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Microstructure and Catalytic Properties of Al-Ni-Fe Alloys  
in the Form of Melt-Spun Ribbons

In this study, the microstructure and catalytic potential of two Al-Ni-Fe alloys synthesised through a melt-spinning process 
with compositions selected to favour quasicrystalline phase formation were investigated. Microstructural and chemical analyses 
performed using X-ray diffraction, scanning and transmission electron microscopy methods revealed complex morphology and mul-
tiphase composition for both alloys. The presence of a decagonal quasicrystalline phase in both materials and additional crystalline 
phases occurring along the grain boundaries was confirmed. The catalytic potential of alloys was explored in the phenylacetylene 
hydrogenation reaction. The Al70Ni15Fe15 catalyst demonstrated catalytic activity with over 90% phenylacetylene conversion and 
selectivity to styrene exceeding 50% for styrene production under mild reaction conditions, and Al71.5Ni23.5Fe5 alloy provided the 
substrate conversion of 46% and selectivity over 50%. The presented results provide insight into the experimental verification of 
the properties of the new sustainable catalyst solutions.
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1. Introduction

Quasicrystals exhibit unique structures with a lack of 
translational symmetry that impart specific material properties, 
making them promising development options for construction 
and functional materials [1]. The surfaces of quasicrystals pos-
sess distinctive electronic structures, providing high corrosion 
resistance [2], which can also be beneficial in catalysis [3]. 
Aluminium-based quasicrystalline phases and their approximants 
have been proposed as more available and sustainable alterna-
tives to noble-metal catalysts and precursors for catalysts [4,5]. 
Notably, Al-Fe and Al-Co systems have been identified as prom-
ising catalysts for reactions of semihydrogenation of unsaturated 
hydrocarbons in a liquid and gas environment [6,7]. Quasicrys-
tals were also successfully used as precursors for leached porous 
structures applied as catalysts for methanol steam reforming [8].

Theoretical and experimental research suggests a cor-
relation between catalytic activity and surface clusters TMAl5 
(TM – transition metal) that occur in quasicrystals and approxi
mants [9]. Significant catalytic properties have been observed in 
Al-Pd-Ru [10], Al-Cu-Fe [11], and Al-Ni-Co [12] alloys, which 
have been used as catalysts mainly for hydrogenation reactions 

and methanol steam reforming. These findings encourage further 
exploration of catalytically active quasicrystalline materials 
structurally and compositionally related to quasicrystals and 
approximants with high catalytic performance. The promising 
candidates are Al-Fe quasicrystals, which are structurally related 
to the monoclinic Al13Fe4 approximant [13]. This phase provided 
comparable substrate conversion and selectivity to ethylene in 
the reaction of acetylene hydrogenation to industrial benchmark 
catalyst and higher stability than palladium catalyst, by stable 
level of conversion for 20 h [14]. In the reaction of butadiene 
hydrogenation, the Al13Fe4 (010) surface provided the highest 
butene formation among all tested Al13TM4 phases at room 
temperature conditions [6]. These promising results encourage 
the exploration of the potential of structurally related phases, 
however, binary Al-Fe quasicrystals are thermodynamically 
unstable, which may lead to degradation of material in the reac-
tion conditions. To achieve a stable phase, the addition of a third 
element, such as nickel, is necessary [15].

Decagonal quasicrystal in the Al-Ni-Fe system have been 
observed across a range of compositions Al70-75Fe4.7-22Ni3-23,7  
(at.%) in alloys produced under both equilibrium and non-equi-
librium conditions using various manufacturing methods [2,16]. 
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The melt spinning process is particularly attractive due to the 
low-temperature instability of this phase [17]. Melt-spun ribbons 
of quasicrystals are brittle, facilitating their pulverization into 
fine powders with particle sizes in the micrometre range which 
provide simple application as a catalyst.

This study aims to produce alloys containing Al-Ni-Fe qua-
sicrystals by melt spinning and evaluate their catalytic properties 
in the phenylacetylene hydrogenation reaction, thereby expand-
ing the data on the catalytic properties of aluminium-based 
complex phases. The alloy compositions chosen for this study 
are based on two specific materials. The first is the Al71Ni24Fe5 
decagonal quasicrystal, which formed under nonequilibrium 
conditions with a cooling rate of 103°C/s [2]. The second is the 
Al72.5Ni13Fe14.5 alloy, which was obtained under equilibrium 
conditions and contains both decagonal quasicrystals and the 
Al5FeNi intermetallic phase [16]. The manufacturing process 
and catalytic tests aim to consist of low energy effort and uncom-
plicated steps, to provide sustainable and environment friendly 
potential catalysts.

2. Materials and methods

The chemical composition of alloys was chosen based on 
the literature reports indicating the occurrence of decagonal 
quasicrystalline phases under equilibrium and rapid solidification 
conditions [16,18,19]. The examined alloys with the following 
compositions: Al70Ni15Fe15 and Al71.5Ni23.5Fe5 (in at.%) were 
designated ANF-1 and ANF-2, respectively. The materials were 
manufactured by the melt spinning method, using previously 
prepared ingots cast in the induction furnace from the metals 
with a purity of 99.9%. The melt spinning process was conducted 
with the linear speed of the drum 20 m/s and a helium pressure 
of 1.8 bar. As a result of the process, ribbons in the form of frag-
mented brittle flakes with a width of 60-100 µm were obtained. 
Melt-spun ribbons were characterized in terms of microstructure, 
phase and chemical composition using X-ray diffraction (XRD), 
scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) methods. Phase composition of materials 
was verified for pulverised ribbons by the Bruker D8 Discover 
X-ray diffractometer (XRD) with CoKα radiation (1.7903 Å). 
Microstructure observations were carried out for cross-sections 
of ribbons in the direction of casting in backscattered electrons 
mode with FEI E-SEM XL-30 equipped with an energy-disper-
sive X-ray spectrometer (EDS) with an accelerating voltage of 
20 kV. Detailed microstructure study with phase and chemical 
composition analysis was carried out using FEI Tecnai G2 with 
an accelerating voltage of 200 kV, which featured a high-angle 
annular dark-field scanning transmission electron microscopy 
detector (HAADF-STEM). TEM foils were prepared from the 
fragments of ribbons using a Tenupol-5 double jet electropol-
isher with an electrolyte containing nitric acid and methanol in 
proportion 1:3 at a temperature of –30°C and a voltage of 12 V. 

For catalytic performance tests, melt-spun ribbons were 
pulverized using a vibration ball mill Fritsch Pulversiette0 and 

sieved by Fritsch Analysette3 vibratory sieve shaker to separate 
the particle fraction below 32 µm. Tests were carried out in the 
reaction of phenylacetylene hydrogenation which was chosen as 
a model reaction of hydrogenation of unsaturated hydrocarbons 
in a liquid environment. Before the reaction, the powders were 
immersed in a 2 M NaBH4 aqueous solution providing reduction 
conditions and were kept there until the hydrogen bubbles ceased 
to appear. Subsequently, the powders were transferred to the 
reactor. Tests were performed in an agitated batch glass reactor 
under mild conditions: temperature of reaction mixture 50°C 
and hydrogen pressure 5 bar. The reaction mixture contained 
propan-2-ol as a solvent, 300 mol of phenylacetylene and 50 mg 
of catalyst. During reactions, the samples of the reaction mixture 
were collected every 10 minutes, and their composition was 
evaluated using a Clarius 500, Perkin Elmer gas chromatograph 
with helium as a carrier gas.

3. Results and discussion

3.1. Materials characterisation

The microstructure of melt-spun ribbons evaluated on the 
cross-section of the ribbons by scanning electron microscopy 
method was shown in Fig. 1. For both examined compositions, 
the ribbons have thickness in the range of 60-100 µm and com-
plex multiphase microstructure. The cross-section of ANF-1 
alloy contains equiaxed grains near the wheel side of the ribbon 
and dendrites and eutectics in the central part and near the free 
side of the ribbon (Fig. 1a, b). Dendrites with a brighter contrast 
compared to the matrix are enriched in transition metals. It was 
found that although the ANF-2 alloy differs from ANF-1 only in 
the mutual content of nickel and iron, the morphology of the rib-
bons is significantly modified. The ANF-2 ribbon cross-section 
contains mainly columnar grains with a second phase enriched 
in aluminium along column boundaries and, as in the case of the 
ANF-1 alloy, dendrites occurring in the area near the free surface 
of the ribbon (Fig. 1c, d). The differences in the microstructural 
features observed along the thickness of the ribbon indicate the 
change in cooling rate, which may result from the thickness of 
the ribbons and is an effect of manufacturing conditions [18]. 
The EDS analysis verified that ANF-1 has an average chemical 
composition of Al-67 at.%, Ni-17 at.%, and Fe-16 at.%, while 
ANF-2 has Al-70 at.%, Ni-24.5 at.%, and Fe-5.5 at.%, which 
corresponded to the assumed initial ranges.

Phase composition of materials was examined for pulver-
ised ribbons by X-ray diffraction (Fig. 2). The diffractogram 
of ANF-1 alloy enables the identification of the following 
phases: decagonal quasicrystalline phase (DQC), monoclinic 
Al13Fe4 [19], AlNi and Al5FeNi [16] (Fig. 2a). Modification 
of the chemical composition and increasing the share of nickel 
at the expense of iron, introduced in the case of the ANF-2 al-
loy, led to a significant change in the phase composition. The 
ANF-2 alloy diffractogram reflection positions were assigned 
to DQC, Al9Ni2 and Al solid solution (Fig. 2b). It can be seen 
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that the relative intensity of the reflections from DQC compared 
to those of the other phases is much higher than that of ANF-1, 
suggesting a dominant contribution of the quasicrystalline phase 
in the ANF-2 ribbon.

TEM images of the ANF-1 alloy in selected areas of the 
ribbon indicate the diverse morphology of this material. Fig. 3a 
shows eutectic (1) and neighbouring homogeneous grains of 
another phase (2). The selected area electron diffraction pattern 
obtained from the eutectic contains two systems of reflections 
that can be attributed to the Al13Fe4 and AlNi phases (Fig. 3b). 
The following crystallographic relationship between the phases 

can be described based on this diffraction: [010]Al13Fe4║[110]
AlNi and (20-6) Al13Fe4║(1-10)AlNi. The grain visible next to the 
eutectic was identified as the Al5FeNi phase (Fig. 3c). Another 
fragment of the ribbon contained equiaxed grains (Fig. 3d), 
which were identified based on electron diffraction as Al13Fe4 
and DQC phases (Fig. 3e, f). The phase composition of the 
ANF-1 alloy is similar to Al72.5Fe14.5Ni13 as-cast alloy, which 
contained a decagonal quasicrystal and Al5FeNi intermetallic 
phase [16]. On an equilibrium phase diagram at 800°C, all the 
identified crystalline phases occurred adjacent to the decagonal 
quasicrystal [17].

Fig. 1. Microstructure of the cross-section of Al70Ni15Fe15 (ANF-1) melt-spun ribbon (a, b) and Al71.5Ni23.5Fe5 (ANF-2) melt-spun ribbon (c, d) 
acquired using SEM/BSE

Fig. 2. X-ray diffractograms of Al70Ni15Fe15 (ANF-1) (a) and Al71.5Ni23.5Fe5 (ANF-2) (b) alloys in the pulverized form with marked positions of 
identified phases reflections
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The ANF-2 alloy also has a complex morphology 
(Fig. 4a, d). Areas with a homogeneous matrix containing 
globular precipitates with sizes of several hundred nanometres 
were observed (Fig. 4a). The selected area electron diffraction 
patterns acquired in the matrix region indicate the presence of 

a decagonal quasicrystal. Example diffraction patterns with 
characteristic tenfold [A10] and twofold symmetry [A2] are 
presented in Fig. 4b, c, while the spherical precipitates were 
identified as the Al9Ni2 phase (Fig. 4f). The EDS analysis showed 
that the quasicrystals composition is Al-73 at.%, Ni-20 at.% 

Fig. 3. Bright field TEM microstructure acquired for two fragments of Al70Ni15Fe15 (ANF-1) melt-spun ribbon revealing morphological diver-
sity occurring in the material (a, d) with electron diffractions from the indicated points: 1 – Al13Fe4 + AlNi (b); 2 – Al5FeNi (c); 3 – Al13Fe4 (e); 
4 – DQC (f)

Fig. 4. Bright-field TEM images (a, d) of the Al71.5Ni23.5Fe5 (ANF-2) melt-spun ribbon with electron diffractions of identified phases: DQC 
(b, c), and α-Al (e), Al9Ni2 (f)
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and Fe-7 at.%. In other fragments of the ribbon, quasicrystal 
grains surrounded by the Al9Ni2 phase were observed (Fig. 4d), 
with an α-Al solid solution between them (Fig. 4e). The phase 
composition of the alloy varied from the rapidly solidified 
plates with the same chemical composition, which contained 
quasicrystal, Al3Ni2, and Fe(Al,Ni) phases [2]. The Al9(Ni,Fe)2 
phase was obtained after the isothermal annealing at 800°C in 
the alloy Al71Ni24Fe5 and occurs in equilibrium with decagonal 
quasicrystal and intermetallic phases. Below this temperature the 
decagonal quasicrystalline phase does not exist [17].

Despite the selection of two compositions in the expected 
range of decagonal quasicrystal [17], multiphase alloys were 
obtained for both studied ribbons. These results indicate the 
necessity of optimisation melt spinning process in terms of 
wheel linear speed, gas pressure and nozzle diameter. Increas-
ing the linear speed of the wheel should lead to the formation 
of thinner ribbons and higher cooling rates, resulting in a more 
homogeneous material [20].

3.2. Evaluation of catalytic performance

The catalytic properties of investigated materials were eval-
uated in the phenylacetylene hydrogenation reaction. Directly 
before reactions the powdered ribbons were cleaned with NaBH4 
aqueous solution. Both materials revealed catalytic activity in the 
applied reaction conditions and the results of tests are presented 
in Fig. 5. For ANF-1 alloy, after 1 h the degree of phenylacety-
lene conversion exceeded 90%. This reaction also resulted in  
a conversion to styrene of approximately 45%, which ensured 
selectivity to this product of over 50% at the end of the reac-
tion. ANF-2 alloy provided the substrate conversion of 46% 
and selectivity to styrene over 50%. However, considering the 
reaction mixture composition changes, after a longer reaction 
time it should be possible to achieve higher phenylacetylene 
conversion. Higher share of iron in ANF-1 alloy and presence 

of monoclinic Al13Fe4 phase may be factors providing better 
catalytic performance than in case of ANF-2 alloy [14]. However, 
to determine the impact of material composition on catalytic 
performance, the examination of single phase alloys is neces-
sary. The catalytic performance of Al-Ni-Fe melt-spun alloys 
can be compared to results obtained under the same conditions 
for the Al-Ni-Co single-phase quasicrystalline alloy [12] and 
Al-Cu-Co multiphase alloy [21]. Al70Ni15Co15 quasicrystal, 
produced in the form of melt-spun ribbons, achieved a conver-
sion rate of approximately 80%, with selectivity to styrene of 50 
This performance is comparable to that of the ANF-1 alloy, 
which contains the same concentration of transition metals [12]. 
Meanwhile, the ANF-2 alloy exhibited similar reaction results 
to the Al65Cu15Co20 multiphase alloy, which included both 
decagonal quasicrystal and intermetallic phases. The Al-Cu-Co 
alloy provided a conversion rate for phenylacetylene of about 
45%, with selectivity to styrene of 60% [21]. The high substrate 
conversion obtained for multiphase ANF-1 alloy suggest that the 
higher impact on catalytic performance have alloy composition 
than defined single-phase structure and alloys containing high 
concentration of cobalt and iron provide better catalytic perfor-
mance than alloys with other transition metals. 

4. Conclusions

Two Al-Ni-Fe alloys (Al70Ni15Fe15 and Al71.5Ni23.5Fe5) 
manufactured by the melt spinning method exhibit complex 
microstructures and multiphase composition that contained 
decagonal quasicrystal and intermetallic phases. 

Both materials revealed catalytic activity in the reaction 
of phenylacetylene hydrogenation. Higher substrate conver-
sion, exceeding 90%, and selectivity to styrene over 50% was 
obtained for the alloy with composition Al70Ni15Fe15. ANF-2 
alloy achieved a substrate conversion of 46% and over 50% 
selectivity to styrene. The higher catalytic properties may re-

Fig. 5. Results of catalytic tests in phenylacetylene hydrogenation reactions for Al70Ni15Fe15 (ANF-1) powder (a) and Al71.5Ni23.5Fe5 (ANF-2) 
powder (b). PHEN – concentration of phenylacetylene, ST – concentration of styrene, ETB – concentration of ethylbenzene
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sult from a higher concentration of iron in the alloy than in the 
other one, which provides high catalytic performance for Al-Fe 
intermetallic phases.
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