ingot) and fast-cooled (plate) 

form. Structure analysis was performed using XRD analysis and 

transmission electron microscopy. The analysis of DSC curves 

was performed in order to describe the mechanism of 

crystallization of individual phases in the studied alloys. 
 

 

2. Materials and methods 
 

 

2.1. Alloy preparation 
 

The master alloys (ingots) were prepared by the induction 

melting of Al, Ni, and Fe (99.9%) under an argon atmosphere in a 

ceramic crucible. The ingots were re-melted to ensure 

homogeneity. Then, 1 mm-thick plates were produced with using 

high-pressure die casting method. The liquid metal was forced 

under pressure into a flowing-water cooled copper mold. In case 

of structural tests, the samples were prepared in the form of milled 

powder. 

 

 

 

 

 

2.2. Examination 
 

In order to characterize the structure, phase identification was 

performed using X-ray diffraction (XRD). All samples were 

powdered and XRD patterns were recorded using a Rigaku Mini 

Flex 600 equipped with a copper tube as X-ray radiation source 

and D/TEX strip detector. The microstructure of alloy was 

described on the basis of light microscopy images in bright-field 

carried out by Zeiss Axio Observer with magnification of 500X. 

Additionally, to confirm the presence of quasicrystals, 

transmission electron microscopy (TEM) was used by S/TEM 

TITAN 80-300 FEI. The article presents the results of image 

analysis of the high-resolution transmission electron microscopy 

images and Fast Fourier Transform (FFT) as well as Inverse Fast 

Fourier Transform (IFFT) images. 

The differential scanning calorimetry (DSC) analysis was 

performed to determine the crystallization mechanism using 

thermal analyzer SDT Q600 TA Instruments. The DSC curves 

were recorded at heating rate of 20°C/min and cooling rate of 

10°C/min under a protective argon atmosphere. 

 

 

3. Results  
 

 

3.1. X-ray diffraction 
 

X-ray diffraction patterns and identified phases of studied 

samples were presented in Figure 1 and listed in Table 1. The 

studied Al71Ni24Fe5 alloy in a form of ingot and plate was 

characterized by multiphase structure. Quasicrystalline decagonal 

D-Al70.83Fe9.83Ni19.34 phase was observed in rapidly solidified 

sample.  The literature [19] confirmed the presence of Al3Ni and 

Al3Ni2 phases at the same chemical composition in the as-cast 

state. The same work [19] also indicates the quasicrystalline 

D-Al70.83Fe9.83Ni19.34 phase, which was identified in the alloy in a 

form of plate. Moreover, the phase composition of decagonal 

phase, Al3Ni2, Al3Ni, Al13Fe4 were identified by X-ray diffraction 

for Al71.6Ni23Fe5.4 [5]. Figure 2 shows the isothermal cross-section 

for Al-rich Al-Ni-Fe alloys at 850°C [25]. The alloys with an 

atomic fraction of Al 71%, Ni 24% and Fe 5% indicate 

characteristic region for decagonal quasicrystalline phase D-

Al71Ni24Fe5 and Al3Ni and Al3Ni2 crystalline phases. The presence 

of these phases in the structure is confirmed by the Al-Ni phase 

equilibrium system shown in Figure 3 [26]. The Al3Ni2 phase is 

transformed during crystallization from the liquid state and then 

the Al3Ni phase crystalizes. There is no time to convert Al3Ni2 to 

Al3Ni with higher cooling rate, therefore only the Al3Ni2 phase is 

present for alloy in a form of plate. The formation of the B2 

Fe(Al,Ni) phase may be caused by the reduction of aluminium 

and nickel from the liquid, because the presence of this phase is 

characteristic of alloys around Fe at. ≥25%. 
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Fig. 1. X-ray diffraction (XRD) patterns of Al71Ni24Fe5 in a 

form of ingot and plate 

 

Table 1.  

Identified phases of Al71Ni24Fe5 alloy in a form of master alloy 

and plate 

 Identified phases 

Ingot Al3Ni2+Al3Ni+ B2 Fe(Al,Ni)+ (AlNi3) 

Plate D-Al70.83Fe9.83Ni19.34+Al3Ni2+B2 Fe(Al,Ni) 

 

 
Fig. 2. Isothermal section of Al-Ni-Fe alloys with high Al content 

at 850°C [25] 

 

 
Fig. 3. Binary phase diagram of Al-Ni alloys (Ni at. ≤60%) [26] 

3.2. Light microscopy 
 

The observations by light microscopy were carried out to 

characterize the influence of solidification process on structure 

changes. The microstructures of alloys in a form of ingot and 

plate were illustrated in Figure 4. It could be seen the clear effect 

of higher cooling rate of molten alloy on structure fragmentation 

in case of plate. The alloy in a form of ingot was characterized by 

grain grow. The rapidly solidified alloy in a form of plate 

indicated a dendritic kind of microstructure. Sukhova et al. [5] 

presented in the article the microstructure of rapidly solidified 

Al71.6Ni23Fe5.4 alloy with phase composition of decagonal phase, 

Al3Ni2, Al3Ni and Al13Fe4. Despite the use of a casting rate of 

50K/min, the presented microstructure at 400x magnification is 

similar to the ingot (Fig. 4a) due to grain growth. 

 

a)  

b)  

Fig. 4. Microstructure of Al71Ni24Fe5 alloy in a form of a) ingot, 

b) plate 

 

 

3.3. High-resolution transmission electron 

microscopy 
 

In order to present the atomic structure and confirm the 

presence of a quasicrystalline structure, observations were carried 

out using transmission electron microscopy for sample in a form 
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of plate (Figure 5). The HRTEM image (Figure 5a) presents the 

area of IFFT (Figure 5c). The FFT and IFFT images (Figure 5b,c) 

indicated characteristic for quasicrystals arrangements and 5-fold 

axis symmetry characteristic for the quasicrystalline phase D–

Al70.83Fe9.83Ni19.34. Additionally, nano-scaled grains of crystalline 

phases could be observed on IFFT image. 

 

a)  

b)  

c)  
Fig. 5. HRTEM image (a), FFT patterns (b) and IFFT image (c) of 

Al71Ni24Fe5 in a form of plate 

3.3. Differential scanning calorimetry 
 

The crystallization mechanisms of ingot and plate were 

described on the basis of DSC heating and cooling curves in 

Figure 6, 7. The crystallization mechanism was similar for both 

kind of alloys due to the metastable nature of the decagonal phase, 

for which no thermal effect was observed. The ingot was 

characterized by higher values of the enthalpy of changes. Based 

on the literature, it is known that the Al3Ni2 phase dissolves at 

~1060°C , while the Al3Ni phase at ~860°C [5, 27]. On the basis 

of DSC curves, thermal effects characteristic of these 

transformations can be distinguished. Due to the low iron content 

in the Al71Ni24Fe5 alloy, the high-melting intermetallic phase B2 

Fe(Al,Ni) is lower, which was also described in the literature [28]. 

Probably, the two thermal effects at temperatures 920°C and 

965°C for heating are related to the transformations for B2 

Fe(Al,Ni) due to the drawing of a common baseline and the effect 

at a temperature of ~1000°C for cooling. For the alloy in the form 

of an ingot, when heated, there was a thermal effect at the 

temperature of ~804°C, which may be related to the 

transformation of the residual AlNi3 phase. 

 

 
Fig. 6. DSC patterns of Al71Ni24Fe5 alloy in a form of ingot 

 
Fig. 7. DSC patterns of Al71Ni24Fe5 alloy in a form of plate 
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4. Conclusions 
 

The decagonal quasicrystalline phase D-Al70.83Fe9.83Ni19.34 
was identified in high-pressure die casted Al71Ni24Fe5 alloy in a 

form of plate. High pressure die casting method allowed to obtain 
nanocrystalline structure and nano-sized quasicrystals. However, 

quasicrystalline phase was metastable, which could be observed 
in the DSC curves due to the lack of a characteristic thermal 

effects. The obtained results extended the actual knowledge about 
the crystallization mechanism and the structure of Al71Ni24Fe5 

alloys due to differences in the phase composition for the 
crystalline phases described in other works. In the future, 

experiments may focus on the search for the chemical 
composition of Al-Ni-Fe that will ensure the formation of a stable 

quasicrystalline phase. 
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