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A B S T R A C T   

Submicron-sized quasicrystalline particles were obtained in an Al-Zn-Mg-Cu alloy produced by traditional 
melting. These particles consist of an Al-Fe-Ni core and a Mg-Cu-Zn shell and were found to be stable and 
embedded randomly in the Al matrix. The diffraction patterns of these core-shell particles reveal a decagonal 
core and an icosahedral shell with, respectively, ten- and five-fold axes aligned. High resolution scanning 
transmission electron microscopy of the Mg-Cu-Zn shell confirms the five-fold symmetry atomic arrangement and 
the icosahedral structure. It can therefore be concluded that Fe and Ni impurities play an important role in 
mediating the formation of such an unusual ternary core-shell quasicrystalline particle. These findings provide 
some novel insights in the formation of quasicrystals in traditional industrial Al alloys.   

Quasicrystals (QCs) are long-range ordered solids that show non- 
periodic symmetries, such as five-fold rotations [1]. Since the discov-
ery in 1984 of the icosahedral phase with a fivefold symmetry in a 
rapidly solidified Al86Mn14 alloy by Shechtman et al. [2], the concept of 
QCs has attracted more and more attention. Most icosahedral single QCs 
with long-range orientational order and non-crystallographic 
point-group symmetry m35 have been discovered in rapidly solidified 
binary or ternary alloys [3,4]. In 1985, Bendersky [5] reported another 
QC which has a non-crystallographic point group (10/m or 10/mmm) 
together with long-range orientational order and one-dimensional 
translational symmetry, thus belonging to the cylindrical family of 
groups G3

1. He defined this kind of QCs as decagonal QCs, which were 
also found in Al-Mn alloys. Nowadays, QCs are classified as 
three-dimensional (3D), two-dimensional (2D), and one-dimensional 
(1D) based on the dimensionality of their quasiperiodicity [6,7]. The 
icosahedral phase is the only 3D QC found, while octagonal, decagonal, 
and dodecagonal phases are the three types of 2D QCs discovered until 
now. Different examples of 1D QCs have also been found in various 
systems [8,9]. 

Icosahedral quasicrystals (IQCs) and decagonal quasicrystals (DQCs) 
constitute a vast majority of the QCs known so far, and have been 
extensively studied [6,10]. Most structural investigations are focused on 
single QCs in alloys, although the coexistence or composite structures of 
IQCs and DQCs have also been reported. For example, Beeli et al. [11] 
obtained a sample in Al-Pd-Mn with about 40% IQC phase and 50% DQC 
phase by annealing at 780 ◦C and quenching in water. Later on, Menguy 

et al. [12] confirmed that a DQC phase can intergrow epitaxially in a IQC 
phase to form a composite structure with alternating lamella of 
Al-Pd-Mn. A similar coexistence of IQC-Ga42Co40Cu18 and DQC-Ga43-

Co47Cu10 was also found by Ge et al. [13], with a tip of IQC and an 
epitaxial DQC phase. In these systems, the coexisting IQC and DQC have 
the same chemical elements, but with varying compositions. 

In this work, we found a route to form novel core-shell QC particles 
in an Al-rich matrix by traditional melting of an Al-Zn-Mg-Cu alloy. The 
formation of this novel core-shell structure is found to be mediated by 
some common impurities (Fe and Ni) in industrial alloys. Transmission 
electron microscopy (TEM), high-resolution scanning transmission 
electron microscopy (HRSTEM), and Energy-dispersive X-ray spectros-
copy (EDX) have been used to characterize the core-shell particles. 
These exhibit a rare shape with an Al-Fe-Ni core covered by a Mg-Cu-Zn 
shell revealing characteristics of both DQC and IQC structures with 
different compositions in both parts. Our findings provide some new 
perspectives and understandings of QC particles influenced by common 
industrial treatments and impurities. 

The sample preparation and characterization methods are detailed in 
the Supplementary document. As a result of the hot rolling and solute 
heat treatment, many micron- and submicron-sized particles are formed 
in this Al-Zn-Mg-Cu alloy (see, e.g., Fig. S1). According to the low 
magnification EDX mappings in Fig. S2, all particles reveal Mg, Zn and 
Cu enrichments. However, as shown in Fig. S3, the diffraction patterns 
of some particles exhibit a face-centred cubic (FCC) structure corre-
sponding with the C15 Laves MgCuZn phase (prototype MgCu2) [14,15]. 
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In comparison, Fig. 1 reveals that some particles (also enriched with Mg, 
Zn and Cu) are showing a five-fold QC symmetry. Aside from the 
five-fold pattern in Fig. 1b, two different two-fold symmetry patterns 
have also been obtained by tilting the particle over 26.5◦ around the α 
axis (indicated in Fig. 1b), followed by a tilt of 17.6◦ around the β axis 
(indicated in Fig. 1d). As the size of the particle is about 200–300 nm, 
which is close to the minimum size of the selected area electron 
diffraction (SAED) aperture on the Tecnai instrument, these diffraction 
patterns have been obtained by covering the whole area of the particle. 
However, the observed combination of five-fold and two-fold symmetry 
patterns does not correspond to any known QC symmetry. Still, the 
two-fold patterns and the angle between these are characteristic of a 
cylindrical shaped decagonal symmetry [6,7]. Indeed, according to the 
2D decagonal model displayed in Fig. 1e, the angle between each edge is 
exactly 18◦, corresponding to the tilt angle β of 17.6◦ in our experiment. 
However, if the entire particle would be shaped as the 2D decagonal 
prism, the five-fold symmetry pattern would be found at 90◦ tilting from 
both two-fold patterns, i.e., the viewing direction of Fig. 1e. On the other 
hand, the two-fold symmetry diffraction pattern in Fig. 1c is also found 
in many IQCs, as reported before [2,16–18]. Moreover, the previous 
reported spatial angle in an IQC between two adjacent five-fold di-
rections is about 63.5◦ [2], which is found to be exactly the comple-
mentary angle of our tilting α angle 26.5◦, as shown in Fig. 1b,d. In other 
words, the diffraction patterns of this particle combine the common 
features of IQC and DQC, which implies that this particle is hard to be 
defined as a single IQC or DQC structure. 

According to the EDX mapping shown in Fig. 2 of the same QC 
particle as in Fig. 1, it is clear that the major elemental enrichments are 
Mg, Zn and Cu. The observed S shape (indicated with a dashed line in 
Fig. 2a) with clear C and O enrichments in the HAADF and full mapping 
images (Fig. 2a,b) is considered to be an electro-polishing artifact, 
caused by corrosion or etching. Meanwhile, after a longer collection 

time of about 20 min, some tiny Fe and Ni enrichments were observed in 
the middle area, defined as a core area in this particle. Moreover, in the 
core region where Fe and Ni are enriched, the Mg, Zn and Cu maps show 
some depletion, while at the same time some Al enrichment is present. 
The latter is clearer after a more detailed quantification by QMAP in the 
Esprit software, as shown in Fig. S4, together with a 2D line scan 
covering the core area. Although the overall concentration of Fe and Ni 
in this alloy is only 0.089% and 0.11%, respectively, as measured by 
ICP-OES, with Fe always being an inevitable impurity element in in-
dustrial Al alloys, it seems that some particles contain an Al core with Fe 
and Ni enrichment, and that Mg, Cu and Zn enriched regions form a shell 
around this core. In contrast, particles without the Al-Fe-Ni core and 
only enriched in Mg, Cu and Zn show the C15 Laves phase MgZnCu FCC 
structure (see Fig. S3). There are also many previous investigations of 
DQC, reported in the ternary Al-Ni-Co/Fe/Cr system [19–23], which 
hints to a possible DQC structure of the Al-Fe-Ni core explaining part of 
the diffraction patterns shown in Fig. 1. Clearly, the tiny Fe and Ni im-
purities play an important role in the formation of these core-shell QC 
particles. However, the shell structure enriched with Mg, Cu and Zn 
elements needs to be further confirmed as it has not been found before in 
the QC family system. 

In order to allow high-resolution imaging of this particle, FIB was 
used to further thin down this electropolished area. According to the 
EDX mapping of this same particle after FIB cutting, and shown in 
Fig. S5, the Al-Fe-Ni core has been removed by the FIB and only part of 
the Mg-Cu-Zn shell has remained. Diffraction patterns and their 
respective rotation relationships of this reduced particle are shown in 
Fig. 3. As we can see, in this case, a five-fold (Fig. 3b), two three-fold 
(Fig. 3d,f), and a two-fold (Fig. 3e) symmetry pattern were found with 
the expected tilt angles for an overall IQC symmetry for the remaining 
shell (i.e., no three-fold symmetries exist in the decagonal prism model). 
Indeed, as seen in Fig. 3g, tilting over 31◦ brings an IQC five-fold 

Fig. 1. Characteristic SAED patterns of a core-shell QC particle. a Bright field image of the QC particle. b-d Diffraction patterns of the particle showing five-fold and 
two-fold symmetry axes. e Schematic diagram of a decagon shape with indicated two-fold axes of the respective viewing directions in c and d. Scale bars in b-d are 
the same. 
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orientation into a two-fold one, with three-fold axes on both sides at 20◦

tilt. Combining the information from the full particle, still containing the 
core, and the leftover shell after FIB, the entire model for the core-shell 
particle shown in Fig. 3g is suggested: a decagonal core was formed with 
an Al-Fe-Ni content, after which an icosahedral shell has grown con-
taining primarily Mg, Cu and Zn atoms. Indeed, five-fold symmetry 
patterns can be obtained when viewed from the icosahedron vertexes, 
while DQC two-fold symmetry patterns can be found from the edges, as 
indicated by green and blue dashed arrows. When viewed from the 
plane, as indicated by the orange arrow, the IQC three-fold symmetry 
pattern can also be acquired. Interestingly, a DQC has been reported 
before in Al71Ni23Fe5 [24] and Al75Ni10Fe15 [19] but no IQC phase has 

been observed in Mg-Cu-Zn so far, which can explain why the pure 
Mg-Cu-Zn particles do not show a QC symmetry, but grow with the C15 
Laves phase structure. In other words, the Mg-Cu-Zn IQC shell formed in 
an epitaxial manner on the Al-Fe-Ni DQC core and remained stable 
under the present treatment conditions. The alignment of the five- and 
ten-fold axes in the IQC shell and DQC core, respectively, is in agreement 
with earlier findings on coexisting QC structures [12,13]. It should 
further be mentioned that, as shown in Figs. S6 and S7 by diffraction 
patterns and HRTEM images, no orientation relationship exists between 
the core-shell particle and the Al matrix. 

In Fig. 4, high-resolution HAADF-STEM images of this same particle 
after FIB cutting are shown. Both the central area and edge area have 

Fig. 2. EDX mappings of a core-shell QC particle. a HAADF image and b full EDX map of the QC particle of Fig. 1. Various elements are separately mapped in c to h. 
For maps f and h, revealing Fe and Ni enrichments, respectively, in the centre of the particle, a longer collection time (20 min) was used. 

Fig. 3. Bright Field images and diffraction patterns of the particle in Fig. 1 after continued FIB cutting. a BF image under five-fold symmetry zone axis in b. b 
Diffraction pattern under five-fold symmetry. c BF image under two-fold symmetry axis in e. d-f Diffraction patterns under three-fold and two-fold symmetry axes. 
(Corresponding real-space projection shapes are overlaid on the diffraction patterns). g Schematic diagram of the IQC with a decagonal model in its core and 
respective angles between viewing directions. Scale bars in b and d-f are the same. 
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been investigated to verify the atomic structure. Fig. 4a shows the 
morphology of this QC particle under a five-fold symmetry zone axis. 
Fig. 4b,c are obtained from the central area, as shown in Fig. 4a, and the 
dark spot (possibly due to beam damage) is used as a reference to track 
the central part of this particle. Fig. 4c is an enlarged area of Fig. 4b, 
where lines with pentagonal units have been overlaid to visualize the 
atomic five-fold symmetry structure. TEM image filters in DM3 software 
have been used to sharpen the images. Fig. 4d–f show the HAADF-STEM 
images of the shell structure. The interface between the Al matrix, seen 
as the black edge on the left side, and the particle is obvious in Fig. 4d, 
confirming that there is no orientational relationship between matrix 

and QC particles. Lines have also been added in Fig. 4e to analyse the 
Mg-Cu-Zn shell structure, revealing a combination of decagonal and 
pentagonal units, corresponding to the reported IQC atomic-scale 
structure in the Yb-Cd system [3]. Meanwhile, five axes are high-
lighted by white arrows in Fig. 4e. Along each axis, the distances be-
tween these atoms are not evenly spaced but do show a typical QC 
periodicity, as shown by the line scans in Fig. S8. An enlarged area of 
Fig. 4f also displays several pentagonal units of different sizes, marked 
with red, blue and yellow lines. These units are tiling the entire area and 
confirming the QC nature of the shell. The ratio between the different 
length sides is 1.618, also found in other QC systems and illustrating an 

Fig. 4. Low-magnification HAADF-STEM image of the particle after FIB cutting in a and its corresponding atomic-scale images. b-c High-resolution HAADF-STEM 
images of the central structure, c is the enlarged area of b. d-f High-resolution STEM images of the shell structure, e and f are enlarged areas. 

Fig. 5. Atomic structure analysis of the Mg-Cu-Zn IQC shell using HAADF-STEM images. a HAADF-STEM image with intensity line scan (along blue arrow). b 
Structure analysis with atoms overlaid. c Atomic model of Mg-Cu-Zn IQC. 
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inflation/deflation scaling rule by the golden mean τ [25–27]. More-
over, the whole crystal structure in this particle after FIB cutting is ho-
mogenous from edge to centre, forming a perfect IQC of the ternary 
Mg-Cu-Zn system, the core being removed by the FIB cutting. 

Local structural details can be discussed based on the ultra-high- 
resolution STEM image under the Z-contrast condition. The potential 
atomic structure of the Mg-Cu-Zn QC is demonstrated in Fig. 5, sup-
ported by the intensity line scan of the atomic columns. The background 
intensity is weaker in the area of the black spot central part and the 
thickness is also more homogenous compared to the shell/edge part. The 
intensity maps comparison in Fig. S8 shows the same rule. Therefore, in 
order to get more accurate intensities of the atomic columns and a 
decrease of the influence of other factors, the HAADF image of the 
central part in Fig. 4b.c was chosen for atomic structure analysis. Ac-
cording to the intensity map in Fig. 5a, there are mainly 3 kinds of in-
tensities defined as weak, medium and strong intensity, represented by 
different colours of atoms (blue, green and red, resp.). The atomic 
numbers of Cu and Zn (ZCu = 29, ZZn = 30) are too close to each other to 
be distinguished by the HAADF image, even when they are chemically 
ordered. Therefore, the positions of Cu atoms and Zn atoms might be 
switched and they are both commonly referred to as transition metal 
(TM) atoms (or columns) [21,28,29]. Therefore, the weakest intensity 
atom column is referred to as the Mg column (ZMg = 12), while the 
medium one is a mixed column of Mg and TM, and the strongest in-
tensity atom column is TM. According to the periodicity principle of this 
Mg-Cu-Zn QC, repetitive atoms have been overlaid on the STEM images. 
For instance, as marked in Fig. 5a, the red TM atom is regarded as one 
centre of this QC structure, and then ten atoms in the first lap (from 
inside to outside) are denoted with a green circle, followed by yellow, 
orange and red circles. The space distance of a quasi-period between two 
centres was calculated according to the intensity maps as 0.47 + 0.29 +
0.47 + 0.76 = 1.99 nm, in detail illustrated in Fig. S8. Therefore, another 
TM centre can be found at this distance, with again a TM atom (red) in 
the centre, as shown in the bottom-right corner of Fig. 5a. The first and 
second laps from this centre are again marked by a green and yellow 
circle, respectively, and other periodical circles can be found as well. 
Consequently, the atomic arrangements from one centre to another can 
be referred to as follows: TM-Mg-TM+Mg-TM-Mg-TM-TM+Mg-Mg-TM. 
More details of the structure according to the observed HAADF-STEM 
intensities are given in Fig. 5b,c. 

In summary, a new type of QC particle with a core-shell structure and 
obtained by a novel route in traditional melting of Al alloys is observed 
and described. Our detailed conclusions are as follows:  

• For the first time, submicron-sized QC particles are obtained by a 
traditional Al alloy process, i.e., without the use of rapid solidifica-
tion or high-temperature annealing conditions.  

• Impurities of Fe and Ni can mediate the formation of QC particles. 
Particles without Fe/Ni in the nucleation core are characterized as 
C15 FCC MgCuZn Laves phase. With Fe/Ni in the nucleation core, QC 
particles are formed.  

• These QC particles can be stably embedded in the Al matrix and have 
a rare structure containing an Al-Fe-Ni core and a Mg-Cu-Zn shell. 
Diffraction patterns of these core-shell particles combine the char-
acteristics of both DQC and IQC, with a DQC core and an IQC shell.  

• High-resolution images confirm that Mg-Cu-Zn can form a perfect QC 
structure shell when covering or enveloping a QC core, adding a new 
Mg-Cu-Zn IQC system in the ternary QC family. 
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